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Abstract

A unique RFID silicon chip is proposed for sensing applications. The RFID silicon chip is a microring circuit that has a panda
ring form where the working principle is based on the space-time function. The RFID silicon chip operates in the frequency range
of 150-250THz. The input light wavelength of 1.55 pum, which forms the input space signal via the input port enters the system
and at the add port multiplexes with time to form the space-time function. The whispering gallery mode (WGM) with appropriate
parameters is observed at the center ring of the silicon chip. The silver bars embedded at the center ring form the antenna of the
RFID silicon chip. The antenna directivity and gain of 7.25 and 2.41 respectively are obtained. The sensing capabilities of the
RFID silicon chip is determined where the temperature change range of the system is 0 °C-70 °C. The sensitivities of 2.34 x
10"rads'°C™", 0.20mW°C ", 0.045NKg'°C™!, 3.75mWNKg ', 0.007 mW ' and 0.080 mW ' are respectively obtained. The
RFID silicon chip can be employed as a quantum sensor. The device is applied for antenna-based applications, where the main
objective is the broader wavelength where the connection between light and microwave can be realistic.
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1 Introduction

Wireless sensor is designed to measure various environmental
properties of interest and process them to respond to environmen-
tal changes automatically. It combines embedded technology and
wireless communication between sensor nodes. The compact
design of the sensor nodes and consumption of less power allow
them to be installed in a variety of forms and environments, such
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as wireless sensor networks and multiple radar system for the
application of target tracking [1-3]. These wireless technologies
are predicted to be the core technology in driving the era of
computing everywhere.The automatic recognition of encoded
data by radio waves is known as radio frequency identification
and is abbreviated as RFID. The RFID has similarities with
technologies like biometric and bar code devices. Typically, the
RFID system comprises the tag, an antenna, and a reader. The tag
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is the component with the encoded data which comprises the
integrated circuit with an antenna. The antenna is responsible
for the encoded data transmission which is read by the reader
component of the RFID that converts the signal from the antenna
to usable information or data via the computer [4-7].The RFID
system is typically used for tracking, monitoring, and identifying
things of interest. The concept of RFID has been employed for
several practical applications in wireless applications, such as
sensing devices, power data transmitter, and remote controlling
[8—15]. Salmeron et al., [16] had designed an RFID chip that is
employed and integrated with sensors for temperature and rela-
tive humidity sensing. The experimental study involves the fab-
rication of the RFID chip which is characterized as two printed
tags. The size of the RFID is in centimeters with a dipole antenna.
The frequency range of 1-2000 MHz is employed for the study.
The antenna directivity of 2.40dBi and the gain of 0.66dBi are
obtained. Donno et al., [17] proposed an augmented RFID mod-
ule, of which the size is in centimeters, employed for environ-
mental sensing, including temperature and light. The experimen-
tal study involves the fabrication of the RFID chip employing the
photolithography process. The RFID antenna in the study em-
ploys the frequency range of 600-1200 MHz for the operation,
where the antenna gain of 1.86dBi is obtained. Zannas et al., [18]
proposed an RFID tag with self-tuning capability that is
employed for temperature sensing. The appropriate frequency
range of 0.8—1.0 GHz had been employed in the study. The size
of the RFID tag is in millimeters. The study has compared the
simulated and experimental results, which are in good agree-
ment. Shafiq et al., [19] proposed the simulation and experimen-
tal results of an RFID temperature sensor that employs the patch
antenna for its transmission. The frequency range of 902-
928 MHz is employed for the operation. Abdulhadi and
Denidni [20] proposed the design and fabrication of an RFID
system that consists of a multi-port antenna and two chips as a
multi-port RFID sensor. The frequency range of 840-960 MHz is
employed for the RFID antenna operation. The size of the RFID
system is in millimeters, where the antenna gain of 4.8dBi is
obtained in the study. Wang et al., [21] proposed an RFID sens-
ing tag that is employed for monitoring an electrical grid thermal.
The experimental study involves the fabrication of the RFID
system,of which the size is in millimeters, using the CMOS
process. The frequency range of 860-960 MHz is employed in
the study, where the RFID antenna gain of 1.5dBi is obtained.
Sunny et al., [22] proposed an RFID tag that is employed for
structural monitoring. The RFID tag has the sensing capability of
characterizing cracks and corrosions in conditions of high tem-
perature. The experimental study uses a self-compensation tech-
nique. The frequency range of 130-144 kHz and 118-130 kHz
are employed in the study for crack measurement and corrosion,
respectively. Wang et al., [23] proposed the fabrication of an
RFID tag using CMOS process employed for temperature sens-
ing. The temperature range of the sensing is in the range of -
30 °C to 60 °C. The size of the RFID tag is in millimeters. The
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clock frequency range of 1-3 MHz is employed at different tem-
peratures. The authors have previously proposed a method as
mindfulness model which can be applied for improvement of
human performance management using polariton oscillation in
a plasmonic circuit [24]. In this work, the circuit structure has
been modified with a different grating material and its layout has
been used for different applications as the space-time control
chip, employed for RFID sensing. The RFID sensing is mea-
sured in the frequency range of 150-250THz. The silicon chip
consists of a silicon center ring with two-phase modulators at its
sides and is embedded with silver bars. The size of the chip is in
micrometers (um). The Optiwave FDTD is employed in the
design and simulation of the RFID sensing chip with the obser-
vation of the whispering gallery mode (WGM) [25-27].
Parameters are extracted and employed by the Matlab program.
The Matlab program plots the graphs and other results are
obtained.

2 RFID Silicon Chip Operation

The RFID silicon chip as shown in Fig. 1 has the input port
(E;,) and the add port (E,4,) as the second input port which is
mainly employed for multiplexing. The throughput port (£,,)
and the drop port (£, are the two outputs of the system. The
Drude model [28] is employed in the description of the elec-
trons in the embedded silver bar given in Eq. (1) as:

ne*

) = 1- o (1)

where n, w, e, m, €qare defined as the electron density and angular
frequency, electron charge, mass, permittivity,respectively. At
resonance, the plasma frequency (wy,) is given as:

_1/2
ne?

=2 @)

€Eym

From Eq. 2) n = wﬁeom/ez‘

The RFID silicon chip outputs [29] are described in Egs.
(3) and (4) as:
Ey = myE;y, + m3Ey 3)
Ey = msEyy + mgEj, (4)

where the labels m,, m3, ms, and mg are described in [29]
The input signal [30] is described in Eq. (5) as:

Ein = Ey.exp (—ik;z) (5)
where k= 27” is the wavenumber, and E,, is the initial ampli-

tude, z is the distance of propagation while A is the input
wavelength. The space-time function is described in Eq. (6)
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Fig. 1 The RFID silicon chip
where E;, represents the input
port, £, represents the throughput
port, E,, represents the add port
and E,, represents the drop port.
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as:
Eadd =B eii‘*” (6)

where B is known as the amplitude, w is known as the angular
velocity, and ¢is known as the time. The + sign indicates both
axis of time. The output of the system is normalized described
in Egs. (7) and (8) as:

o _ B )

Iin Ein

2
Ia'rop _ |:Edrop:| (8)
Iin Ein

The change in temperature (A7) [31] is described in Eq. (9)
while the relationship between the plasma frequency and the
change in temperature [32] is described in Eq. (10).
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where P is known as the input signal power, K4, is known as
the thermal conductivity of silver bar, A is known as the area
and d is known as the thickness.

1/2

NKp

= |——— 10
“p {47rzr2m,- (10)
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where N is the Avogadro’s number, Kj is the Boltzmann
constant, r is the radius, and m; is the i electron mass. The
relationship between the plasma force and frequency is de-
scribed in Eq. (11) as:

(11)

2
F plysma = 410 wplr

3 Results and Discussion

The RFID silicon chip consists of two linear waveguides, two-
phase modulators at the sides of the center ring with an
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embedded silver bar as shown in Fig. 1. The system is de-
signed in the Optiwave FDTD [33]. The simulation of the
system in the Optiwave FDTD involves the automatic imple-
mentation of the grid size and the mesh cell number in the
three axes (X, y, and z). The time step 0f 20,000 is employed in
the simulation where resonance results are obtained. The input
signal (as given in Eq. (5)) which is the input light of 1.55 pm
wavelength via the input port enters the system. The 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 effectchanges the refractive index of the
silicon material and the two side rings acting as phase modu-
lators induce the nonlinearity (self-phase modulation) which
varies the refractive index of the silicon material. At resonance
with suitable parameters in Table 1, the trapped light inside the
center ring forms the WGM as shown in Fig. 2(a). The exci-
tation of the silver bar at the center ring by the whispering
gallery mode, the free electrons in the silver bar (as described
by Eq. (1)) oscillate with the incident light to form plasmons
that propagate through the system with the intense electro-
magnetic field, as shown in Fig. 2(b).

In the RFID silicon chip scenario, the possible reader foot-
print (the surface of the plane that passing through the tags) is
expected to be displaced at a close distance to the proposed
system due to the limitation of the light signal intensity, where
the footprint area is approximately 0.25 um? at FWHM for
each the light beam, as shown intensity, where the footprint

Table 1 The optimized simulation parameters

Parameters Symbols Values Units
Input power P 1-140 mW
Silicon center ring radius R 2.0 pm
Silver thermal conductivity [40] K, 406 Wm ! K
Si-small ring radius R 3.0 pm
Si-small ring radius Rk 1.5 pm
Dielectric constant Ag €, 1.0

Silver thickness d 0.1 pm
Silver length L 0.5 pm
Insertion loss ~y 0.01

Silver refractive index [41] Dag 0.14

Coupling coefficient K 0.50-0.70

Refractive index Si [42] ns; 342

Si nonlinear refractive index [42] 7, 13x10"°  m?*w’!
Input wavelength A 1.50 pm
Waveguide core effective [42] Aoy 0.30 pm?
Waveguide loss o 0.50 dB.(cm) !
Electron mass m 9.11x107" kg
Electron charge e 1.6x107"°  Coulomb
Permittivity of free space € 8.85x10°"% Fm''
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area is approximately 0.25 um? at FWHM for each light
beam, as shown in Fig. 2(c). These light beams can then be
incorporated and regulated employing a micro-lens to shape
the footprint suitably for the application (which has not been
taken into account for this work).The Matlab program em-
ploys the extracted parameters from the simulation results of
the Optiwave FDTD. The input signal at the add port multi-
plexes with the time to form the space-time signal as given in
Eq. (6). The output of the system is described in Egs. (3) and
4).

The intensities at the throughput port, drop port and WGM
output are plotted in Fig. 3. The output intensities are plotted
in the wavelength, frequency, and time domains. The antenna
profile of the RFID is plotted in Fig. 4. The gain and directiv-
ity increase with the varied input power. The gain and direc-
tivity of 7.25 and 2.41 are obtained, respectively. The relation-
ship between the plasma frequency and the temperature
change is shown in Fig. 5(a) employing Egs. (9) and (10)
while the WGM output and the temperature change is plotted
in Fig. 5(b). The plots of both graphs indicate a linear rela-
tionship and the sensitivities of 2.34x10"*rads'°C™" and
0.20mW°C™" are obtained, respectively. The plot of the plas-
ma force (employing Eq. (11)) and the temperature change is
shown in Fig. 6(a) while the plot of the WGM output and
plasma force is shown in Fig. 6(b). The plots of both graphs
indicate a linear relationship and the sensitivities of
0.045NKg'°C™! and 3.75mWNKg ' are obtained, respec-
tively. When light excites the silver bar, the free electrons in
the silver bar form the density which is known as conduction
electron density. The conduction electron density is the num-
ber of free electrons in the silver bar. Applying the Drude
model, the electron density (conduction electron density) is
related to the plasma frequency as given in Eq. (2). The elec-
tron density oscillation leads to plasma oscillation in the silver
bar. At the output of the system, the electron density is nor-
malized as described in Egs. (7) and (8). The plot of the
change in electron density (normalized) and varied input pow-
er is shown in Fig. 7(a) while the plot of the change in electron
density (normalized) and WGM output is shown in Fig. 7(b).
The plots of both graphs indicate a linear relationship and
sensitivities of 0.007 mW ' and 0.080 mW ' are obtained,
respectively. The space-time controll can be applied for add
port modulation input, where the required information such as
frequency, time, and wavelength modulation can be employed
for further RFID applications. When the space-time distortion
is applied to the circuit, the electron cloud polarized spins can
be distinguished and used for quantum sensors and commu-
nications. Moreover, relativistic RFID can be realized when
the space-time distortion is involved, which is shown the po-
tential of various applications [34-37]. The distributed RFID
can also have the potential for cell or atom communications
[38, 39].
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Fig. 2 The OptFDTD results
where (a) the WGM is observed
at the center ring, (b) the
distribution of the electric field,
(c) the WGM at the center ring in
close view with its footprint
pattern at FWHM
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4 Conclusion

The sensing capability of a THz RFID silicon chip is investi-
gated. The frequency bandwidth of the system is in the range
of 150-250THz. The system consists of a silicon center ring
with two phase modulators at its sides and embedded silver
bars. The space-time function is applied and the silver bars at
the center ring induces plasmonic waves. The antenna is

Waveguide length [pm]

Waveguide length [um]

formed at the center which can establish wireless connection
employing the whispering gallery mode. The directivity of the
antenna is 7.25 while the gain of the antenna is 2.41. The
sensitivities of 2.34x10'*rads™" °C™', 0.20 mW °C™',
0.045NKg'°C™!, 3.75mWNKg ', 0.007 mW ' and
0.080 mW ' are respectively obtained. Compared to other
RFID used models, the proposed silicon chip system has a
much higher bandwidth capacity of 150-250 THz for
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Fig. 3 The intensities at the output where (a) wavelength domain (b)
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applications by using a plasmonic antenna, where the electro-
optic signal conversion can be applied.The size of the pro-
posed model is small, which can be applied for biomolecular
interaction using the micro-embedded devices.The proposed

Fig. 4 The antenna profile where (b)
(a) the plot of gain, directivity and

input power varied, (b) directivity

(c) gain. The directivity of 7.25 -60°
and gain of 2.41 are obtained,
respectively
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Fig. 5 The plot of (a) plasma frequency and temperature change with
sensitivity of 2.34x10'*rads™ °C™", (b) WGM output and temperature
change with sensitivity of 0.20 mW °C~!

Si wave conductor structure is based on today’s fabrication
technology. By using the ring resonator radius of 1 pum, it can
lead to having a much smaller antenna structure. When the
device thickness changes the effective mode area of the Si
waveguide is also changed. The induced change of the non-
linear phase shift is inversely proportional to the effective
mode area. The proposed device is designed for dipole oscil-
lation applications and can generate plasma frequencies for
WiFi and LiFi applications. Two-dimensional materials such
as Graphene may still not meet application requirements com-
pared to the metallic materials offered. By using the space-
time control, the circuit can be employed for multiplexed sen-
sors, high-density quantum communication, relativistic
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circuit, and cell or atom communications, while the connec-
tion between light and microwave transmission is also
available.
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