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Editorial on the Research Topic

Optical Fiber-based Plasmonics Biosensors for Biomedical Applications

Today, healthcare problems have become the most essential and challenging matters worldwide.
Many features in biomedical industries have been growing quickly in recent years, particularly in the
underdeveloped areas.

The plasmonic-optical fiber sensors have shown extraordinary capabilities in realizing highly
sensitive and accurate sensors for the measurement of biological analytes in the field of health
monitoring and diagnosis.

This kind of sensor offers a unique ability for real-time monitoring of the molecular binding
events. Plasmonics in optical fiber is a highly dynamic field feeding to multi-faceted research
domains and involves several students, researchers, scientists, and engineers from different
areas. The sensitivity of plasmonic structures to the changes in their local dielectric
environment has led to the development of new sensing strategies and systems. It is a huge
topic for many areas that need more than even research to increase the strength of this
digital Era.

This Research Topic on “Optical Fiber-based Plasmonics Biosensors for Biomedical
Applications” have contribution of papers in Frontiers in Sensors, Physical Sensors, Biosensors
and Frontiers in Physics, Optics and Photonics and it was organized by Managing Editor Santosh
Kumar, Liaocheng University, China and Guest Editors Carlos Marques, Qiang Wu, Qinglin Wang,
and Sanjeev Kumar Raghuwanshi. The goal is to highlight the advancement of optical fiber-based
plasmonics biosensors and devices in applications to sensors covering fields such as medicine, power
industry, energy, fast optics and telecom. The Research Topic includes both comprehensive review
articles and original technical contributions covering fundamental research and application. 17
invited feature papers will be published in this issue where the authors are from universities,
government labs and industries.

The managing editor, Santosh Kumar, and guest editors thank the authors who submitted their
papers to this Research Topic and the anonymous reviewers whose feedbacks ensure the high quality
of the Journal, the Frontiers publication team, for helping this issue to be a success.

All Guest Editors hope that this special issue can provide and in-depth look at this hot-topic where
future students, researchers, engineers and industrial applicators can take a valuable reference on
Optical Fiber-based Plasmonics Biosensors for Biomedical Applications.

A list of these papers is listed below.
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WDM-Based 160 Gbps Radio Over
Fiber System With the Application of
Dispersion Compensation Fiber and
Fiber Bragg Grating
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The demand for data transmission is rising expensively for the applications of biomedical

sensors data, multimedia technologies, and ultrahigh-definition online video streaming.

Such applications require larger bandwidth with minimum latency and seamless service

delivery. Radio-over-fiber (RoF), integrated with wavelength division multiplexing (WDM)

technology, is being considered one of the promising technologies. However, the

integration of optical fiber and wireless communication also generates non-linear effects

as and when the number of users increases. That results in the introduction of signal

noise, unwanted frequencies, low quality of signals, and increased latency. In this paper,

a 16-channel 160 Gbps data rate WDM-based RoF system has been simulated and

evaluated for optimum performance at a variable input power level, from 5 to −15 dBm,

with the application of dispersion compensation fiber (DCF) and fiber Bragg grating

(FBG), with channel spacing of 50 and 100 GHz. The performance of the system is

evaluated with the existing WDM-RoF system. The performance metrics parameters

chosen for evaluation are bit error rate (BER), quality factor (Q-factor), and eye diagrams

and simulated on opti-system simulator. The optimum performance has been observed

at a power level of −5 dBm for all these elected evaluation parameters. It has also

been observed that, for channel spacing of 100 GHz, the network performed better in

comparison with 50 GHz.

Keywords: self-phase modulation, mach zehnder modulator, RoF, cross-phase modulation (XPM), four wave

mixing, FBG, stimulated brillouin scattering, stimulated raman scattering

INTRODUCTION

With time, the need for superfast transmission speed of data is growing. Nowadays, it is
difficult to imagine life without video calls, online high-resolution video streaming, biomedical
sensors data aggregation, online gaming, virtual reality experience, artificial intelligence (AI), and
the list goes on. All these technologies require high bandwidth, high transmission speed, and
minimum disturbance possible. Optical fiber communication plays a vital role in our modern age
communication systems.

In RoF technology, the modulated RF signal is carried by uplink and downlink between
central station (CS) and base station (BS) [1, 2]. These data are transported, using an optical
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fiber link. However, the optical fiber introduces various non-
linearities while transmitting data through it [3]. These non-
linearities produce both generative and degenerative effects in the
communication system. Non-linear effects also enhance the fiber
performance; hence, they offer innovative applications, such as
fiber lasers, multiplexers, demultiplexers, etc. On the other hand,
the disadvantage of the non-linear effects is that they limit the
optical fiber communication. In RoF, the centralization of BS and
reduced cell size offers uninterrupted high-data speed to serve a
maximum number of customers. It also decreases the installation
cost, operational cost, and maintenance cost of the system, and,
hence, the overall fixed cost of the system installation decreases
[4]. Dahiya et al. discussed the effects of PMD and have used
a hybrid optical amplifier to achieve enhanced capacity in the
polarization division multiplexed (PDM-QAM) system [5].

Jia et al. proposed a novel method for a link distance of
40 km and a data rate of 2.5 Gbps in a RoF system. The carrier
suppression technique is used for downlink, while utilizing
this carrier for uplink communication results in obviating the
requirement of the optical source at the BS end. However, this
method exhibited a power penalty of 1.2 dB [6]. Lin et al.
employed a null-biased MZM for modulating the light into
central carrier suppressed double side band (CCS-DSB) and a
central carrier added DSB (CCA-DSB) master and a dual-mode
colorless laser diode in order to establish 5G-based 39-GHz mm-
wave over the fiber system for a perfect fusion between the fiber
and mm-wave to deliver 36 Gbps for baseband and 4-Gbps free-

space transmissions. A comparison of different injection-locking
masters was also performed that revealed a CCS-DSB master

injection-locked slave colorless laser diode, superior with best
back-to-back performance in comparison with the CCA-DSB

and the dual distributed feedback laser diodes (DFBLD) [7].
The combination of RoF with the WDM technology enhances

cellular communication availability even in remote areas. In
WDM, different wavelengths carry different signals, and many

wavelengths travel through a single optical fiber. Therefore,

different signals with different wavelengths are combined and
then transmitted through a single optical fiber and then separated

at the end [8]. This results in a high-data rate, the larger capacity
of the system, more flexibility, a decrease in cost, and a simple

FIGURE 1 | Basic WDM-based RoF system.

network design, hence an enhanced optical communication
system in all forms. Kim et al. evaluated WDM RoF applications,
using SOA and implemented frequency up conversion by the
FWM effect; they observed that the simultaneous up conversion
of eight channels was achieved, almost a negligible crosstalk and
with no error. This proves thatWDMRoF technology is certainly
a better choice of a broadband wireless access network [9].

A basic WDM RoF system is depicted in Figure 1. The
electrical data received from an individual sensor is fed into
the transmitter (present at the CS), which consists of an RF
modulator, a continuous wave (CW) laser, and MZM. Then, it
is fed to the multiplexer; likewise, all transmitters feed λ1. . .λn

into the multiplexer. The multiplexer then combines all these
wavelengths and then passes it on through an optical fiber to the
demultiplexer. The demultiplexer separates all the wavelengths
and passes them to the receiver BS. The BS consists of a
photodiode and a filter. The signal is then transmitted through
an antenna to other mobile stations.

The present research work involves the design of a 16/160
Gbps WDM-RoF system, utilizing the hybrid combination of
DCF and FBG for the mitigation of non-linearities. Section
Non-linearities in the propagation path categorizes the non-
linearities that occur in the path link and the impact on the
system quality. The designed simulation schematic is described
in section Simulation Design, with the selected parameter values.
The section Results and Discussion contains the result and
discussion, and section Conclusion concludes the paper.

NON-LINEARITIES IN THE PROPAGATION
PATH

Fiber non-linearities are basically subdivided into two categories.
The first one relates to the index, which includes the non-
linearities that occur because of intensity-dependent disparities
in the refractive index of the optical fiber and is broadly named as
“Kerr effect.” The Kerr effect is further subdivided into different
non-linearities, known as “SPM,” “XPM,” and FWM. The second
category is related to scattering non-linearities and because of
inflexible stimulated scattering, which is further classified as SRS
and SBS [10].
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FIGURE 2 | Schematic representation of the simulation layout of the 16/160-Gbps WDM-RoF system, transmitter, and receiver subsystem. (A) The layout of the

16/160-Gbps WDM-RoF system. (B) Transmitter subsystem. (C) Receiver subsystem.

SPM—it is, basically, the self-induced phase shift, which is
observed in the fiber when the optical signal is transmitted
through the optical fiber. In other words, this phenomenon can
also be termed as “phase modulation” of light due to the fact of
varying light intensity. It results in the broadening of the signal
spectrum. When the light signal travels through fiber, it leads to
high intensity of light in the core, which further results in a higher
refractive index. The variation of the refractive index with respect
to time takes place due to variation in light signal intensity,
and this further leads to phase changes, which are purely time
dependent. Nain et al. investigated the performance of MZM and

optical phase modulator (OPM) under the SPM effect in the RoF
system [11].

XPM—in the XPM non-linearity, one wavelength of light can
affect the phase of another light wavelength. Here, the refractive
index non-linearity of one light signal is not only dependent on
its own intensity but also gets affected by the intensity of other
light signal beams while these are propagating into the fiber. It
results in translation of power variations from one wavelength
channel to the phase variations of another channel. Nain et
al. evaluated the influence of the XPM crosstalk in SCM-based
RoF systems. It has been observed that the crosstalk increases
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TABLE 1 | The simulation parameters employed in the design of 16/160-Gbps

WDM-RoF system.

Transmitter parameters Value (unit)

The bit rate of PRBS 10 Gbps

The power of CW laser −15 to 5 (dBm)

The frequency of sine generator 2 to 32 (GHz)

The channel spacing 50 and 100 (GHz)

The frequency of CW laser 193.1–193.85 (THz) for 50 GHz

193.1–194.6 (THz) for 100 GHz

The laser line width 10 (MHz)

The extinction ratio of MZM 30 (dB)

SMF parameters Value (unit)

Length 50 (km)

The effective area 80 (µm2 )

Dispersion 16 (ps/nm/km)

The third-order dispersion slope 0.074 (ps/nm2/k)

Attenuation 0.2 (dB/km)

EDFA parameters Value (unit)

Gain 25 (dB)

The noise figure 4 (dB)

DCF parameters Value (unit)

Length 10 (km)

Dispersion −80 (ps/nm/km)

Attenuation 0.0051(dB/km)

FBG parameters Value (unit)

The effective index 1.45

Length 2 (mm)

The gauss parameter 0.5

The linear parameter 0.0001 (µm)

Receiver parameters Value (unit)

Responsivity 1 (A/W)

Gain 3

The ionization ratio 0.9

Dark current 10 (nA)

Thermal power density 100e−24 (W/Hz)

The cutoff frequency of a filter 0.75* bit rate (Hz)

The filter order 4

for the greater transmission distance and higher modulation
frequency [12].

FWM–it gets observed when channel spacing is comparatively
less, i.e., wavelength channels are placed very close to each other.
Channel spacing and a fiber type result in variation in the FWM
effects. These wavelengths, while propagating through the fiber
simultaneously, create another new wavelength, which is named
as “idler” due to the effect of FWM. This new wavelength is
entirely different from all other wavelengths, given as input to the
system [13].

fxyz= fx+fy+fz
(

x,y 6= z
)

(1)

where fx,fy,fz = frequency of input signals and fxyz = frequency
of a resultant signal.

The equations below represent the high-order dispersion
parameters of FWM in terms of propagation constant ‘b’ by
Taylor series;

b=b0+ (ω−ω0)
db

dω
+
1

2
(ω−ω0)

2 d
2b

dω2
+
1

6
(ω−ω0)

3 d
3b

dω3

+
1

24
(ω −ω0)

4 d
4b

dω4
+. . . (2)

Now, db
dω

= δ, where δ is the propagation delay per optical length.
We will replace the values in Equation (2);

△b=b−b0=2π[
(

△f
)

δ+π
(

△f
)2 dδ

dω
+
2π2

3

(

△f
)3 d2δ

dω2

+
π3

3

(

△f
)4 d3δ

dω3
+. . . (3)

Therefore, by 4, second-order dispersion is given by

b2=
dδ

dω
=

λ2

2πc

dδ

dλ
=

λ2

2πc
F0 (4)

Third order dispersion is given by

b3=
d2δ

dω2
=

λ2

(2πc)2

[

λ2
d2δ

dλ2
+2λ

dδ

dλ

]

=
λ2

(2πc)2
[

λ2F1−2λF0
]

(5)

where△ f = channel spacing and F0 = fiber chromatic dispersion
The power of the resultant FWM signal is expressed as

PF (L)=
1024π2

π4λ2c2
(DX) .

Px (0) Py (0) Pz(0)

A2
ef

e−αL.
(1−eαL)

2

α2
n (6)

where L= fiber length;
λ = wavelength;
c= speed of light;
D= a degrading factor;
X = non-linear susceptibility;
Px Py Pz = power of the input signal with frequency fx, fy, and
fz, respectively;
Aef = the effective area of the optical fiber core;
α = loss coefficient; and
n= the refractive index

When input channels increase, the FWM sideband products also
increase. When an equal amount of power is given as input to
all the channels and phase matching is maintained, then the
following equation holds true:

PFWM

P0
= (DFγL)

2 P2i (mW) (7)

where γ denotes a non-linear coefficient, Pi is the input power,
and DFis 2 for each channel having a different frequency.

With an increase in optical power levels, the FWM effects get
observed significantly. Processes such as wavelength conversion
and de-multiplexing are the basic applications of FWM. Kathpal
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FIGURE 3 | Variation of Q factor with input power at 50 GHz channel spacing.

and Garg have presented the simulations of the studied 8/32
RoF-BF system and found out that the FWM effects are lesser
when there is a reduction in the power level and enhancement in
channel spacing [14].

SRS—in the WDM fiber communication system, SRS plays
an important role. The photons of the light signal interact with
the molecular vibrations of the fiber, and these also interact
with the photons of the other light signals while using the
same single fiber for the propagation of light. Because of these
interactions, the generation of scattered light takes place. It has
also been concluded that the wavelength of the resultant light is
comparatively longer than all other light signals [15]. Nain et al.
have observed that the SRS-induced crosstalk level varies due to
variation in modulation frequency and optical power. It has also
been noticed that the crosstalk remains almost unchanged with
respect to variation in transmission link length [16].

SBS—it has been observed that the scattering of light is in the
backward direction. In order to reduce the SBS effect, the possible
solution is to keep the input power below the threshold of SBS or
increase the spectral line width of the source itself. SBS effects are
found to be related to the bandwidth of the input light signal and
the type of the optical fiber [17].

Dispersion—it causes the light pulse to spread as it propagates
through the fiber. Chromatic dispersion is one of the main
factors responsible for the power penalty that limits the RoF
link performance. Li et al. proposed two stages, heterodyning in
a millimeter-wave RoF system, one at a millimeter-wave mixer
and the other at FBG in BS. The system overall performed
well with suppression of redundant frequency tones and no
deterioration of power due to chromatic dispersion [18]. Li
et al. proposed a carrier-phase-shifted DSB modulation in the
RoF system to achieve high linearity without using additional
RF or optical components and to reduce the effects of power
fading due to dispersion. The RoF system has been verified with
maximum frequency shifted to 10 and 15 GHz for 25- and 39-km
ranges, with SFDR of 111.3 dB Hz2/3, which is greater than the
conventional SSB modulation by 10 dB [19].

Cui et al. presented a parallel configuration of the electro-optic
phase and intensity modulator to reduce the effect of chromatic
dispersion (CD) over a 34-km link for a wide bandwidth of

0–18 GHz. The CD-induced power fading has been sufficiently
compensated by appropriate adjustment of optical power and
the time delay among the signals from different modulators.
Furthermore, the proposed link is compared with the DSB-
based link, and enhancement of up to 31 dB Hz2/3 in spurious
free dynamic range (SFDR) has been observed [20]. Tsai et
al. used an injection-locked colorless laser diode in a 40 Gbps
256-QAM-based OFDM system over a distance of 25 km. By
careful adjustment of a bias current and pre-leveling of the
modulation throughput, the dispersion-induced fading has been
reduced prior to transmission [21]. Tsai et al. proposed a 60-
GHz mm-WoF system via a directly modulated dual-mode laser
diode (DMLD), with suppressed third order intermodulation
dispersion for transmitting 16-QAM-modulated OFDM data at
6Gbps over a 4-km fiber and 3-m wireless distance. The power
fading effect was restricted with improved BER and a power
penalty of 1.1 dB [22]. The apodized and linearly chirped FBG
(LCFBG) has been incorporated in the present system design
so that the sidelobe levels and ripples in group delay response
can be suitably reduced. The Gaussian apodization function is
applied because of its maximum reflectivity and reduced side
lobes characteristics.

SIMULATION DESIGN

We have designed a 16-channel 160 Gbps WDM-RoF system
with each channel operating at 10 Gbps, using Optisystem
16.1 [M/s Optiwave Systems Inc. (OPTIWAVE) at Ottawa,
ON, Canada]. The diagram representing the 16/160 WDM-
RoF setup is illustrated in Figure 2A. The transmitter section
comprises 16 RF signals that are combined, using a WDM
multiplexer, and are transmitted over an optical fiber at 60-km
transmission distance.

Figure 2B depicts the transmitter subsystem. Each transmitter
includes a pseudorandom bit sequence (PRBS) generator that
generates binary data at a 10-Gbps data rate, which is given
to the return-to-zero (RZ) pulse generator for baseband signal
generation. The RZ coding format has been used due to
its increased fairness to fiber non-linear effects. It is then
multiplexed over the RF sinusoidal source. The MZM provides
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FIGURE 4 | Variation of BER with power at channel spacing of 50 GHz.

FIGURE 5 | The eye diagrams for conventional WDM-based RoF system for 50 GHz channel spacing. (A) The eye diagrams at channels 1, 8, and 16 at −5 dBm

input power. (B) The eye diagrams at channels 1, 8, and 16 at −15 dBm input power.
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FIGURE 6 | Variation of Q factor with power at channel spacing of 50 GHz.

FIGURE 7 | Variation of BER with power at channel spacing of 100 GHz.

optical modulation, using a high-frequency optical carrier signal
generated by the CW laser.

Optical signals of different wavelengths from all the CW
lasers are modulated and, thereafter, combined, using the
WDM multiplexer to enhance the data transmission capacity.
This multiplexed signal is transmitted through a single-
mode fiber (SMF). The SMF has been used, because, in
comparison to multi-mode fiber (MMF), SMF is capable
of carrying an optical signal at a higher data rate for a
larger link length, although the optical signal also suffers due
to higher order dispersion and non-linearities, which may
result in limiting the transmission distance. In the present
network simulation, erbium-doped fiber amplifier (EDFA)
has been included because it can provide the necessary
amplification of the optical signal while creating minimum
internal noise.

The amplifier has been inserted after the SMF and acts as
an in-line amplifier. Thereby, the EDFA provides amplification
to the weak input signal and brings it to a precise level
to compensate for the transmission losses. Furthermore, to
compensate for the link losses and dispersion effects, DCF and
FBG are also incorporated in the network system design. The
amplified signal passes through DCF. Here, the DCF provides
equal and opposite dispersion at the rate of −80 ps/nm/km so
that the chromatic dispersion can be brought to nearly zero. FBGs
are designed by exposing the fiber core to highly intense UV
light. This results in an increase in the refractive index of the
fiber core, which produces a fixed modulation index, known as
“grating” [23]. This arrangement is found to be employing a low-
cost filter in reducing the chromatic dispersion and also works
as a wavelength selector. The apodized and linearly chirped FBG
(LCFBG) has been incorporated in the present system design so
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FIGURE 8 | The eye diagrams for the conventional WDM-based RoF system for 100 GHz channel spacing. (A) The eye diagrams at channels 1, 8, and 16 at −5 dBm

input power. (B) The eye diagrams at channels 1, 8, and 16 at −15 dBm input power.

FIGURE 9 | Variation of Q factor with power at channel spacing of 50 GHz.
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FIGURE 10 | Variation of BER with power at channel spacing of 50 GHz.

that the side lobe levels and ripples in the group delay response
can be suitably reduced. The Gaussian apodization function is
applied because of its maximum reflectivity and reduced side
lobes characteristics.

Since the data from the biomedical sensors have to be of
very high quality and least BER, therefore, for improved receiver
sensitivity and required SNR, a preamplifier is used before the
receiver. The signal, after passing through aWDMdemultiplexer,
is received by 16 remote stations.

The receiver subsystem shown in Figure 2C comprises of an
avalanche photodiode detector (APD) for optical to electrical
conversion, a fourth-order low-pass Bessel filter for noise
removal, 3R regenerator for recreation of an original electrical
signal, and BER analyzer for the visualization of the results. The
optical power meter has also been used to examine the impact of
non-linearities. Table 1 below shows the simulation parameters
used in the designed layout.

RESULTS AND DISCUSSION

The simulated 16-channel WDM-RoF optical communication
network has been analyzed, with variation in input transmission
power, using performance metrics: Q factor, BER, and eye
diagrams. Furthermore, the results are justified with the help of
the eye diagrams. The two different network configurations—
(i) the simple optical fiber link (ii) the optical fiber, with
combination of DCF-FBG at two different channel spacing
scenarios of 50 and 100 GHz—are taken into consideration.

Figure 3 above shows the variation of Q factor with variation
in input power for three different channels (channels 1, 8, and 16)
at channel spacing of 50 GHz. The input power is varied from 5
to−15 dBm in a step size of 5 dBm.

From Figure 3, for a particular input power, the value of Q
Factor shows a decreasing trend, with the increase in the number

of input channels. Furthermore, with variation in input power
from 5 to −15 dBm, the value of Q factor first increases from
7.42, 7.20, and 6.41 at 5 dBm to 8.58, 8.19, and 8.13 at −5 dBm
for channels 1, 8, and 16, respectively. The Q factor decreases
to 5.21, 5.1, and 5.06 for channels 1, 8, and 16, respectively, as
the input power further decreases from −5 to −15 dBm. With
the decrease in input power, the Q-factor increases up to optical
power of −5 dBm; below which, the system performance has
deteriorated. As the power decreases further, the FWM power
generated to the existing channel power decreases, which, in turn,
reduces the SNR.

Figure 4 shows the BER curves corresponding to variation in
input power. The variation in BER is in synchronization with Q
Factor variation. The value of BER first decreases up to −5 dBm,
with variation in input power, then increases thereby limiting the
performance.

It is clear from the above graphs of Q-factor and BER that
the optimum values have been obtained at input power of −5
dBm, and the least values of Q-factor and highest BER have been
obtained at −15 dBm. This can be justified by observing the eye
diagrams at −5 (good and optimal) and −15 dBm (worst) for
channels 1, 8, and 16, respectively. Figure 5 illustrates the eye
diagrams of a conventional WDM-based RoF system at 50 GHz
channel spacing.

The eye height at−5 dBm is 5.82E−5, 5.66E−5, and 5.55E−5
for channels 1, 8, and 16, respectively. It subsequently reduces
with increase in number of channels. When power is reduced
up to −15 dBm, the eye height observed is 1.12E−5, 1.05E−5,
and 1.01E−5, respectively. The eye opening has considerably

reduced with decrease in input power and increase in the number

of channels.
Figure 6 depicts a bar chart, showing the variation

in Q factor for three different channels at 100 GHz
channel spacing.
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FIGURE 11 | The eye diagrams for WDM-based RoF system with DCF and FBG for 50 GHz channel spacing. (A) The eye diagrams at channels 1, 8, and 16 at −5

dBm input power. (B) The eye diagrams at channels 1, 8, and 16 at −15 dBm input power.

FIGURE 12 | Variation of Q factor with power at channel spacing of 100 GHz.

It is observed that, for a particular input power value and with
increase in the number of input channels, the Q factor decreases.
Furthermore, with variation in input power from 5 to −15 dBm,
the value of Q factor first increases from 7.56, 7.33, and 6.88 at

5 dBm to 9.68, 9.59, and 8.04 at −5 dBm for channels 1, 8, and
16, respectively. The Q factor decreases to 6.25, 5.16, and 5.06
for channels 1, 8, and 16, respectively, as the input power further
decreases from−5 to−15 dBm.
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FIGURE 13 | Variation of BER with power at channel spacing of 100 GHz.

FIGURE 14 | The eye diagrams for WDM-based RoF system, with DCF and FBG for 100 GHz channel spacing. (A) The eye diagrams at channels 1, 8, and 16 at −5

dBm input power. (B) The eye diagrams at channels 1, 8, and 16 at −15 dBm input power.
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Figure 7 shows the variation of BER with input power. With
increase in channel spacing, a decrease in BER is observed from
2.23E−18 to 5.41E−23 for channel 1 and, consequently, for the
other channels at the optimum power level of −5 dBm. From
Figures 6, 9, the value of Q factor increases at a particular value
of input power, with increase in channel spacing from 50 to 100
GHz. At input power of −5 dBm, an improvement of up to
16.51% is obtained in the Q factor.

Figure 8 shows the eye diagrams of a conventional WDM-
based RoF system at 100 GHz channel spacing.

The eye height for channels 1, 8, and 16 is 0.018, 0.0017, and
0.00056, respectively, at−5 dBm input power. It is observed that
at −15 dBm, the eye height is 1.36E−4, 1.22E−5, and 1.12E−5
for the respective channels. With an increase in channel spacing
to 100GHz, clearer eye diagrams have been observed with a wider
eye opening.

Figure 9 given below depicts a bar chart, showing the variation
in Q factor values for channels 1, 8, and 16 for a hybrid
combination of DCF-FBG at channel spacing of 50 GHz. The
input power is varied from 5 to −15 dBm. The value of Q factor
first increases from 7.52, 7.41, and 6.71 at 5 dBm to 11.32, 11.13,
and 10.21 at −5 dBm for channels 1, 8, and 16, respectively. The
Q factor decreases to 8.02, 7.23, and 7.21 for channels 1, 8, and
16, respectively, as the input power further decreases from −5 to
−15 dBm.

Figure 10 shows the variation of BER with input power. The
variation in BER is in synchronization with the variation in Q
factor. The value of BER first decreases with variation in input
power and then increases.

The eye diagrams for WDM-based RoF system with DCF and
FBG at 50 GHz channel spacing are shown in Figure 11.

The height of the eye diagrams at −5 dBm is 2.12, 1.91,
and 1.22 and, at −15 dBm, is 0.18, 0.16, and 0.13, respectively,
at channels 1, 8, and 16. With the use of hybrid DCF-
FBG combination in the designed model, enhanced qualitative
performance is obtained.

Figure 12 depicts a bar chart, showing the variation of Q
factor for three different channels at channel spacing of 100 GHz.
From Figure 11, the value of Q factor decreases with increase
in the number of channels. Furthermore, as the input power is
varied from 5 to −15 dBm, the value of Q factor first increases
from 7.81, 7.72, and 7.59 at 5 dBm to 12.21, 11.59, and 11.48
at −5 dBm for channels 1, 8, and 16, respectively. The Q factor
decreases to 8.42, 7.51, and 7.49 for channels 1, 8, and 16,
respectively, as the input power further decreases from−5 to−15
dBm.

Figure 13 shows BER vs. input power at 100 GHz
channel spacing. The variation in BER is in synchronization
with the variation in Q factor. The value of BER
first decreases with variation in input power and
then increases.

From Figures 9, 12, with increase in channel spacing from 50
to 100 GHz, the value of Q factor increases at a particular value
of input power. At input power of −5 dBm, an improvement of
up to 10.42% is obtained in the Q factor.

The eye diagrams forWDM-based RoF system, with DCF and
FBG at 100 GHz channel spacing, are shown in Figure 14.

At −5 dBm, the larger eye opening, with the height of 2.15,
2.09, and 2.07, is observed comparable to 0.18, 0.14, and 0.12 at
−15 dBm, corresponding to channels 1, 8, and 16, respectively. It
is clearly noticed from the eye diagrams that, with the inclusion
of DCF and FBG in our designed layout, the impact of non-
linearities, such as third-order harmonics, FWM, etc., in the
propagation path, has beenmitigated. From the above discussion,
it can be concluded that the wider and clear opening of the
diagram indicates that the quality of the signal received is
optimum for further processing.

From the graphical results, the increased values of Q factor
and the improved values of BER can be attributed to the hybrid
DCF-FBG combination. It can be further concluded that the
hybrid combination of DCF-FBG is successful in mitigating the
higher-order dispersion harmonics and, thereby, limiting the
impact of FWM. Furthermore, the numerical computations show
that, at channel spacing of 100 GHz, there is an improvement
of up to 41.52% in the value of Q factor at an input power
of −5 dBm, using a hybrid combination of DCF-FBG, as
compared with the conventional WDM-based RoF system,
thereby justifying the selection of simulation parameters to offer
the optimum results in the network design. The parameters
have been varied with the stipulated design values, and the best
performing values have been chosen in the table to give desired
and best possible results.

CONCLUSION

In the present work, a 16-channel, 160-Gbps WDM-RoF system
has been evaluated for optimum performance, using Q factor
and BER with varying input power at a channel spacing of
50 and 100 GHz, and is compared with the traditional RoF
system. The data from biomedical sensors have to be captured,
transported, and delivered, and the destination has to be of
optimum quality. In order to mitigate the non-linearities, DCF-
FBG hybrid combination has been used. From the qualitative
analysis, with the reduction in input power, the Q factor first
increases up to input power of −5 dBm, and, thereafter, it
decreases with input power, whereas the BER first decreases up
to −5 dBm and then increases thereafter with further variation
in input power. The results also depicted that, at a given input
power, the Q factor increases with an increase in channel spacing
from 50 to 100 GHz, and an improvement of up to 16.51% is
obtained. The WDM-RoF system with a hybrid combination of
DCF-FBG performs efficiently at an input power of−5 dBm and
provides an optimum BER performance, with an improvement
of up to 41.52% in the value of Q factor, as compared with
the conventional WDM-based RoF system. In further analysis
of eye diagrams, the hybrid combination of DCF-FBG provides
larger eye openings, with eye height of 2.15, 2.09, and 2.07 for
channels 1, 8, and 16, respectively.With the considerable increase
in channel spacing (50 to 100 GHz) and a simultaneous reduction
in channel input power in the designed system, the effect of non-
linearities has been sufficiently mitigated at an optimum power
of−5 dBm.
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The expansion of high-speed communication needs due to explosive growth of
subscribers each year has led the researchers to design the next generation
communication systems which can cope with the current growing demand. Millimeter
waves, operated within the range of 30 GHz to 300 GHz, can become potential carrier for
delivering large amount of data. However, in hospital scenarios, these radio waves are
subjected to strict regulations due to direct impact on patients’ health as well as high
interference with other medical devices which again imposes critical challenge on patients.
Thus, it is a challenge for the researchers to provide communication/broadband services
for transmission of such sensitive biomedical sensor data in hospitals locations. Radio over
Free space (Ro-FSO) systems may become the attractive solution to deliver millimeter
waves over free space link with high speed. Further, to expand the capacity of Ro-FSO
systems, mode division multiplexing (MDM) plays a vital role in addition to wavelength
division multiplexing (WDM) scheme. In this work, we have demonstrated the MDM-WDM
scheme to deliver four channels with each one having the capacity of 10 Gbps up-
converted to 40 GHz over FSO link which is suitable for providing broadband and
communication services within the hospital premises. Moreover, the proposed WDM-
MDM-Ro-FSO link is evaluated under different fog conditions.

Keywords: broadband services, radio over free space optics, mode division multiplexing, hospital scenarios, health
monitoring

INTRODUCTION

The demand of wireless communication has increased rapidly since last decade which led to the
development of optical wireless communication systems. International Telecom Union (ITU) [1]
reported that the total number of mobile broadband subscribers increases every year by 20% that
crossed four billion by the end of 2017. This growth further levitates the challenges for ITU to assign
radio frequency (RF) spectrum for different cellular operators, both in rural and urban areas.
However, in hospital scenarios it is not always feasible to provide broadband services due to
interference of radio signals with sensitive medical appliances as well as having high impact on
patients’ health [2]. Thus, the use of radio waves is prohibited in hospital locations. However,
broadband services are necessary in hospitals to transmit valuable data such as patients’monitoring
reports from one location to another. Not only this, with high-speed broadband services doctors can
connect with one another at any time and access the medical data bases from any location. This
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potential usage of broadband services further posits a big
challenge for broadband providers to provide in the hospitals
without compromising the health of patients. Ro-FSO or radio
over free space can provide broadband services in hospitals as it
integrates radio and optical networks as shown in Figure 1.

Ro-FSO permits the multiple transmission of RF signals
without any expensive optical fiber infrastructure as well as
license to RF operators [3]. Also, as data transmission in Ro-
FSO is in the form of light signals which has no impact on patients’
health as well as no interference with the medical devices, it
becomes an attractive solution for providing broadband services
in hospitals. Moreover, in hospital areas, it is not feasible to dig for
installing optical fiber cables due to need of continuous working
operations and less space, thus Ro-FSO becoming an apt substitute
for replacing the optical fiber infrastructures. It also combines RoF
or radio over fiber and FSO or free space optics. RoF allows sharing
of various expensive RF operations like up-conversion and down-
conversion, handoff, switching, etc. from central location to all the
base stations which results in reduction of deployment cost [4].
Moreover, it can share large-bandwidth RF signals with low
attenuation and power consumption. Whereas, FSO does not
use optical fibers. Instead, it enables atmospheric data
transmission with rapid adoption [5, 6]. Also, in contrast to RF
transmission, it does not need any license. These combined
features of RoF and FSO make Ro-FSO a compatible
technology for providing broadband services in hospitals.
Therefore, Ro-FSO is a relevant technology for seamless, rapid
and cost-effective integration with RF wireless networks [7, 8].
However, Ro-FSO faces challenges of atmospheric turbulences
such as scintillations, fog, rain, snow, etc. affecting the signal to
noise ratio [9]. These atmospheric turbulences increase attenuation
in the transmission path which results in shutdown of the network.
Thus, researchers should consider these turbulences while
designing the Ro-FSO network. Another emerging technology is
MDM or mode division multiplexing that transmits through
multiple channels using different modes. Apart from
wavelength [10], polarization [11] and time [12] multiplexing

schemes, MDM enables multimode data transmission by
multiplexing through a single optical channel. In MDM, modes
can be excited through various mechanisms such as spatial light
modulators [13], offset launch [14], high-speed VCSEL arrays [15]
and photonic crystal fibers (PCF) [16]. Researchers have used four
OAM beams (1 � ±1 and 1 � ±3) to transmit 400 Gbps data
through an FSO link of 120 m in 2016 [17]; MDM-OFDM scheme
to transmit 80 Gbps data through an FSO link of 50 km in 2017 [7];
and MDM-based polarisation phase shift key scheme to transmit
80 Gbps data through an FSO link of 90 km in 2020 [18].
Researchers have also proposed hybrid multiplexing-based
multi-channel communication systems including wavelength
division multiplexing (WDM)-MDM [19], Optical code division
multiplexing (OCDMA)-MDM [20] and WDM-PDM [21].
Combining MDM with WDM can increase aggregate capacity
and improve spectral efficiency of Ro-FSO infrastructures which
has potential application in hospital infrastructures. In this work,
we have demonstrated Ro-FSO topology specially designed for
medical locations by incorporating the WDM-MDM scheme
which can transmit four channels with the each one having
capacity of 10 Gbps up-converted to 40 GHz radio signal each
over FSO link.

MDM-RO-FSO MODELING

The schematic diagram of the proposed MDM-Ro-FSO is shown
in Figure 2. Four channels are transmitted by using the hybrid
WDM-MDM scheme. For the WDM scheme, two wavelengths
(850 nm and 851 nm), each with 1 nm channel space, are used.
The MDM scheme uses modal multiplexing of LG (Laguerre
Gaussian) 00 and HG (Hermite Gaussian) 00. As shown in
Figure 2, first and second channels are operated on LG 00
and HG 00 modes respectively with the wavelength of 850 nm
while third and fourth channels are operated on LG 00 andHG 00
modes respectively with the wavelength of 851 nm. LG and HG
modes are described by following Eq. 1 and Eq. 2 [22]:

FIGURE 1 | Ro-FSO system in Hospital Infrastructure.
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The above equation contains the azimuthal index (X) represented
by m and the radial index (Y) represented by n. Curvature radius
is represented by Ro, spot size by wo and the Laguerre Polynomial
by Ln, m.
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In the above equation, the X and Y indexes represent mode
dependencies on their axes denoted bym and n, respectively. The
radius of curvature is denoted by Ro and wo is the spot size.
Hermite polynomials are denoted by Hm and Hn.

Each channel has a non-return to zero (NRZ) data of 10 Gbps
mixed with 40 GHz mm wave generated by sine generator with
the help of mixer for the process of up-conversion. This
40 GHz mm wave is modulated over optical carrier by using
Machzehnder modulator (MZM) derived from spatial
continuous wavelength laser. The schematic diagram of MZM
modulator is shown in Figure 3. The working principle of MZM
modulatorof MZM modulator is given by the following
equation [23]:

Eout(t) � Ein(t).cos(Δθ(t) × exp(j.ΔΦ(t)) (3)

where Eout (t) is the electrical field at output port of modulator, Ein
(t) is the electrical field at input port of modulator, phase
difference between two branches are represented byΔθ(t)
which can be further represented as:

Δθ(t) � Π
2
× (0.5 − ER × (Modulation(t) − 0.5)) (4)

where Modulation (t) is the electrical input signal.
In the above equation, the term ER can be defined as:

ER � 1 − 4
Π × arctan( 1������

extract
√ ) (5)

where extract is the extinction factor which is set to be 30 dB.
Similarly, signal phase change is defined as:

ΔΦ(t) � SC × Δθ(t) × 1 + SF
1 − SF

(6)

where the value of SC is 1 if the negative chirp value is enabled;
otherwise, it will be -1 and SF is the symmetry factor.

The output of optical modulator is combined with the output
of three modulators from different channels and transmitted over
FSO link followed by optical amplifier with a gain of 16 dB. The
link can be defined by the following equation [24]:

PReceived � PTransmitted
d2R

(dT + θR)210
αR/10 (7)

FIGURE 2 | Proposed 4 x 10 Gbps Ro-FSO Link.

FIGURE 3 | Schematic model of MZM modulator.
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The equation above represents receiver aperture diameter
(dR), transmitter aperture diameter (dT ), beam divergence (θ),
range (R) and atmospheric attenuation (α). Gamma
distribution model is used to model the atmospheric
fading. The probability of given intensity (I) is described
in the following equation [25]:

P(I) � 2(α.β)(α+β)/2
Γ(α)Γ(β) I((α+β)/2)−1Kα−β(2 ����

α.β.I
√

(8)

In the above equation, small-scale eddies are represented
by1/α, large-scale eddies are represented by 1/β, Γ(...)is the
Gamma function and Kα−βis the modified Bessel function of
second kind. α and β can be derived mathematically as shown
in Eq. 9 and Eq. 10:

α � exp⎡⎣ 0.49σ2
R(1 + 1.11σ12/5
R )5/6⎤⎦ − 1 (9)

β � exp⎡⎣ 0.51σ2
R(1 + 0.69σ12/5R )5/6⎤⎦ − 1 (10)

where σ2R is the Rytov variance which can be calculated from the
following equation:

σ2R � 1.23C2
nk

7/6z11/6 (11)

where C2
n is the index refraction structure, k is the optical

wavenumber and z is the range.
Atmospheric attenuation for FSO link is considered as 0.14 dB/km

in clear weather, 12 dB/km in low fog, 16 dB/km in medium fog and
22 dB/km in heavy fog [26, 27]. A splitter is used to split the FSOoutput

TABLE 1 | Key parameters.

Item Parameter Value

PRBS Data rate 10 Gbps
Sine generator RF carrier 40 GHz
Spatial laser Wavelength 850 and 851 nm

Power 0 dBm
Linewidth 10 MHz

Machzhender modulator Extinction ratio 30 dB
Symmetry factor 1

FSO link Transmitter aperture diameter 10 cm
Receiver aperture diameter 20 cm
Beam divergence 2 μrad

Spatial APD photo diode Width 10 μm
Responsivity 1.2 A/W
Gain 3
Dark current 10 nA
Responsivity 1 A/W
Thermal noise power spectral density 100e-024 W/Hz
Ionization ratio 0.9

FIGURE 4 | Measurement of BER (A) Channels 1 and 2 (B) Channels 3 and 4.
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into four receivers. Each receiver consists of a mode selector which
selects the particular mode and wavelength. APD or avalanche photo
diode is used for converting the optical signal to an electrical signal.

The shot noise and thermal noise is enabled in the APD
whereas other background noises are assumed to be ideal in this
work. After 40 GHz is mixed for the down-conversion process,
the original baseband signal is recovered by using low pass filter.

The other key parameters are mentioned in Table 1.

RESULTS AND DISCUSSION

The modeling of the proposed MDM-Ro-FSO model is done
in OptiSystem™ software due to its accuracy. In this section,

results obtained from the modeling are presented and
discussed. First, Ro-FSO link is operated in clear weather
conditions which mean no atmospheric turbulences are
considered. The BER or bit error rate for all channels is
measured as shown in Figure 4. At the distance of 1,200 m,
the BER value for Channel 1 transmitted by using LG mode at
850 nm wavelength is computed as 10−7 whereas for Channel
2, which is transmitted by using HG 00 mode, it is computed
as 10−5.

The result shows that HG mode is slightly more attenuated in
FSO link as compared to LGmode. Similarly, the value of BER for
Channel 3 transmitted by using LG 00 mode with 851 nm is also
computed as 10−7 whereas for Channel 4, which is transmitted by
using HG 00 mode, it is computed as 10−5. This shows that all the

FIGURE 5 | Measurement of BER (A) low fog (B) medium fog (C) heavy fog.
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channels are transmitted successfully over 1,200 m Ro-FSO link
with acceptable BER (≤ 10−3).

After that, the proposed MDM-Ro-FSO link is operated under
the influence of different fog conditions that is low, medium and
high. For low fog conditions, the value of atmospheric attenuation
is considered as 12 dB/km whereas for medium fog conditions it
is considered as 16 dB/km and for heavy fog conditions, it is
considered as 22 dB/km. Figure 5 (a), (b) and (c) show the
measurement of BER of all channels under low, medium and
heavy fog. When the Ro-FSO link is operated under low fog, the
BER value for channel 1 and 3 is computed as 10−6 whereas for
channel 2 and 4, it is measured as 10−4 at the Ro-FSO link
distance of 570 m. However, when the Ro-FSO link is operated
under medium fog, the BER value for channel 1 and 3 is
computed as 10−5 whereas for channel 2 and 4, it is measured
as 10−3 at the Ro-FSO link distance of 500 m. Similarly, when the
Ro-FSO link is operated under heavy fog, the BER value for
channel 1 and 3 is measured as 10−5 whereas for channel 2 and 4,
it is measured as 10−3 at the Ro-FSO link distance of 440 m only.

CONCLUSION

In this work, low-cost high-speed Ro-FSO system is proposed for
providing broadband services in hospital scenarios. WDM and
MDM schemes are incorporated to transmit four channels with
the capacity of 10 Gbps each up-converted to 40 GHz mm wave
over Ro-FSO link. The MDM scheme uses LG 00 and HG 00
modes whereas WDM uses 850 and 851 nm wavelengths. The
reported results indicate successful transmission of all channels.
When the RO-FSO link is operated in clear weather, all the
channels are successfully transmitted up to 1,200 m. However,

when the Ro-FSO link is operated in low, medium and heavy fog,
the transmission distance is limited to 570, 500 and 440 m,
respectively with acceptable (≤10−3). Further research of the
current work can include real-time experiments and
performance evaluation of MDM-Ro-FSO under different
atmospheric conditions.
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Secrecy Performance Analysis of
Hybrid RF/VLC Dual-Hop Relaying
Systems
Jiaoli Liu1, Jinyuan Wang1,2,3*, Bingyuan Zhang1 and Qinglin Wang1*

1Shandong Key Laboratory of Optical Communication Science and Technology, School of Physics Science and Information
Technology, Liaocheng University, Liaocheng, China, 2Key Laboratory of Broadband Wireless Communication and Sensor
Network Technology, Nanjing University of Posts and Telecommunications, Nanjing, China, 3Shanghai Key Laboratory of
Trustworthy Computing, East China Normal University, Shanghai, China

In this article, the secrecy performance of a hybrid radio frequency (RF)/visible light
communication (VLC) system is studied. In this hybrid system, the source node
(i.e., Alice) transmits information to the relay node via the outdoor RF link. Nakagami-m
fading and path loss are considered for the RF link. The relay node includes an outdoor
component and an indoor component, which are connected by using a wired medium.
The outdoor component receives and recovers information by using the decode-and-
forward (DF) relaying scheme and then transmits it to the indoor component. The indoor
component then converts the received electrical signal into an optical signal by using a
light-emitting diode. A legitimate receiver (i.e., Bob) deployed on the floor receives the
optical signal. An eavesdropper (i.e., Eve) deployed in the RF or VLC link wiretaps the
confidential information. In this study, we use the secrecy outage probability (SOP) and the
probability of strictly positive secrecy capacity (SPSC) to evaluate the system performance.
We then obtain the closed-form expression for a lower bound on the SOP and an exact
closed-form expression for the probability of SPSC when the RF and VLC links are
wiretapped, respectively. Numerical results are presented to validate the accuracy of our
derivations. We further discuss the effects of the noise standard deviation, the equivalent
threshold of the signal-to-noise ratio, and the floor radius on the system secrecy
performance when the VLC link is eavesdropped upon. For the case when the RF link
is eavesdropped upon, the impacts of the distance between Alice and the relay, the path
loss exponent, the fading factor, and the distance between Alice and Eve on secrecy
performance are also provided.

Keywords: visible light communications, radio frequency communications, secrecy outage probability, probability of
strictly positive secrecy capacity, hybrid RF/VLC systems

1 INTRODUCTION

In the past ten years, the research on conventional radio frequency (RF) wireless communication has
intensified [1]. With the rapid development of solid-state lighting, the visible light communication
(VLC) technology has emerged as a promising technology in recent years [2]. VLC has a wider
modulation bandwidth, less susceptibility to electromagnetic interference, and a larger capacity than
RF communications. In VLC, both illumination and communication are simultaneously
implemented [3]. The performance of VLC, however, heavily depends on the line-of-sight (LoS)
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connection, and it also has a limited coverage area. Therefore, the
performance of VLC suffers severe degradation in the absence of
the LoS link. Moreover, the light emitted by a light-emitting diode
(LED) in VLC is easily blocked by obstacles [4]. In contrast, RF
communication has higher transmission reliability even in the
absence of the LoS link [5–10]. To address the issues mentioned
above, hybrid VLC/RF technology is proposed to tackle the
aforementioned problems. The VLC technology can overcome
the shortcomings of RF spectrum shortage and large power
consumption, while the RF technology compensates for the
dependence of VLC on LoS to improve the communication
coverage and also reduces the power consumption. Besides,
VLC and RF signals do not interfere with each other [7].

There are several studies on hybrid wireless systems
combining RF and VLC technologies. In reference [3], a
random geometric framework for the coexistence of VLC and
RF networks was proposed, and its coverage and achievable rate
analysis for typical users were studied. In reference [5], the power
and bandwidth allocation problem for the energy efficiency
maximization of the VLC/RF hybrid system was solved, and
the impact of the system parameters on the energy efficiency of
the mixed system was investigated. The research in reference [7]
showed that compared with the network that only uses RF or
VLC, a hybrid RF/VLC network can reduce the probability of
interruption by reducing the area power consumption. An
effective beamforming design was also discussed in reference [8].

Since the physical layer security (PLS) utilizes the randomness of
the wireless channel and noise, it is often considered to be a viable
solution to ensure secure communication and prevent eavesdropping
and jamming attacks [11]. In reference [9], PLS characteristics of the
hybrid RF/VLC system were studied, the problem of minimizing the
power consumption was also studied, and a zero-forcing
beamforming strategy and a minimum power allocation algorithm
were proposed. The PLS of indoor heterogeneous VLC/RF networks
based on known and unknown channel state information (CSI) was
further analyzed in reference [12]. In reference [13], the PLS
transmission for VLC with simultaneous lightwave information
and power transfer was investigated.

Besides, dual-hop relay technology has been considered to be
another efficient technology that can be used to increase the capacity
and expand the coverage of low-power wireless networks [14]. In such
systems, the signal propagates from the source node to the destination
node through a relay node, so that the connection can be realized in
the case of high path loss and deep attenuation in the traditional direct
transmission between the source node and the destination node. In
references [4, 10], the dual-hop hybrid systems with energy harvesting
relays were investigated. Specifically, the authors of reference [4]
optimized the VLC/RF hybrid system from the perspective of
maximizing the data rate, while the authors of reference [10]
investigated the data packet transmission performance of the VLC/
RF hybrid system. Furthermore, in reference [14], the performance of
hybrid free-space optical (FSO) communication and RF dual-hop
systems based on amplify-and-forward relaying and CSI-assisted
relaying were analyzed, and the closed-form expressions for the
outage probability and the average bit error rate were derived in
the high signal-to-noise ratio (SNR) regime. In reference [15], the
expressions of the outage probability, bit error rate, and average

capacity of the hybrid RF/FSO system were derived for the first
time. For amplify-and-forward relay, the outage probability and bit
error probability of the hybrid RF/FSO system were also obtained in
reference [16]. There are many studies on the PLS of the dual-hop
system. It is noteworthy that the authors of references [17–20]
considered the mixed RF/FSO transmission systems. The lower
bound of the secrecy outage probability (SOP) and the closed-form
expression of the probability of strictly positive secrecy capacity
(SPSC) when an eavesdropper is eavesdropping on the FSO link
were derived in reference [17]. Furthermore, for a mixed RF/FSO
downlink simultaneous wireless information and power transfer
system, reference [18] derived the exact and asymptotic
expressions of the SOP. The closed-form expressions for the lower
bound of the SOP and the exact average secrecy capacity ofmixed RF/
FSO systems were also derived in reference [19], where an
eavesdropper node eavesdrops on the FSO hop. In reference [20],
the secrecy outage performance of a mixed RF/FSO system with
imperfect CSI was analyzed. To the best of the authors’ knowledge, in
the aforementioned works, Shannon’s capacity is often employed to
evaluate the performance of the VLC link [11, 12]. However, in the
actual VLC environment, the visible-light signal is an optical intensity
signal, which means that the signal amplitude of the VLC system is
non-negative. Furthermore, in the VLC system, it is necessary to
consider illumination while transmitting data; therefore, the average
optical intensity should be a fixed value according to the users’
dimming requirement [21]. Therefore, Shannon’s capacity is not
suitable for VLC. Based on the considerations above, it is necessary
to analyze the secrecy performance of the hybrid RF/VLC dual-hop
relaying systems.

In this study, we analyze the PLS performance of a hybrid RF/
VLC system. The main contributions are summarized as follows:

• Based on the systemmodel, when the VLC link is eavesdropped
upon, the probability density functions (PDFs) of the channel
gain for the RF and VLC channels are derived, respectively.
Using those PDFs, we then derive the closed-form expressions
for the lower bound of the SOP and the probability of SPSC. It is
also shown that the performance gap between theoretical results
and simulation results is small, which verifies the accuracy of the
derived expression. Moreover, the SOP increases with the noise
standard deviation of Bob and decreases with the noise standard
deviation of Eve. The SNR threshold degrades the system secrecy
performance. The performance of the probability of SPSC
mainly depends on the VLC, which deteriorates with Bob’s
noise standard deviation and improveswith Eve’s noise standard
deviation or the radius of the floor.

• For the case when the RF link is eavesdropped upon, the PDFs
and cumulative distribution functions (CDFs) of the
instantaneous SNR at the relay node and the Eve node have
been derived. Based on these statistic distributions, we also
derive the closed-form expressions for the lower bound of
the SOP and the probability of SPSC. The results further
show that the performance gap between theoretical results
and simulation results is also small, which verifies the
accuracy of the derived expressions. In this case, the
performance of the probability of SPSC mainly depends on
the RF link, and all theoretical results of the probability of SPSC
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match the simulation results very well. Numerical results further
confirm that the system secrecy performance is degraded with
the distance between the Alice and relay nodes and the channel
fading factor and improved by increasing the path loss exponent.

This article is arranged as follows. In Section 2, the system
model of the hybrid VLC/RF system is presented. In Section 3, we
derive the lower bound of the SOP and the exact expression of the
probability of SPSC when the VLC link is eavesdropped upon.
The secrecy performance analysis when the RF link is
eavesdropped upon is presented in Section 4. Section 5
presents some numerical results. Finally, the conclusion of this
article is given in Section 6.

2 SYSTEM MODEL

As shown in Figure 1, we consider a dual-hop hybrid RF/VLC
network, which includes an outdoor RF link and an indoor VLC
link. The hybrid network is composed of a source node (Alice), a
relay node, an eavesdropper (Eve), and a legitimate receiver
(Bob). The relay node includes an outdoor component and an
indoor component, which are connected by using a wired
medium. In this study, we assume that the outdoor
component receives and recovers information by using the DF
relaying scheme and then transmits it to the indoor component.
The indoor component converts the received electrical signal to
an optical signal by using an LED. There is no direct
communication between Alice and Bob; information must be
transmitted through the relay node. The communication arranges
two transmission time slots. In the first time slot, Alice transmits
confidential information x to the outdoor component of the relay
over the RF channel. In the second time slot, the indoor
component of the relay forwards the optical signal X to Bob
through the indoor VLC channel. Both Bob and Eve deploy
photodiodes to receive information and perform photoelectric
conversion. When Alice transmits to Bob, Eve attempts to
intercept the secret information.

2.1 RF Link
In the first time slot, the received signal at the relay can be written
as follows:

y � ��
Ps

√
hSRx + nR, (1)

where Ps represents the transmission power at Alice, hSR
represents the channel gain of the RF link, x is the transmitted
confidential information, and nR is additive white Gaussian noise
(AWGN) with zero mean and variance N0.

The instantaneous SNR cSR at the relay is given by the
following:

cSR � Ps

∣∣∣∣hSR 2/N0.
∣∣∣∣ (2)

In the RF link,
∣∣∣∣hSR|2 in Eq. 2 can be expressed as follows:∣∣∣∣hSR 2 � ∣∣∣∣gR 2GR,

∣∣∣∣∣∣∣∣ (3)

where gR andGR denote the fast fading and path loss, respectively.
It should be noted that the two terms are independent of each
other. The envelope of gR is assumed to experience a Nakagami-m
fading, and thus the squared envelope

∣∣∣∣gR|2 follows a gamma
distribution. Therefore, the PDF of

∣∣∣∣gR|2 can be written as
follows [22]:

f|gR|2(x) �
xmR−1

Γ(mR)m
mR
R exp(−mRx), x ≥ 0, (4)

where mR represents the fading factor, and Γ(mR) �∫+∞
0

xmR−1e−xdx represents the gamma function.
Furthermore, GR in Eq. 3 can be modeled as follows [22]:

GR � (d0
d1
)λ

, (5)

where λ denotes the path loss exponent, d0 denotes the reference
distance, and d1 is the distance between Alice and the relay.

Therefore, the PDF of
∣∣∣∣hSR|2 can be written as follows:

f|hSR |2(y) � 1
GR

( y
GR

)mR−1 1
Γ(mR)m

mR
R

× exp( −mR · y
GR

), y ≥ 0.

(6)

By using (8.351.1) in reference [23], the cumulative
distribution function (CDF) of

∣∣∣∣hSR|2 can be written as follows:

F|hSR |2(y) � 1
Γ(mR) c(mR,

mRy
PR

), y ≥ 0, (7)

where c(·, ·) is the lower incomplete gamma function defined by
(8.350.1) in reference [23].

2.2 VLC Link
In the second time slot, we consider an indoor VLC link. To
facilitate the analysis, it is assumed that the receiving area P is a
disk with a radius D. As shown in Figure 1, the LED is projected
at the center of the disk. Besides, we assume that both Bob and
Eve are uniformly distributed within the area P. According to the

FIGURE 1 | RF/VLC hybrid communication network.
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settings above, the PDF of Bob’s (or Eve’s) position is given by the
following:

fU(u) � 1
πD2

, u ∈ P, (8)

fW(w) � 1
πD2

,w ∈ P, (9)

where U represents the position of Bob and W represents the
position of Eve.

In the second time slot, the received signals at Bob and Eve can
be expressed as follows:

Yk � HkX + Zk, k � B for Bob, k � E for Eve, (10)

where X represents the input optical intensity, Zk ∼ N(0, σ2k) is
the AWGN at Bob (or Eve), and σ2k is the variance of the
corresponding noise.

Because the information is modulated as the instantaneous
optical intensity, X must meet the non-negative constraint as
follows [21]:

X ≥ 0. (11)

Although the optical intensity can be adjusted according to the
dimming requirements, the average optical intensity cannot
change with time. Therefore, the dimmable average optical
intensity constraint is given by the following [21]:

E(X) � ξP, (12)

where ξ indicates the dimming target, and P indicates the nominal
optical intensity of the LED. Because the user can adjust the optical
intensity at will, the dimming target must satisfy the following [21]:

0≤ ξ ≤ 1. (13)

Without loss of generality, we assume that both Bob and Eve
can be illuminated by the LED, and thus, the illumination angle
ψk cannot exceed the field of view of the PD Ψc, that is,
0<ψk <Ψc. In indoor VLC, the channel gain Hk can be
written as follows [24]:

Hk � (m + 1)A
2πd2

k

TSgcos
m(ϕk) cos(ψk), k � B or E, (14)

where dk and ϕk represent the distance and the irradiance angle
between the LED and Bob (or Eve), A is the physical area of the
PD,m denotes the order of the Lambertian emission, g is the PD’s
concentrator gain, and TS represents the optical filter gain. Also,
assuming that the normal vector between the transceiver plane
and the ceiling is vertical, we can obtain
cos(ϕk) � cos(ψk) � l/dk, where l represents the vertical
distance between the LED and the receiving plane. Therefore,
the channel gain in Eq. 14 can be further written as follows:

Hk � (m + 1)ATSglm+1

2π
(r2k + l2)− m+3

2 , (15)

where rk is the distance between the projection pointO and the kth

receiver.

According to Eqs. 8 and 9, the CDF of rk can be expressed as
follows:

Frk(rk) � Pr{r ≤ rk}
� Pr{ρ≤ rk, 0≤ θ ≤ 2π}
� ∫2π

0
∫rk

0

1
πD2

ρdρdθ

� r2k
D2

, 0< rk ≤D.

(16)

Furthermore, the PDF of rk can be obtained as follows:

frk(rk) �
dFrk(rk)
drk

� 2rk
D2

, 0≤ rk ≤D, (17)

where
dFrk(rk)

drk
is the derivative of Frk(rk) with respect to rk.

The PDF of the channel gain Hk is then written as follows:

fHk(h) �
∣∣∣∣∣∣∣ ddhrk

∣∣∣∣∣∣∣ frk(rk), (18)

where |.| is a symbol for the absolute value.
Substituting Eq. 15 and Eq. 17 into Eq. 18, we can obtain the

PDF of Hk as follows:

fHk(h) � Ξh− 2
m+3 −1, vmin ≤ h≤ vmax, (19)

where Ξ, vmin, and vmax are given by the following:

Ξ � 2

(m + 3)D2
((m + 1)ATSglm+1

2π
) 2

m+3
, (20)

vmin � (m + 1)ATSglm+1

2π
(D2 + l2)− m+3

2 , (21)

vmax � (m + 1)ATSglm+1

2π
l−(m+3). (22)

3 SECRECY PERFORMANCE ANALYSIS
WHEN VLC LINK IS EAVESDROPPEDUPON

3.1 SOP Analysis
In this subsection, we analyze the SOP of the hybrid RF/VLC
system. Because there are no eavesdroppers in the RF link, the
instantaneous SC of the first hop is its instantaneous channel
capacity, that is,

Chop,1 � 1
2
ln(1 + cSR)

� 1
2
ln(1 + Ps

N0

∣∣∣∣hSR∣∣∣∣2). (23)

In the VLC link, we need to consider the average and non-
negative constraints simultaneously. Therefore, Shannon’s
capacity is not applicable to the VLC link [25]. For VLC with
constraints as in Eqs 11, 12, a lower bound on the instantaneous
SC is given by the following [26]:
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Chop,2 � 1
2
ln( σ2

E

2πσ2B
· eξ

2P2H2
B + 2πσ2

B

H2
Eξ

2P2 + σ2
B

)
� 1
2
ln(1 + JB

1 + JE
).

(24)

Furthermore, according to Eq. 19, JB � eξ2P2H2
B

2πσ2B
and JE � ξ2P2H2

E
σ2E

,

the PDFs of JB and JE are given by the following [13]:

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎩

fJB(j) � Ξ
2
(2πσ2B
eξ2P2

)− 1
m+3
j−

1
m+3 −1, JB,min ≤ j≤ JB,max,

fJE(j) � Ξ
2
( σ2

E

ξ2P2
)− 1

m+3
j−

1
m+3 −1, JE,min ≤ j≤ JE,max,

(25)

where JB,min � eξ2P2v2min
2πσ2B

, JB,max � eξ2P2v2max
2πσ2B

, JE,min � ξ2P2v2min
σ2E

, and

JE,max � ξ2P2v2max
σ2E

.

As is known, the hybrid system is equivalent to a series network, so
the capacity of the system is determined by the worse channel [27].
Therefore, the instantaneous SC of the entire hybrid system is the
minimum of Chop,1 and Chop,2, which can be expressed as follows1:

CI � min{Chop,1,Chop,2}. (26)

The SOP is an important performance metric to evaluate the
PLS of a wireless communication system. It is defined as the
probability that the instantaneous SC is lower than the target
capacity Cth. Therefore, SOP can be expressed as follows:

PSOP � Pr{CI <Cth}. (27)

Substituting Eq. 26 into Eq. 27, the SOP is rewritten as follows:

PSOP � Pr{min(Chop,1,Chop,2)<Cth}
� 1 − Pr{min(Chop,1,Chop,2)≥Cth}
� 1 − Pr{Chop,1 ≥Cth}Pr{Chop,2 ≥Cth}, (28)

where Pr{Chop,1 ≥Cth} is given by the following:

Pr{Chop,1 ≥Cth}
� Pr{1

2
ln(1 + Ps

N0
|hSR|2)≥Cth}

� 1 − Pr{1
2
ln(1 + Ps

N0
|hSR|2)< 1

2
ln(cth)}

� 1 − Pr{|hSR|2 < (cth − 1)N0

Ps
}

� 1 − F|hSR |2((cth − 1)N0

Ps
),

(29)

and Pr{Chop,2 ≥Cth} is given by the following:

Pr{Chop,2 ≥Cth} � 1 − Pr{Chop,2 <Cth}
� 1 − Pr{1

2
ln(1 + JB

1 + JE
)< 1

2
ln(cth)}, (30)

where Cth � 1
2 ln(cth) denotes the threshold of the targeted SC and

cth ≥ 1 denotes the equivalent threshold of the SNR [13]. It should
be noted that it is challenging to obtain a closed-form expression
of Eq. 30. In indoor VLC, it is reasonable to assume that JB ≫ 1
and JE ≫ 1. When JB > JE, we have (1 + JB)/(1 + JE)< JB/JE.
Therefore, an upper bound of Eq. 30 is given by the following:

Pr{Chop,2 ≥Cth}≤ 1 − Pr{JB < JEcth}. (31)

From Eqs 28, 29, and 31, the SOP is lower-bounded by the following:

PSOP � 1 − (1 − F|hSR |2((cth − 1)N0

Ps
)) × (1 − Pr{JB < JEcth})

�Δ PSOPL.

(32)
In Eq. 25, JB and JE are independent of each other. Moreover,

the value of PSOPL depends on the value of cth. Figure 2 shows four
cases of the integral region of Pr(JB < JEcth). Based on the four
cases, Pr(JB < JEcth) is derived as follows:

Pr(JB < JEcth) �

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

0, if cth ≤
JB,min

JE,max

D1, if
JB,min

JE,max
< cth ≤

JB,min

JE,min

D2, if
JB,max

JE,max
< cth <

JB,max

JE,min

1, if cth ≥
JB,max

JE,min
,

(33)

where D1 and D2 are given by the following:

D1 � ∫JE,max

JB,min
cth

fJE(z)∫cthz

JB,min

fJB(y)dydz
� ε(m + 3)2J− 1

m+3
B,min

⎡⎢⎣(JB,min

cth
)− 1

m+3
− J

− 1
m+3

E,max
⎤⎥⎦

− ε

2
(m + 3)2c− 1

m+3
th

⎡⎢⎣(JB,min

cth
)− 2

m+3
− J

− 2
m+3

E,max
⎤⎥⎦

(34)

and

D2 � ∫JB,max
cth

JE,min

fJE(z)∫cthz

JB,min

fJB(y)dydz + ∫JE,max

JB,max
cth

fJE(z)∫JB,max

JB,min

fJB(y)dydz
� ε(m + 3)2J− 1

m+3
B,min

⎡⎢⎣J− 1
m+3

E,min − (JB,max

cth
)− 1

m+3⎤⎥⎦ − ε

2
(m + 3)2c− 1

m+3
th

⎡⎢⎣J− 2
m+3

E,min − (JB,max

cth
)− 2

m+3⎤⎥⎦
+ε(m + 3)2(J− 1

m+3
B,min − J

− 1
m+3

B,max) × ⎡⎢⎣(JB,max

cth
)− 1

m+3
− J

− 1
m+3

E,max
⎤⎥⎦,

(35)

where ε � Ξ2

4 (2πσ2Bσ
2
E

eξ4P4
)− 1

m+3
.

1Note that the instantaneous SC in reference [18] is defined as the difference of
channel capacities between the Alice–relay–Bob channel and the Alice–relay–Eve
channel. Different from reference [18], the instantaneous SC in our study is defined
as the minimum SC of the two hops, which is similar to that in reference [17].
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The lower bound of the SOP can be further derived as follows:

PSOPL �

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

F|hSR |2((cth −1)N0

Ps
), if cth ≤

JB,min

JE,max

1−(1−F|hSR |2((cth −1)N0

Ps
))(1−D1), if

JB,min

JE,max
< cth ≤

JB,min

JE,min

1−(1−F|hSR |2((cth −1)N0

Ps
))(1−D2), if

JB,min

JE,min
< cth < JB,max

JE,min

1, if cth ≥
JB,max

JE,min
,

(36)

Substituting Eq. 34 and Eq. 35 into Eq. 36, the expression for the
lower bound of the SOP can be obtained as Eq. 37, as shown below:

PSOPL �

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

PR

Γ(mR)c(mR ,
mR

PR
((cth −1)N0

Ps
)), if cth ≤

JB,min

JE,max

1− PR

Γ(mR)c(mR ,
mR

PR
((cth −1)N0

Ps
))+ PR

Γ(mR)c(mR ,
mR

PR
((cth −1)N0

Ps
))

× ε(m+3)2J− 1
m+3

B,min
⎡⎢⎣(JB,min

cth
)− 1

m+3
− J− 1

m+3
E,max

⎤⎥⎦

− ε

2
(m+3)2c− 1

m+3
th

⎡⎢⎣(JB,min

cth
)− 2

m+3
− J− 2

m+3
E,max

⎤⎥⎦,

if
JB,min

JE,max
< cth ≤

JB,min

JE,min

1− PR

Γ(mR)c(mR ,
mR

PR
((cth −1)N0

Ps
))+ PR

Γ(mR)c(mR ,
mR

PR
((cth −1)N0

Ps
))

× ε(m+3)2J− 1
m+3

B,min
⎡⎢⎣J− 1

m+3
E,min −(JB,max

cth
)− 1

m+3⎤⎥⎦

− ε

2
(m+3)2c− 1

m+3
th

⎡⎢⎣J− 2
m+3

E,min −(JB,max

cth
)− 2

m+3⎤⎥⎦

+ ε(m+3)2(J− 1
m+3

B,min − J−
1

m+3
B,max)×⎡⎢⎣(JB,max

cth
)− 1

m+3
− J− 1

m+3
E,max

⎤⎥⎦,

if
JB,min

JE,min
< cth < JB,max

JE,min

1, if cth ≥
JB,max

JE,min

(37)

Remark 1. According to Eq. 33, with the increase in σB, the channel
gain HB decreases, and the integral range of Pr(JB < JEcth) is enlarged.
In this circumstance, the value of SOP in Eq. 37 increases with σB.
Similarly, we can conclude that the SOPdegradeswith the increase in σE.

Remark 2.With the increase in cth, the value of the lower bound
of the SOP in Eq. 37 is enlarged. Moreover, when cth ≥ JB,max/JE,min,
the lower bound of the SOP becomes one; hence, the information
cannot be transmitted securely.

3.2 Probability of SPSC Analysis
In secure communications, the probability of SPSC is a fundamental
benchmark that is employed to emphasize the existence of SC [17].
In this subsection, we derive the probability of SPSC of the hybrid
RF/VLC system. The probability of SPSC is defined as follows:

PSPSC � Pr{min(Chop,1,Chop,2)> 0}
� Pr{Chop,1 > 0}Pr{Chop,2 > 0}. (38)

According to Eq. 23, Pr{Chop,1 > 0} is expressed as follows:

Pr{Chop,1 > 0} � Pr{1
2
ln(1 + Ps

N0
|hSR|2)> 0}

� Pr{Ps

N0
|hSR|2 > 0}

� 1,

(39)

and Pr{Chop,2 > 0} is expressed as follows:

Pr{Chop,2 > 0} � Pr{1
2
ln(1 + JB

1 + JE
)> 0}

� Pr{JB > JE}.
(40)

FIGURE 2 | Four cases of the integral of Pr(JB < JEcth). (A) cth ≤ JB,min
JE,max

. (B) JB,min
JE,max

< cth ≤
JB,min
JE,min

. (C) JB,max
JE,max

< cth <
JB,max
JE,min

. (D) cth ≥
JB,max
JE,min

2.
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Remark 3. Since Pr{Chop,1 > 0} is always equal to one, the
performance of the probability of SPSCmainly depends on the VLC link.

It should be noted that the value of Eq. 40 also depends on the
integral region. Figure 3 shows four cases of the integral region in
Eq. 40. Based on the four cases, the probability of SPSC in Eq. 40
can be written as follows:

PSPSC �

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

1, if
JB,min

JE,max
≥ 1

C1, if
JB,min

JE,max
< 1 ≤

JB,min

JE,min

C2, if
JB,min

JE,min
< 1 < JB,max

JE,min

0, if
JB,max

JE,min
≤ 1.

(41)

Since JB and JE are independent of each other, C1 and C2 are given
by the following:

C1 � 1 − ∫JE,max

JB,min

fJE(z)∫z

JB,min

fJB(y)dydz
� 1 + ε(m + 3)2J − 1

m+3
B,min [J − 1

m+3
E,max − J

− 1
m+3

B,min ] − ε

2
(m + 3)2[J − 2

m+3
E,max − J

− 2
m+3

B,min ]
(42)

and

C2 �∫JB,max

JE,min

fJE(z)∫JB,max

z
fJB(y)dydz

� ε(m+3)2[J − 2
m+3

B,max − J −
1

m+3
B,maxJ

− 1
m+3

E,min]− ε

2
(m+3)2[J − 2

m+3
B,max − J −

2
m+3

E,min].
(43)

Finally, the closed-from expression of the probability of SPSC can
be expressed as follows:

PSPSC �

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

1, if
JB,min

JE,max
≥ 1

1+ ε(m+3)2J − 1
m+3

B,min[J − 1
m+3

E,max − J −
1

m+3
B,min]− ε

2
(m+3)2[J − 2

m+3
E,max − J −

2
m+3

B,min], if
JB,min

JE,max
< 1 ≤

JB,min

JE,min

ε(m+3)2[J − 2
m+3

B,max − J −
1

m+3
B,maxJ

− 1
m+3

E,min ]− ε

2
(m+3)2[J − 2

m+3
B,max − J −

2
m+3

E,min], if
JB,min

JE,min
< 1 < JB,max

JE,min

0, if
JB,max

JE,min
≤ 1.

(44)

Remark 4. Opposite to Remark 1, with the increase in σB, the
channel gain HB is decreased, and the integral range of
Pr{Chop,2 > 0} is enlarged. In this circumstance, the value of the
probability of SPSC can decrease with the increase in σB. Besides,
we can conclude that the probability of the SPSC can increase with
the increase in σE.

Remark 5. As the radius D increases, the probability of Eve
being placed far away from Bob increases and the probability of
Eve eavesdropping on confidential information decreases.
Therefore, the channel gain HB is decreased, and the integral
range of Pr{Chop,2 > 0} is enlarged. According to Remark 3, the
performance of the probability of SPSCmainly depends on the VLC
link. Therefore, the performance of the system will be improved.

4 SECRECY PERFORMANCE ANALYSIS
WHEN RF LINK IS EAVESDROPPED UPON

In Section 3, the SOP and the probability of the SPSC have been
analyzedwhen theVLC link is eavesdroppedupon.However, in practice,
the RF link ismore vulnerable to unauthorized users, so it is necessary to
analyze the secrecy performance of the hybrid RF/VLC systemwhen the
RF link is eavesdropped upon. The system model is shown in Figure 4.

4.1 SOP Analysis
In this subsection, we analyze the SOP of a hybrid RF/VLC system
when the RF link is eavesdropped upon. The instantaneous SC of
the first hop is given by the following:

Chop,1
′ � {1

2
(ln(1 + cSR) − ln(1 + cSE))}+

, (45)

where {x}+ � max{x, 0}, cSE represents the instantaneous SNR at
Eve and it can be expressed as follows:

cSE � Ps

∣∣∣∣hSE 2/N0.
∣∣∣∣ (46)

Similarly, the hSE represents the channel gain between Alice
and Eve, where

∣∣∣∣hSE|2 can be written as follows:

|hSE|2 �
∣∣∣∣gR′ ∣∣∣∣2GE , (47)

where the PDF of
∣∣∣∣gR′ ∣∣∣∣2 is as follows:

f∣∣∣∣gR′ ∣∣∣∣2(x) � xmE−1

Γ(mE)m
mE
E exp(−mEx), x ≥ 0 , (48)

where mE represents the fading factor between Alice and Eve.
Furthermore, GE in Eq. 47 can be modeled as follows [22]:

GE � ⎛⎝d0
d1′
⎞⎠λ

, (49)

where d1′ is the distance between Alice and Eve. Therefore, the
PDF and the CDF of cSj (j ∈ {R,E}) are as follows:
⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩
fcSj(z) �

N0

PsGj
( N0

PsGj
z)mj−1 1

Γ(mj)mmj

j exp(−mjN0

PsGj
z), z ≥ 0

FcSj(z) �
1

Γ(mj)c(mj,
mjN0

PsGj
z), z ≥ 0.

(50)
Because there are no eavesdroppers in the VLC link, the

instantaneous SC of the first hop is its instantaneous channel
capacity, that is, a lower bound on the instantaneous SC of the
second hop is written by using the following [21]:

Chop,1′ � 1
2
ln(1 + e

2π
(HBξP

σB
)2) � 1

2
ln(1 + JB) . (51)

Similarly, the instantaneous SC of the entire hybrid system is
the minimum of Chop, 1′ and Chop, 2′ , which is expressed as follows:

CI′ � min{Chop, 1′ ,Chop, 2′ }. (52)
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We have known that SOP can be given by PSOP � Pr{CI′ <Cth}.
Furthermore, the SOP can be rewritten as follows:

PSOP � Pr{min(Chop, 1′ ,Chop, 2′ )<Cth}
� 1 − Pr{Chop,1′ ≥Cth}Pr{Chop,2′ ≥Cth}, (53)

where

Pr{Chop,1′ ≥Cth}
� Pr{1

2
ln(1 + cSR

1 + cSE
)≥

1
2
lncth}

� 1 − Pr{cSR < cthcSE + cth − 1}
(54)

and

Pr{Chop, 2′ ≥Cth} � Pr{1
2
ln(1 + JB)≥ 12 lncth}

� 1 − Pr{JB < cth − 1}. (55)

Substituting Eqs 54 and 55 into Eq. 53, we have the following:

PSOP �

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

∫∞

0
FcSR(cSEcth +cth −1)fcSE(cSE)dcSE,

if cth −1< JB,min

1−(1−∫∞

0
FcSR(cSEcth +cth −1)fcSE(cSE)dcSE)(1−∫cth−1

JB,min

fJB(y)dy),
if JB,min≤cth −1< JB,max

1−(1−∫∞

0
FcSR(cSEcth +cth −1)fcSE(cSE)dcSE)(1−∫JB,max

JB,min

fJB(y)dy),
if cth −1≥ JB,max.

(56)

It is mathematically difficult to obtain the exact close-form
expression for SOP as shown in Eq. 56. Therefore, we
alternatively evaluate the lower bound of SOP. We assume
that cSE ≫ 1 and cSR ≫ 1, and when cSR > cSE, we have
(1 + cSR)/(1 + cSE)< cSR/cSE. Therefore, we can derive the
lower bound of SOP as follows:

PSOP ≥ PSOPL�Δ

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎩

A, if cth −1< JB,min

A+ ε′[J − 1
m+3

B,min −(cth −1) − 1
m+3]×(1−A), if JB,min≤cth −1< JB,max

A+ ε′[J − 1
m+3

B,min − J −
1

m+3
B,max]×(1−A), if cth −1≥ JB,max,

(57)
where

A � 1
Γ(mR)

1
Γ(mE)( mEGR

cthmRGE
)mE Γ(mR +mE)

mR(1 + mEGR
cthmRGE

)mR+mE

× F⎛⎝1,mR +mE; 1 +mR;
1

mEGR

cthmRGE
+ 1

⎞⎠. (58)

ε′ � (m + 3) Ξ2 (2πσ2B
eξ2P2

)− 1
m+3
, F(a, b; c; z) is the Gauss

hypergeometric function.
Remark 6.With the increase in d1, the Alice–relay link path loss

is reduced, which results in the decreasing of the instantaneous
SNR cSR, and the value of the Pr{Chop,1′ ≥Cth} is reduced due to the
channel advantages of the Alice–relay link over the Alice–Eve.
Therefore, the value of the lower bound of the SOP also increased.

FIGURE 3 | Four cases of the integral of Pr{CRD >0}. (A) 1≤ JB,min
JE,max

. (B) JB,min
JE,max

< 1≤ JB,min
JE,min

. (C) JB,max
JE,max

<1< JB,max
JE,min

. (D) 1≥ JB,max
JE,min

3.
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Remark 7. According to Eqs 2, 46, and 54, it is seen that by
increasing λ, the value of the Pr{Chop,1′ ≥Cth} is also increased, and
then the lower bound of the SOP is decreased.

Remark 8. By increasing mE, the value of the Chop,1′ is
decreased and the value of the Pr{Chop,1′ ≥Cth} is also
decreased. According to Eq. 53, we can conclude that the
value of the SOP is increased.

4.2 Probability of SPSC Analysis
Similarly, the probability of SPSC of the hybrid RF/VLC system
when an eavesdropper eavesdrops on the RF link can be written
as follows:

PSPSC � Pr{min(Chop, 1′ ,Chop, 2′ )> 0}
� Pr{Chop,1′ > 0}Pr{Chop, 2′ > 0}. (59)

According to Eq. 45, Pr{Chop,1′ > 0} is expressed as follows:

Pr{Chop,1′ > 0} � Pr{1
2
ln(1 + cSR

1 + cSE
)> 0}

� Pr{cSR > cSE},
(60)

and Pr{Chop, 2′ > 0} is expressed as follows:

Pr{Chop,2′ > 0} � Pr{1
2
(1 + JB)> 0}

� Pr{JB > 0} � 1.
(61)

Based on Eqs 60 and 61, the closed-from expression of the
probability of SPSC in Eq. 59 can be written as follows:

PSPSC � 1
Γ(mR)

1
Γ(mE)(GRmE

mRGE
)mE Γ(mR +mE)

mE(1+ GRmE
mRGE

)mR+mE
F⎛⎝1,mR +mE;1+mE;

GRmE

mRGR′
GRmE

mRGE
+1

⎞⎠.

(62)

Remark 9. Similar to Remark 6, the probability of the SPSC
decreases by increasing d1. However, with the increase in d1′ , the

value of the Pr{Chop,1′ > 0} is also increased. Therefore, the
probability of the SPSC is increased by increasing d1′ .

Remark 10. Since the value of the Pr{Chop,2′ > 0} is always equal
to one, the probability of SPSC mainly depends on the RF link.

5 NUMERICAL RESULTS

In this section, we present the numerical results of hybrid RF/
VLC systems. Here, the theoretical results of the derived lower
bound of the SOP and the probability of SPSC are verified by
using Monte-Carlo simulation, which is performed by generating
104 random samples. Unless otherwise specified, the main
simulation parameters of the hybrid system are listed in
Table 1. It should be noted that all numerical results are
obtained by using MATLAB.

5.1 Results When VLC Link Is Eavesdropped
Upon
Figure 5 shows the SOP versus Bob’s noise standard deviation σB
with different Eve’s noise standard deviations σE when P � 60 dB,
ξ � 0.2, and cth � 3. It is seen that the SOP performance
deteriorates with the increase in σB, and this is because the
larger the value of σB, the smaller the channel gain HB. A
larger HB also leads to better secrecy performance, while a
smaller HB degrades the secrecy performance. Besides, with
the increase in σE, the value of SOP is reduced; therefore, by
increasing σE, HE is reduced, and a smaller HE leads to higher
secrecy as in Remark 1.

Figure 6 shows the SOP versus Bob’s noise standard deviation
σB with different cth when P � 60 dB, ξ � 0.2, and σE � 3. As it is
seen, the SOP increases with the increase in σB, which is
consistent with that in Figure 5. Moreover, it can be observed
that the value of SOP becomes larger with the increase in cth,
which means that the system secrecy performance is degraded,
which coincides with Remark 2.

From Figure 5 and Figure 6, it can be clearly observed that
simulation results are in close agreement with the theoretical
results, which validates our theoretical analysis of SOP as correct.

Figure 7 shows the probability of SPSC versus Bob’s noise
standard deviation σB with different Eve’s noise standard
deviations σE when P � 60 dB and ξ � 0.2. It can be seen that
the performance of the probability of SPSC deteriorates with the
increase in σB, and this is because a larger value of σB results in a

FIGURE 4 | RF/VLC hybrid communication network when the RF link is
eavesdropped upon.

TABLE 1 | Main simulation parameters.

Parameters Symbols Values

RF Reference distance d0 1 km
Noise variance N0 1
Transmission power at Alice Ps 60 dB

VLC Physical filter gain of the PD A 1 cm2

Optical filter gain of the PD TS 1
Concentrator gain of the PD g 3
Vertical distance between the LED and the floor l 4 m
Order of Lambertian emission m 2
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smaller channel gain HB. A larger HB leads to better secrecy
performance, whereas a smaller value leads to worse secrecy
performance. Moreover, it can be observed from the plot that
the probability of SPSC is increased by increasing σE from σE � 2
to σE � 4. This means that by increasing σE, HE is reduced, and a
smaller HE leads to better secrecy performance. This is consistent
with Remark 4.

Figure 8 shows the probability of SPSC versus Bob’s noise
standard deviation σB with different floor radii D when P � 60 dB
and ξ � 0.2. It can be seen from Figure 8 that when σB ≤ 2, the
probability of SPSC decreases with the increase in D. This is
because when σB ≤ 2, a larger σE (σE � 3) leads to a smaller HE,
and thus, secrecy performance mainly depends on Bob’s and
Eve’s SNRs. When σB > 2, it is seen that by increasing D from 4 to
12 m, the value of the probability of SPSC is increased. This is also
consistent with Remark 5. Expanding the floor radius, D, also

decreases the probability of Eve eavesdropping on information,
which improves the performance of the hybrid system.

Moreover, it can be found from Figure 7 and Figure 8 that all
theoretical results match simulation results very well, which
indicates the correctness of the theoretical analysis.

5.2 Results When RF Link Is Eavesdropped
Upon
Figure 9 shows SOP versus the distance between nodes Alice
and relay d1 with different path loss exponents λ when P � 60 dB,
mE � 2, σB � 2,mB � 2, and d1′ � 2 (eavesdropping on the RF link).
It can be seen that the SOP performance is deteriorated by
increasing d1, which is intuitive because a larger value of d1
results in a smaller channel gain, hSR, which then results in a
worse secrecy performance. This conclusion is consistent with
Remark 6. Moreover, with the increase in path loss exponent λ,

FIGURE 5 | SOP versus σB with different σE when P � 60 dB, ξ � 0.2,
and cth � 3.

FIGURE 6 | SOP versus σB with different cth when P � 60 dB, ξ � 0.2,
and σE � 3.

FIGURE 7 | PSPSC versus σB with different σE when P � 60 dB and
ξ � 0.2.

FIGURE 8 | PSPSC versus σB with differentDwhenP � 60 dB and ξ � 0.2.

Frontiers in Physics | www.frontiersin.org July 2021 | Volume 9 | Article 68347910

Liu et al. Secrecy Performance of Hybrid RF/VLC

36

https://www.frontiersin.org/journals/physics
www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles


the value of SOP becomes smaller, which means that the system
secure transmission performance is improved. This verifies the
conclusion in Remark 7.

Figure 10 shows the SOP versus the distance between nodes
Alice and relay d1 with different Alice–Eve channel fading factors
mE when P � 60 dB, λ � 3, σB � 2, mB � 2, and d1′ � 2
(eavesdropping on the RF link). As it is seen, by increasing d1,
the SOP performance is degraded with the increase in d1. This is
also consistent with that in Figure 9. Besides, by increasing mE,
the value of SOP also becomes large. This is because the larger the
value of mE, the smaller the Alice–Eve channel fading which, in
turn, deteriorates the secrecy performance. This verifies the
conclusion in Remark 8.

From Figure 9 and Figure 10, it should be emphasized that the
performance gap between theoretical results and simulation

results is small, which verifies the accuracy of the derived
expression, which indicates that the scaling for the lower
bound of SOP is reasonable.

Figure 11 shows the probability of SPSC versus the distance
between nodes Alice and relay d1 with different distances between
node Alice and Eve d1′ when P � 60 dB, λ � 3, σB � 2,mB � 2, and
mE � 2 (eavesdropping on the RF link). It is seen that the SPSC
performance is decreased by increasing d1. This also indicates
that the system secrecy performance is reduced when the relay
node receives less confidential information. This conclusion is
consistent with that in Figure 9. By increasing d1′ , Eve eavesdrops
on less information. Therefore, the larger the value of d1′ , the
better the performance. This is also consistent with Remark 9.

Figure 12 shows the probability of SPSC versus the distance
between nodes Alice and relay d1 with different Alice–Eve

FIGURE 9 | SOP versus d1 with different λ when P � 60 dB, mE � 2,
σB � 2, mB � 2, and d1′ � 2 (eavesdropping on the RF link).

FIGURE 10 | SOP versus d1 with different mE when P � 60 dB, λ � 3,
σB � 2, mB � 2, and d1′ � 2 (eavesdropping on the RF link).

FIGURE 11 | PSPSC versus d1 with different d1′ when P � 60 dB, λ � 3,
σB � 2, mB � 2, and mE � 2 (eavesdropping on the RF link).

FIGURE 12 | PSPSC versus d1 with different d1′ when P � 60 dB, λ � 3,
σB � 2, mB � 2, and d1′ � 2 (eavesdropping on the RF link).
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channel fading factors mE when P � 60 dB, λ � 3, σB � 2, mB � 2,
and d1′ � 2 (eavesdropping on the RF link). Similar to Figure 11,
the probability of the SPSC performance degrades with the
increase in d1. Moreover, for mE smaller than 1.6 (km), the
probability of the SPSC increases with the increase in the
Alice–Eve channel fading factor mE. However, if d1 is larger
than 1.6 (km), the probability of the SPSC increases with the
decrease in the Alice–Eve channel fading factor mE. This is
because for small d1, the relay node has a stronger ability to
receive confidential information than Eve. For a larger d1, Eve
eavesdrops on more confidential information.

FromFigure 11 andFigure 12, all theoretical results of the probability
of the SPSC match the simulation results very well, which verifies the
accuracy of the derived theoretical expression of the probability of the
SPSC. Therefore, the derived expression can be used directly to evaluate
the system performance with time-intensive simulations.

5.3 Comparisons for Systems With and
Without Eavesdroppers
Figure 13 depicts OP performance for systems with and without
an RF eavesdropper when ξ � 0.2 and cth � 3. It is seen that the OP
performance decreases with the increase in P, and this is because
the larger the value of P, the larger the capacity of the second hop
becomes. Besides, with the increase in larger σB, the OP
performance is deteriorated, which is consistent with Remark
1. Furthermore, for fixed P and σB, the system with an RF
eavesdropper achieves worse OP performance than the system
without an eavesdropper. It is because the existence of the
eavesdropper increases the security risk of the system.

Figure 14 illustrates the OP performance for systems with and
without a VLC eavesdropper when ξ � 0.2 and cth � 3. As it is
seen, the value of OP decreases with the increase in P, which is
consistent with that in Figure 13. Moreover, it can be observed
that for fixed σB and P, the value of OP becomes larger when the
VLC link is eavesdropped upon.

6 CONCLUSION

In this article, we have studied the performance of a hybrid RF/
VLC DF-based relaying network, in which two scenarios are
taken into account: in one scenario, the VLC link is wiretapped,
and in the other scenario, the RF link is wiretapped. The major
conclusions of the study are given as follows:

1. We assume that the RF link experiences Nakagami-m fading
and has path loss, and the non-negative and average optical
intensity constraint in the VLC link is considered. The closed-
form expressions of the lower bound of SOP and the
probability of SPSC are derived, respectively. Numerical
results show that theoretical results match simulation
results well.

2. When the VLC link is eavesdropped upon, Bob’s (or Eve’s)
noise standard deviation σB (or σE), the equivalent threshold
of the SNR cth, and the floor radius D have strong impacts on
the performance of SOP or the probability of SPSC. The
increase in the σB and cth degrades the system secrecy
performance, while the increase in σE and D will improve
the secrecy performance.

3. If the RF link is eavesdropped upon, we can conclude that with the
increase ind1, the system secrecy performance is degraded,whereas
the increase in λ and d’1 improves the secrecy performance.

4. The derived theoretical expressions in this study will enable
communication system designers to quickly and accurately
evaluate PLS performance of the hybrid RF/VLC system
without time-intensive and laborious Monte-Carlo simulations.

In this study, the secrecy performance of the hybrid RF/indoor
VLC system is analyzed. In future work, we will establish the
channel model for outdoor VLC and continue to study the
secrecy performance of the hybrid RF/outdoor VLC system.
Moreover, we will also explore some secrecy performance
improvement schemes of the hybrid system.

FIGURE 13 | OP performance of systems with and without an RF
eavesdropper when ξ � 0.2 and cth � 3.

FIGURE 14 | OP performance of systems with and without a VLC
eavesdropper when ξ � 0.2 and cth � 3.
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A Cost-Efficient RGB Laser-Based
Visible Light Communication System
by Incorporating Hybrid Wavelength
and Polarization Division Multiplexing
Schemes
CAI Xiang-Peng*

Navigation college, Quanzhou Normal University, Quanzhou, Fujian, China

Visible light communication (VLC) has been proven a promising technology to counter the
limitations of radio frequency (RF) communication technology such as high interference and
high latency issues. VLC offers high bandwidth as well as immunity to interference from other
electromagnetic spectrums. Due to these features, VLC can be an excellent solution for
biomedical and healthcare applications for transmission of body sensor signals and other
crucial patient information. In this work, a highly efficient VLC system is designed to transmit six
channels, with each one carrying 10Gbps of data, over a 500m optical fiber link and a 200 cm
VLC link. Tomake the VLC system cost effective, simple and efficient on-off keying (OOK) (non-
return to zero) is used as the encoding scheme. Moreover, to further enhance the capacity and
bandwidth of the proposed VLC system, hybrid wavelength division multiplexing (WDM) and
polarization divisionmultiplexing (PDM) schemes are incorporated by using red, green, and blue
lasers. The reported results show the successful transmission of all channels (6 × 10Gbps) over
500m optical fiber and 200 cm of VLC link.

Keywords: visible light communication, wavelengh-division multiplexing (WDM), polarization division multiplexing
(PDM), on off keying, biomedical application

INTRODUCTION

Incessant demand of higher data rates and multifold user support in existing networks has forced
researchers to look beyond radio frequencies (RF), which are bandwidth-limited, toward optical wireless
systems (OWC) that offer nearly unlimited bandwidth (>400 THz) via mounting an infrared and
ultraviolet region of the electromagnetic spectrum [1]. Among different employed OWC systems, the
visible light communication (VLC) system stands out as an apt future solution for terrestrial
communication due to its ubiquitous influence and as light-emitting diodes (LEDs) are readily
engaged in innumerable commercial applications ranging from lighting systems to multimedia display
units in offices as well as homes, vehicles, andmobile phones. The VLC system offers innumerable features
that consist of energy-efficient operation, higher data rates, zero RF or electromagnetic interference, and a
physical layer of data security [2, 3]. Even with so many advantages, LEDs have a limited data rate due to
strong internal polarization fields in common c-plane LEDs and hence are not considered suitable for
higher speeds (in the gigabit range) [4–6]. Newly developed micro-LEDs offer a higher data rate in the
order of 3 Gbps, but due to low illumination levels their use as light sources is not appropriate [7, 8]. On the
other hand, laser diodes (LDs) have a high modulation bandwidth and high output power that allow them
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to be better candidates for proposing an optimum solution in a high-
speed and long-reach VLC system [9]. Hu et al. displayed a VLC link
with the link range of 300m by using a 650-nm laser diode and data
rate of 10Mbps [10]. Another group of researchers reported
construction of a WDM-VLC system over a link range of 10m
using red and green lasers with a 500Mbps data rate [11]. Another
work reported using a 450-nm laser diode and QAM-OFDM-based
VLC over a range of 5m for a data rate of 9 Gbps [12].Wei et al. [13]
demonstrated a RGB laser diode-based VLC system over a
bidirectional 1 m. Yeh et al. [14] demonstrated a 1,250Mbps VLC
system using a yellow phosphorous LD over a range of 1m.
Advanced modulation formats such as OFDM or QAM used with
VLC systems are proved to be better in terms of high data rate but
with increased cost and complexity of the system. In order to keep the
system at minimal cost, on-off keying (OOK) is proved to be efficient
in terms of low complexity and cost effectiveness. In 2016, researchers
demonstrated a 2-m VLC link with a data rate of 266 Kbps using
OOK [15]. In 2017, Lu et al. reported a GaN-based VLC system
employingNRZ-OOKwith a 600Mbps data rate over a transmission
range of 0.6 m [16]. For harnessing VLCwith indoor white lightning,
a new type of red, green, and blue (RGB) LDs are employed. In 2011,
researchers reported highly bright white light generated from LDs by
mixing red, green blue, and yellow light components [17]. To
enhance data rate, researchers have employed various multiplexing
techniques namely wavelength division multiplexing (WDM),
multiple input multiple output (MIMO), and polarization division
multiplexing (PDM). In 2015 [18], Tsonev et al. proposed a 100 Gbps
system using an RGB LD-based WDM-VLC system by using 36
parallel data streams. Chi et al. [19] in 2016 proposed and
demonstrated an RGB LED-based VLC system with a PS-
Manchester and WDM scheme with a data rate of 3.35 Gbps and
a 1m indoor transmission range. Another study in 2017 [20]
proposed a WDM-based VLC system over a 1m span with a
data rate of 4.05 Gbps. Recently in 2020 [21], Messa et al.

experimentally demonstrated detection of a WDM-VLC signal via
a single photodiode with the use of MIMO signal processing. These
studies conclude that implementation of RGB-LD-basedWDM-VLC
can significantly enhance system performance. For further
enhancement of the capacity of the proposed system, another
multiplexing technique is proposed such as the PDM technique.
In 2015 [22], Kwoon et al. experimentally demonstrated
enhancement of data rate up to 2.04 Gbps by employing the
PDM scheme in the VLC system. Hsu et al. in 2018 [23]
demonstrated an OFDM-PDM based VLC system with a data
rate of 1.4 Gbps. Recently in 2020 [24], authors have
demonstrated the transmission of 1.2 Gbps and 1.12 Gbps of data
over a 3 and 4m free space link by using dual polarized green and
blue LED-based light streams. On the other hand, hybrid
multiplexing schemes are used by many researchers to increase
the bandwidth and capacity of optical communication systems
[25–35]. In this work, the OOK modulation technique is used for
realization of a low-cost VLC system. Further to increase the capacity
of the system, hybrid WDM and PDM multiplexing schemes are
proposed using RGB LDs. The remainder of this paper is described as
follows: Hybrid WDM-PDM-VLC Modeling shows the modeling of
the proposed WDM-PDM VLC system, Results and Discussion
represents the results and discussion, and Conclusion shows the
overall conclusion of this work.

HYBRID WAVELENGTH DIVISION
MULTIPLEXING-POLARIZATION DIVISION
MULTIPLEXING-VISIBLE LIGHT
COMMUNICATION MODELING

The schematic diagram of the proposed 6 × 10 Gbps hybrid
WDM-PDM-based VLC system, modelled in OptiSystem
software, is shown Figure 1.

FIGURE 1 | Transmission of six channels over a VLC link using hybrid WDM and PDM schemes.
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As shown in Figure 1, six channels are transmitted by using
hybrid WDM and PDM schemes. A red laser (650 nm), green
laser (530 nm), and blue laser (450 nm) are used for the WDM
scheme whereas X polarization with a 00 phase shift in azimuthal
and Y polarization with a 900 phase shift in azimuthal are used for
the PDM scheme. Each channel generates a pseudo random bit
stream of 10 Gbps which is encoded using the NRZ modulation
format and then the signal is fed to the directly modulated (DM)
laser. To ensure the laser diode (LD) operates above threshold, a
direct current (D.C.) bias is fed into it. The output of the first three

channels are combined together and subjected to a 00 azimuthal
phase (X polarization) whereas the output of the remaining three
channels are combined and fed to the 900 phase shift in azimuthal
(Y polarization). Figure 2 represents the measured optical
spectrum of three channels for each state (X and Y polarizations).

These outputs from each polarization state are combined and
transmitted over 500m optical fiber and diffuser. For the modeling
of the diffuse link, the transmitter source is assumed as a Lambertian
disk which is irradiating a detector surface located at an axial distance h
from the source. The Lambertian order which is based on transmitter
half angle can be expressed mathematically as follows [36]:

m � −log 2
log[cos(Transmitter half angle)] (1)

whereas optical concentrator gain can be mathematically
expressed as:

Gain � I2

sin(CR)2 (2)

where I is defined as the internal refractive index of the lens and
CR is defined as the field of view.

At the receiver side, a polarization splitter is used to de-multiplex
the polarized signal for each state (X and Y polarizations). For each
receiving channel, an avalanche photo diode (APD) is used to detect
the light from the diffuser. The down-sampling frequency of APD is
set to corresponding wavelengths transmitted at the transmitter side.
The output of APD is amplified by using a trans-impedance amplifier
followed by the low pass filter (LPF). At the output of LPF, bit error
rate BER) is measured by using a bit error tester. The received signal
at the receiver is expressed as [37, 38]:

y(t) � x(t) ⊗h(t) + n (t) (3)

where y(t) represents the received signal, x(t) represents the
transmitted signal, h(t) represents the impulse response of the
transmitted signal, and n(t) represents the additive noise which is
composed of shot noise, thermal noise, and dark current noise.
However, in this work, background noise is assumed to be negligible.
The other modeling parameters considered for the proposedWDM-
PDM-VLC link are mentioned in Table 1.

FIGURE 2 | Measured optical spectrum, (A) X polarization channels, (B) Y polarization channels.

TABLE 1 | Modeling parameters for the proposed WDM-PDM-VLC link.

Component Parameters Value

Laser diode Wavelengths 650 nm, 530 nm, and
450 nm

Extension ratio 10 dB
Power 0 dB
Linewidth 10 MHz

DC bias generator Amplitude 1 a.u

Diffuse link Transmitter half angle 60 deg
Irradiance half angle 0 deg
Incidence half angle 0 deg
Detection surface area 1 cm2

Optical concentration
factor

1 deg

Index concentration factor 1.5
Propagation delay 0 ps/m

Avalanche photo
diode

Gain` 3
Responsivity 1A/W
Ionization ration 0.9
Dark current 10 nA
Thermal noise 100e-024 W/Hz

TIA Voltage gain 600 Ω
Input capacitance 3 pF
Feedback resistance 0.01e+009

Simulation window Sequence length 1,024
Samples per bit 64
No. of samples 65,536
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FIGURE 3 | Measured BER for each polarization channel, (A) channels 1 and 4, (B) channels 2 and 5, and (C) channels 3 and 6.

FIGURE 4 | Computed eye diagrams for all channels at the diffuse link of 200 cm.
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RESULTS AND DISCUSSION

This section comprises the results from themodeling of the proposed
WDM-PDM-VLC link. BER is used to evaluate the performance of
the proposed WDM-PDM-VLC link. Figure 3 shows the computed
BER for all the channels with respect to diffuse link range. It shows
that channel 1 which is transmitted over 640 nm with X polarization
and channel 4 which is transmitted over 650 nm with Y polarization
achieved a BER of less than 10−3 at a diffuse link range of 200 cm. For
channel 1 and channel 4, the BER is measured as 10−8 at the diffuse
link range of 140 cm. As the diffuse link ranges increase further, BER
also increases for both channels. Similarly, channel 2 (transmitted
over 530 nm with X polarization) and channel 5 (transmitted over
530 nmwith Y polarization) have also achieved a BER less than 10−3.

Channels 2 and 4 have also measured a BER of 10−8 at the diffuse
link range of 140 cm. The values of BER for channel 3 which is
transmitted over 430 nm with X polarization and channel 6 which is
transmitted over 430 nmwithY polarization are alsomeasured as less
than 10−3. This satisfies the acceptable BER threshold of ≈ 10−3 as
per FCC limits. Themeasured eye diagrams for all the channels at the
diffuse link range of 200 cm are shown in Figure 4. It shows that eye
diagrams are open enough to receive the 10 Gbps of data over a
diffuse link up to 200 cm with an acceptable BER.

CONCLUSION

In this work, six channels each carrying 10 Gbps of NRZ-encoded
data are transmitted over a 500 moptical fiber and diffuse link range

up to 200 cm by incorporating WDM and PDM schemes. RGB
lasers are used for the WDM scheme whereas X and Y polarization
states are used for the PDM scheme. For X polarization, an
azimuthal phase shift of 00 is used whereas for Y polarization, a
azimuthal phase shift of 900 is used. The performance of the
proposed WDM-PDM-VLC link is evaluated in terms of BER
and eye diagrams. The reported results show the successful
transmission of all channels over a 500 m optical fiber link and
200 cm diffuse link with an acceptable BER ≈ 10−3. This work can
be extended by considering real-time test beds to transmit high-
speed data over a VLC link.
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Free-space optical (FSO) communication systems are being anticipated to offer promising
alternatives to existing radio networks in delivering high-speed data access to end-users.
Ease of installation, robust features, and cost-effective operation have been the hallmark of
FSO systems, and these features will play an obvious role in deciding the ways in which
futuristic smart communication models will operate. Despite these arrays of features, FSO
links suffer severe performance degradation due to channel-induced impairments caused
by atmospheric effects such as rain, haze, and fog. In this work, we have investigated and
compared the performance of 40 Gbps FSO links for different channel conditions ranging
from clear weather to severe attenuation by incorporating spatial and wavelength diversity
as performance booster techniques. The use of an erbium-doped fiber amplifier (EDFA)
with FSO links has also been proposed here. Using performance metrics like bit error rate
(BER) and eye patterns, it has been found that the use of EDFA not only helps in
compensating for the link losses but also aids in realizing an all-optical processing
based last-mile access system. The proposed FSO system will be capable of bridging
the existing backbone fiber networks with end-users with minimal changes to the existing
hardware regime, thereby proving to be extremely cost-effective in sharp contrast to radio-
frequency generations which require major infrastructure overhaul.

Keywords: MIMO, free-space optics, wavelength diversity, EDFA amplification, cooperative diversity

INTRODUCTION

Often labeled as wireless optical fibers, optical wireless communication has huge potential to serve
the ever-increasing demand for high-speed data services. Over the last few decades, the per capita
demand for data has increased manifolds, and this pattern only seems to become more and more
aggressive in the near future [1–3]. The recent surge in popularity of free-space optical (FSO) systems
as a commercial alternative to radio-frequency (RF) systems is attributed to a wide range of
advantages such as 1) massive bandwidth of the order of THz, 2) adaptability with present-day radio
systems as RF/FSO systems [4, 5], 3) license-free spectrum, 4) negligible interference from the
adjacent carriers, and 5) plug–play character which makes the FSO systems very convenient to install
and relocate [6, 7]. FSO systems have begun witnessing commercial and large-scale deployment in
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cases of disaster management, LAN connectivity within
campuses, vehicle-to-vehicle communication, and backhaul
services for futuristic cellular networks [8, 9]. However, it is
anticipated that FSO links can play a game-changer role in cost-
effective connectivity for far-flung areas, especially in developing
countries like India in the fields of e-governance, telemedicine,
and education [10]. Figure 1 shows the typical FSO topology for
providing broadband services in urban areas where the new
installation of optical fiber is not possible. The underlying
principle of end-user privacy in contemporary networks is
based on data encryption and user authentication achieved
through a complex mechanism of exchange of digital keys [11,
12]. The FSO channel link is a line-of-sight (LoS) communication
model that requires straight-line alignment of transmitter and
receiver for data transmission. This restricts the system from a
wide-range broadcast of the information signal.

The role of the transmission channel is, therefore, extremely
critical in determining the efficiency and uptime of
communication links [13]. Additionally, the selection of the
type of transmitter and transmitted wavelength is an
important criterion in FSO systems. An optical wireless system
consists of a light source that could be LED or LASER for
transmitting optically modulated information over the
channel, while on the receiver side, a photodiode collects the
photons to reproduce the original information. However, it is
relevant to point out that the received signal experiences
absorption and scattering due to the presence of atmospheric
phenomena such as rain, fog, and haze which causes signal
degradation, thus leading to loss of transmitted information
[4, 6]. Equally devastating is signal fading induced by the
inhomogeneities present in the transmitting medium [8, 11].

The presence of these inhomogeneities leads to fluctuations in
refractive indices along with the propagating medium, hence
leading to a situation known as atmospheric turbulence that
causes beam divergence and scintillation effects [7, 14]. Various
mitigation techniques like the higher order modulation schemes,
diversity combining, channel-coding schemes, and spectrum
slicing have been proposed in the past to improve the
performance and robustness of the FSO system [15–20]. The
transmitter diversity, along with channel-coding techniques,
deals with the performance enhancement by reducing the
erroneous data induced by the characteristics of the fading
channel [17, 21–23]. The use of different modulation schemes
can also alter the system performance as it has been reported that
higher modulation schemes like binary phase-shift keying (BPSK)
are more immune to channel adversities than the conventional
on-off keying (OOK) schemes [19, 21]. The diversity in the
channel brings in the concept of multiple input multiple
output (MIMO), which uses multiple transmitters/receivers to
improve the transmission reliability [24, 25]. The adoption of
diversity schemes not only proved to be a major cost-effective
factor in improving the link reliability in FSO systems but also
helps improve bandwidth capacity, quality factor (Q), and
reduced latency [26–28]. Additional technology measures such
as coherent reception, higher modulation techniques, artificial
intelligence, and machine learning have also been suggested in
recent literature as catalysts to enhance link performance in FSO
systems; however, on the flip side, the technological intricacy and
budgetary constraints of these techniques are major deterrents
toward their commercial implementation [29, 30]. As a well-
evolved andmatured technology, spatial diversity and wavelength
diversity proved to be efficient measures in countering

FIGURE 1 | Architecture of FSO for broadband services.
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atmospheric adversities [28]. Diversity schemes are also known
for their ability to deliver higher throughput and low bit error
rates [30]. The usage of readily available hardware, which is easy
to install and comes with improved end factors, cuts down the
overall cost for the setup, as the available resources are being
shared for multiuser scenarios [31].

The organization of this paper is as follows: Link Design
Analytics contains the description of the methodology that has
been employed to design the link described in System Description
and the analysis of the link for various quality factors is elaborated
in Results and Discussion, followed by the conclusive report of the
paper in Conclusion.

LINK DESIGN ANALYTICS

Conventionally, MIMO systems have been used to increase the
data transmission rates; as in FSO systems, the MIMO approach
has been used to improve the probability of correct data reception
by transmitting the same information through multiple lines-of-
sight channels [32–36]. The systematic idea of approach toward
MIMO is illustrated in Figure 2, which explains the transmission
of information through different atmospheric conditions. The
optical carriers used in MIMO systems are tuned at a particular
wavelength, and this selection could affect the system properties.
Therefore, wavelength selection is a crucial part of the FSO
system design [37, 38].

Wavelength diversity refers to the use of different transmission
wavelengths and these diverse subcarriers, while propagating

through channels, undergo different levels of fading [39, 40].
However, if the information received over different channels is
combined at the receiver, the detection probability of correct
information increases [37]. The block diagram for the proposed
MIMO-FSO system is illustrated in Figure 3, where the different
blocks of the system are placed according to their functional
positions. Since wavelength diversity and spatial diversity have a
proven track as performance enhancement catalysts in the FSO
system [24], in this paper, the use of wavelength diversity along
with MIMO systems has been proposed to provide seamless last-
mile connectivity.

It is important to underline here that FSO signals have to deal
with absorption, scattering, and geometrical loss of orientation while
propagating. All of these factors contribute toward atmospheric
attenuation, which can be summed as follows [32, 38]:

(dB/km) � (absorption) + (scattering) + (geometrical) (1)

The geometric losses include the attenuation due to beam
divergence and the transmitter positioning with the receiver.
The attenuation phenomenon can be described using Beer-
Lambert law that states the relationship between transmitted
wavelength and link distance, which is represented as follows
[14, 41]:

(λ, L) � exp(λ, L) (2)

where λ is the wavelength, L is the propagation distance, and H is
the loss coefficient. Kim’s attenuation model for FSO links to
relate attenuation with visibility and operational wavelength is as
follows [34, 42]:

FIGURE 2 | Illustration for cooperative diversity using the MIMO technique.

FIGURE 3 | Block diagram of an FSO MIMO system with multiple subcarriers.
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α(dB/Km) � 3.91
V

( λ

550
)−q

(3)

where V refers to meteorological visibility, λ is the operating
wavelength, and q is the factor that depends on the size
distribution of atmospheric particles. When it comes to
attenuation that occurs due to rain, the equation based on the
rate of rainfall can be given as follows [40]:

α(dB/Km) � 1.07 × R0.67 (4)

Here, the rate of rainfall is represented by R and the
attenuation depends proportionally on this factor.

The atmospheric effects that are considered for the FSO
channel corresponding to various attenuation values are
presented in Table 1, which will be used as a reference for the
analysis of the proposed link [19].

Although the inclusion of multiple sub-carrier wavelengths
helps improve reception quality, it forms a wideband signal after
multiplexing and consumes greater amounts of bandwidth in
contrast to the transmission of data over a single carrier [40, 43].
This tradeoff between system resources and performance is an
exception for next-generation optical networks as optical links by
default possess huge spectral bandwidth [36, 44]. Also, the
wavelength diversified MIMO-FSO system could be improved
further by incorporating the erbium-doped fiber amplifier
(EDFA)–based link compensation [45]. The detailed block
diagram of the EDFA optical amplifier working for the input
optical signal is shown in Figure 4 [46]. Usage of EDFA is helpful
in avoiding the losses that incur due to change of signal from
optical to electrical, and vice versa, for the purpose of
amplification [47].

The optical signal traveling through the open-air medium
is collected at a certain point using the collimating lens setup,

which is then filtered with a bandpass filter that restricts the
outlier wavelengths and forwards the filter output through a
gain optimizer setup. The setup helps amplify the signal by an
input from a pump LASER emitting the wavelength that is the
same as the output toned by a bandpass filter [48]. The
coupled output is passed through erbium-doped fiber that
helps in the amplification of optical signals without loss of
intended information. At the final stage, the signal may be
passed through another optical bandpass filter which gives the
final amplified signal as an output [46]. Later, a set of
collimating optics can be used to transmit the modulated
optical signal for detection and further analysis. This practice not
only helps in delivering an all-optical system that is capable of
compensating for the loss of signal quality due to atmospheric
adversities but also readily integrates with the existing optical
backbone networks [48–50].

The novelty and scope of the proposed link analyzed and
reported in the paper can be summarized as follows:

• Design of a hybrid MIMO-FSO incorporating wavelength
diversity over the adverse channel

• Performance analysis of a hybrid model when extended for
the use of multiple users

• Gauging performance behavior of the proposed hybrid FSO
when coupled with an EDFA-based all-optical post-
amplification

SYSTEM DESCRIPTION

The proposed link presented in this paper and illustrated in
Figure 5 has been designed and analyzed using a specialized link
design tool, OptiSystem™ 16.0, which is an industry graded
experimental platform [51]. The parameters used for the link
design and subsequent investigation have been stated in Table 2.
As shown in Figure 5, the pseudo-random bit sequence generator
(PRBS) produces a stream of bits at the rate of 10 Gbps which are
then modulated using Mach Zehnder (MZ) modulator before
being relayed over the FSO channel.

Meanwhile, continuous wave (CW) laser generates four
subcarriers of different wavelengths, which act as optical
carriers for modulation. The modulated signal is propagated

TABLE 1 | Various atmospheric conditions and their parametric values.

Atmospheric conditions Attenuation (dB/km)

Clear Sky 0.468
Rainy/Partially Hazy 12
Dense fog/Very Hazy 25

FIGURE 4 | Block diagram of an EDFA optical amplifier.
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over four different paths (spatial diversity), thus leading to a
hybrid diversity FSO link, which includes both wavelength and
spatial diversity.

The receiver side uses a power combiner to collect the
information received from four independent channels. This
process essentially improves the prospectus of recovering
reliable information by combining and averaging out power
received from different paths [50]. In our investigation, we
have set the number of simultaneous users to four while the
rest of the procedure related to signal modulation and
transmission over diversified wavelengths remains the
same. This arrangement helps in incrementing the
transmission rates without any significant compromise on
the quality of signal reception. The system presented in
Figure 5 is capable of attaining transmission rates of up to
40 Gbps (4 × 10 Gbps). The comparative analysis of the
proposed link over different sets of test conditions has been
presented in Results and Discussion.

As set out in Table 2, the proposed link has been investigated
for its performance behavior for the link range varying between

FIGURE 5 | Proposed system layout of an MIMO FSO communication setup.

TABLE 2 | Link design parameters.

Aspect Range

Transmitted power 0–20 dB m [2, 38]
Bit rate 10 Gbps [4]
Sample rate 3.2 × 1011 Hz [38]
Coding scheme NRZ [5]
Line width 10 MHz
Channel modelling parameters
Samples per bit 32 [33]
Light source Continuous laser [18]
Optical modulator Mach-Zehnder [7]
Transmission wavelength 1,550–1,553 nm [17]
Link range 100–2000 m [34, 40]
Channel spacing 1 nm [19]
Attenuation (α) 0.468–25 dB/mm [4]
Scintillation model Gamma-Gamma [6]
Refraction index parameter (Cn

2) 5 × 10–15 m−2/3 [33]
Photodiode PIN [11]
Responsivity 1 A/W [24]
Transmitter aperture diameter 5 cm [38]
Receiver aperture diameter 20 cm [35]
Bessel filter order 4 [36]
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1,000 and 2000 m, while the channel turbulence is characterized
by the gamma-gamma model. The PDF of its intensity I is given
as follows [24]:

P(I) � 2(αβ)(α+β)/2
Γ(α)Γ(β) I

(α+β)
2 −1Kα−β(2 ���

αβI
√ ), I > 0 (5)

where Γ(.) is the gamma function, K (α,β) is the Bessel function of
second order and the parameter I is referred to as irradiative
intensity of the transmission, while α and β characterize the
presence of small and large turbulence cells in the channel and are
mathematically related as follows:

α � 1

exp⎡⎢⎣ 0.49 σ2(1+1.11 σ125 )76⎤⎥⎦ − 1

(6)

β � 1

exp⎡⎢⎣ 0.51 σ2(1+0.69 σ125 )56⎤⎥⎦ − 1

(7)

where the value of σ2 represents variance is associated with the
respective turbulence consideration for the available distribution of
channel elements.

The turbulence regime within the channel can be characterized
by the parameter Cn

2, also known as the refractive index structure
parameter. The mathematical formulation for the static turbulence
can be represented as follows [1]:

C2
n � [7.9 × 10−5(P

T
)]2C2

t (8)

where Ct
2 represents the mean square temperature between two

points within the link, T is the absolute temperature in Kelvin,
and P is pressure in Pascals. The values of Cn

2 ≈ 10–15 m−2/3

symbolize a moderate turbulence regime [6]. The received signals
are filtered using a Bessel filter of order four and then analyzed for
quality reception using a bit error analyzer. Various design
properties such as transmission bit rate, symbol rate, choice of
wavelength, modulation type, and signal recovery setup act as key
influencing factors that dictate the system performance.

RESULTS AND DISCUSSION

The proposed link has been investigated for a different set of
parameters described previously in Tables 1 and 2. The spectrum
of the signal captured at the transmitter and then at the receiver is
shown in Figures 6A,B respectively. The captured spectrum also
characterizes a hybrid FSO link wherein the data is transmitted over
four different optical sub-carriers with wavelengths in the range of
1,550–1,553 nm. In this particular case, the receiver is 2000m away
from the transmitter while the link attenuation is 12 dB/km.Analysis
of Figures 6A,B illustrates a comparative decrease in power levels of
all four carriers after propagating through the FSO channel.

In contrast to the transmission power, the received signal
shows degraded power levels that are attributed to channel losses
like scattering and absorption. It is imperative to mention here
that the transmission power levels cannot be increased beyond a certain
threshold value due to the limitation imposed by underlying opto-
electronics. Hence transmission power cannot be used as a mitigation
tool to overcome link losses.Moreover, keeping in view the eye and skin

FIGURE 6 | The spectrum of signal (A) transmitter section and (B) receiver section.
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safety standards set by different governing agencies, the transmission
powers must be within the prescribed human eye safe limits.

Figure 7 indicates the pattern of signal to noise ratio (SNR)
observed for the proposed system for variable transmission power
while the link length is 1,000 m. It can be seen here that with the
increase in transmission power, the performance of the link,
i.e., achievable SNR, improves. Previously, transmission power
solely cannot be used as a mitigation factor due to eye safety
regulation. Hence, for the same reason, we have proposed
wavelength and spatial diversity to complement our strategy in
delivering cost-viable and high-speed FSO links that can address
the needs of last-mile connectivity. From Figure 7, we also
observe that for transmission power of 15 dB m, the SNR
recorded at the receiver reaches 43 dB (approximately) under
ideal channel conditions, while under adverse weather
conditions, the recorded SNR nose dives to approximately 4 dB.

Figure 8 highlights the relation between received signal power
and link distance for different meteorological conditions. It can

be clearly seen here that as on expected lines, the received power
degrades as link distance increases. For the link range of 1,000 m,
the received power reduces from −21 dB m to −78 dB m (approx.)
as link attenuation increases from 0.468 dB/km to 25 dB/km,
respectively.

The relationship between link distance and bit error rate
(BER) under different atmospheric conditions is presented in
Figure 9, where we observe that under clear atmospheric
conditions, i.e., when link attenuation is 0.468 dB/km, the BER
of the proposed system is recorded to be around 2.62 × 10–28,
while the link range is 1,000 m. However, as the link conditions
worsen (25 dB/km), the BER increases to 4.3 × 10–5 for the same
link conditions. The BER degradation is further confirmed by the
eye diagrams for different link conditions shown in Figure 9. The
eye-opening patterns determine the quality of the received signal.
The improved eye-opening (eye height) then corresponds to a
successful reception of the transmitted information. The
distortions in the eye diagrams indicate loss of coherence
which may lead to possibly erroneous detection.

The BER performance analysis of the proposed system
using EDFA-based post-amplification is presented in

FIGURE 7 | Graph of SNR v/s transmitted power for different
atmospheric conditions.

FIGURE 8 | Relation between received signal power and link distance.

FIGURE 9 | Relationship between received BER and link distance for
various atmospheric conditions.

FIGURE 10 | Relationship between received BER and link distance at
various atmospheric conditions with EDFA.
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Figure 10. As seen from Figure 10, a consistently low BER
pattern is observed for clear weather conditions for the entire
link range of up to 2000 m. This is followed by a near similar
performance under moderately adverse channel conditions.
However, significant BER performance variation is witnessed
when severe channel conditions prevail. For extremely
adverse channel conditions (25 dB/km) and forward error
correction (FEC)-BER limit of 10–9 as a performance
benchmark, it can be seen from Figure 9 that an EDFA-
compensated FSO link delivers a link range of approximately
1,520 m. This link range is approximated 600 m more than the
uncompensated FSO link shown in Figure 9, which is found to
be restricted to a link range of 926 m under similar link
conditions. The relation between the signal to noise ratio

(SNR dB) and link range is presented in Figure 11 and
Figure 12 for various weather conditions. At reference link
range of 1,000 m, the uncompensated FSO link shown in
Figure 11 is found to deliver SNR (dB) of 54.87 dB, 28.77,
and 5.48 dB for clear, moderate, and severe channel
conditions, respectively. The performance enhancement in
SNR (dB) using the post-amplification using EDFA can be
ascertained from Figure 12, wherein SNR value of 40.7 dB can
be achieved at the link range of 1,000 m under extremely
adverse channel conditions (25 dB/km).

Thus, a significant improvement in the received SNR
compared to the uncompensated FSO link is witnessed
here. Moreover, from Figure 12, it can be observed further
that for a link distance of 2000 m, the EDFA-compensated
link delivers decent SNR while the uncompensated link is
rendered useless under similar channel conditions. The
detailed comparison of link performances illustrated in
Figure 10 Figure 11 has been complied in Table 3. It can
be seen from Table 3 that BER of EDFA-compensated FSO
links degrades merely by a factor of 10–3 from 10–29 under
clear weather conditions to 10–26 for severe conditions. The
uncompensated link, however, witnesses massive deviations as BER
are found to vary between 10–28 and 10–5. Similar improvements in
Q-factor and receiver SNR (dB) can also be observed for
compensated FSO links in contrast to non-compensated links
over varied atmospheric conditions. The admissible values of
FEC (Forward Error Correction) for BER is ∼10–3, and for SNR,
it is ∼20 dBm, for which the communication system proves to be
working fine. FEC refers to the performance threshold which must
be achieved by the system in order to provide end-to-end
connectivity for voice and data related services [52, 53]. As
mentioned in Table 3, the BER and SNR rates of the proposed
link are pretty much beyond the FEC threshold limits.

CONCLUSION

In this paper, we have presented a holistic analysis of the
proposed hybrid FSO link that uses the principle of spatial
and wavelength diversity to overcome atmosphere-induced
limitations. It has been observed that the link performance
degrades as the attenuation levels increase, thus rendering the
link useless. However, the inclusion of EDFA-based all-optical
compensation plays a critical role in propelling the performance
under adverse channel conditions. For attenuation levels as high
as 25 dB/km and with the use of EDFA, the proposed link
witnesses link range improvement of approximately 600 m

FIGURE 11 | Relationship between SNR and link distance for different
meteorological conditions without link compensation.

FIGURE 12 | Relationship between SNR and link distance for different
meteorological conditions while using EDFA.

TABLE 3 | Output values of different parameters at 1,000 m link distance.

Attenuation (dB/km) Without EDFA With EDFA

Q-factor SNR (dB) BER Q-factor SNR (dB) BER

0.468 11.26 54.87 2.62 × 10–28 13.46 80.62 5.14 × 10–29

12 10.2 28.77 6.82 × 10–27 11.08 65.2 5.81 × 10–28

25 5.68 5.48 4.3 × 10–5 7.48 40.7 9.14 × 10–26
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over uncompensated FSO links considering the FEC-BER limit
as a benchmark. Also, the proposed link incorporates multiple
users, thus delivering an effective transmission rate of 40 Gbps.
At this data rate, the proposed link is a promising answer to
deliver cost-effective, high-speed data access to end-users. The
possible future scope of the work could be its inclusion in future
mobile generations of 5G and 6G as it is capable of delivering
applications like virtual calling and holographic streaming. With
aspects of decreased latency and increased reliability, the proposed
system could be part of future driverless vehicles in which the
response time should be minimal. Open access internet provision at
public places with increased range and connectivity could be another
possible future implementation of the proposed work.
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The requirement of high data rate information transmission is rising exponentially for
supporting different services including social networking, web streaming, and biomedical
sensor data transmission. Such services required high channel bandwidth with secure
information transmission and immunity to electromagnetic interference. Radio over free
space optics (RoFSO) is witnessed as a promising technological solution to provide high
data rate transmission over free space channel. We report on the design of a 2×10 Gb/s-
10 GHz RoFSO transmission system using the mode division multiplexing technique and
evaluate its transmission performance over varying levels of dust weather conditions. The
comparison of non-return to zero (NRZ) and return to zero (RZ) binary digital optical
modulation techniques is carried out in the proposed system. It is found that the proposed
system using NRZ modulation serves 14.5 km transmission range; however, in the case of
RZ modulation, it was restricted to 10 km for a target bit error rate (BER) of 10−6, thus
resulting in a noticeable link enhancement of 4.5 km. Also, we demonstrate NRZ-based
MDM-RoFSO link performance and availability in dust weather conditions using the BER,
maximum reachable link range, and eye diagram as key performance parameters. We
obtain a reliable transmission of 20 Gb/s-20 GHz data through HG00 and HG01 channels
over a link range of 2500–108m depending on the external dust weather condition.
Furthermore, since this investigation shows the feasibility of RoFSO for small size cells,
which is an essential feature of 5G mobile network, the proposed system can thus be
implemented as a backhaul/fronthaul link for high-band (above 6 GHz) 5G services and for
providing secure transmission of biomedical sensor data.
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INTRODUCTION

In the present-day telecommunications sector, the base transceiver
station (BTS)-BTS connection is established through fiber optic trunk
cables in which voice/data are transmitted at high speed using radio
over fiber (RoF) technology. Also, in order to establish a BTS-user
communication link, a radio-frequency (RF) network is deployed.
Nevertheless, fiber installation constrictions both in urban and rural
areas, excessive infrastructure costs, and hefty spectrum pricing in the
case of RF technology make such approaches unattractive and
unfavorable for the establishment of next-generation wireless
networks. To overcome this trouble, a radio over free space optics
(RoFSO) link, where the RF signal will be transmitted between BTS-
BTS or BTS-user using an optical carrier (up-conversion) and air/free
space as the medium, is a viable solution. RoFSO technology provides
unlicensed spectrum operation, interference, and interception-free
transmission within a short deployment period and little expense
[1]. To enhance the spectral efficiency and information-carrying
capacity of RoFSO links, the mode division multiplexing (MDM)
technique is incorporated in which independent RF signals are
transmitted over distinct spatial modes of a single frequency laser
beam [2–6]. Recently, Satea et al. proposed that FSO systems
employing multiple channels with erbium-doped fiber amplifiers
(EDFAs) work efficiently under high attenuation environments
such as heavy fog and dust [7]. Alaa et al. analyzed the FSO
system performance in fog and sandstorm conditions by changing
the operating wavelength, receiver diameter aperture, photodetector
type, and the modulation technique. They found that both the dense
fog and dust triggered 87 and 95% power loss, respectively, at a
transmission range of 1 km [8].Maged et al. put forth an experimental
evaluation of an all-optical hybrid FSO/RF link carrying 5G signals in a

dust channel. They reported that the RF link with low bandwidth
works well in dense dust and the FSO operates once the weather
improves beyond a definite threshold. As a consequence, the FSO/RF
parallel link can be a first-rate choice towards overcoming dust effects
[9]. Matthew et al. proposed a novel visibility and dust absorption
model after using visibility and absorption measurements made
farther from the source (10–100 km) to demonstrate the impact of
reduced dust particle size over the regional distance from the source
[10]. Haichao et al. described that in addition to wavelength, particle
sizes of sand and dust affect the laser beam attenuation [11]. Zabih
et al. reported that the FSO link performance can be improved by
increasing the launched optical power and selecting adequate line
speed under sandstorm conditions [12]. The current research in
RoFSO is mainly focused on fog- and smoke-induced attenuation
[13–16]. Intensive investigation and modeling of the dust effects on
the RoFSO channel are yet to grab the attention of researchers. Very
limited or basically no attempt has been made in this course, and the
development and investigation of MDM-based RoFSO transmission
for dust environment has not been reported till date. In arid and
semiarid regions, the effect of dust will remain paramount for any
upcoming installation of the RoFSO network in 5G and smart city
applications [17]. It is straightforward that the propagation prediction
under dust storms regarding signal attenuation, maximum reachable
distance, and error performance will be the solemn challenge for the
setting up of the RoFSO communication network.

This work reports the designing and performance evaluation
of an MDM-RoFSO transmission for varying levels of dust and
clear climate conditions. This research article is structured as
follows: FSO Evaluation in Dust Channel discusses the numerical
model for dust storm characteristics and attenuation in FSO.
Simulation Setup Description describes the proposed simulation

TABLE 1 | Dust storm classification established on a visibility basis.

Type of dust Severe dust storm Dust storm Blowing dust Dust haze

Depiction Dense Moderate Light Very light
Visibility, V (km) < 0.2 0.2–1 1–10 ≤ 10

FIGURE 1 | Design schematic of the proposed RoFSO transmission link employing MDM.
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setup and parameters. Results and Discussion presents the
simulation results, and Conclusion concludes the paper.

FSO EVALUATION IN DUST CHANNEL

In FSO, the chosen signal wavelength belongs to the atmospheric
transmission windowwhich provides lowmolecular absorption since
absorption cross-section σa is negligible, that is, σa ∼ 0 [18].
Therefore, the contribution of absorption to the total attenuation
coefficient is meager in comparison to the scattering effect [19].
Different environmental factors for instance fog, rain, storm, snow,
smoke, and dust causes scattering of optical beam [20, 21]. To

investigate the consequences of these conditions on the FSO, one
of two existing approaches can be employed. The first approach
utilizes theoretic-based theorems such as Mie theory. Nevertheless,
this approach involves some parameters that may not be accessible at
the installation site, for example, refractive index, particle size, and
distribution. [22].

FIGURE 2 | Spatial intensity pattern of the (A) HG00 mode, (B) HG01
mode, and (C) transmitted MDM signal.

TABLE 2 | Simulation parameters considered for the proposed link design
[30, 31].

Parameter Value

Operating frequency 193.1 THz
Input power 14 dBm
Laser linewidth 100 e-012 MHz
Bit rate 10 Gbps/channel
Transmitter aperture diameter 10 cm
Receiver aperture diameter 20 cm
Beam divergence angle 0.25 mrad
PIN responsivity 1 A/W
LPF cutoff frequency 0.75×bit rate
Sequence length 1,024
Sample per bit 32

FIGURE 3 | log (BER) v/s transmission distance for clear weather using
(A) NRZ modulation and (B) RZ modulation.
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The second approach used in the literature for the calculation of
attenuation in FSO for real-world applications rests on experimental
remark [22]. This technique is based on experientialmodels established
by means of visibility range statistics to identify the propagation path
characteristics [23]. Link visibility information can be acquired from
meteorological stations situated near the setup area. In [24], visual
range is described as the distance to an entity at which the picture
distinction falls to 2% of the original ocular contrast (100%) along the
transmission distance usually referred to as the Koschmieder law. This
2% falloff value recognized as the visual threshold Tvis is adopted here
so as to follow the Koschmieder law as opposed to the Tvis � 5%
considered in aviation operations [25, 26]. The visibility is computed at
550 nm wavelength since the highest solar radiation concentration
occurs here. Visibility indicates the degree of sternness of the dust gale.
Small visibility specifies the elevated concentration of dust elements in
the free space, and vice versa.

Depending on the visibility, dust storms are classified into four
groups as specified inTable 1. Type 1 is dust haze (very light dust)

wherein widespread dust particles drift up and happen to remain
suspended evenly in the atmosphere as a result of dust storm that
begins at a large distance from the monitoring point. The
visibility associated with this occasion is about 10 km or less.
Type 2 is blowing dust (light dust) in which the dust is blown in
the direction of monitoring position by the action of winds. As a
result, the visibility drops between 1 and 10 km. Type 3 is dust
storm (moderate dust) where strong winds bluster additional dust
elements inside the observation area and the visibility decreases
between 0.2 and 1 km. Finally, type 4 is severe dust storm (dense
dust) which arises after a large volume of dust particles are blown
by violent winds, and the visibility further drops below 0.2 km.
The visibility V(km) in terms of α and Tvis takes the form [22]:

V � − 10 log Tvis

α
, (1)

where α is the specific atmospheric attenuation coefficient
expressed in (dB/km) and is determined from the light wave
transmittance T at 550 nm and transmission distance d (km)
using the Beer-Lambert law as [27]:

α � 10 log T
4.343d

. (2)

Moreover in [28], the FSO signal attenuation model as a
function of the visibility for desert environment that is prone
to frequent dust storms is obtained as:

α � 52 × V−1.05 (3)

Eq. 3holds under the condition that the operatingwavelength used
in FSO communication is 1,550 nm since it provides lowest
atmospheric attenuation and minor absorption loss, besides its
technology is mature in terms of fabrication of optoelectronic devices.

SIMULATION SETUP DESCRIPTION

The proposed MDM-based RoFSO link setup employing RZ and
NRZ binary digital optical modulation is illustrated in Figure 1,

FIGURE 4 | Eye diagram using the proposedNRZ-basedMDM-RoFSO link at 14.5 km transmission distance under clear weather for the (A)HG00 channel and (B)
HG01 channel.

FIGURE 5 | log (BER) v/s transmission distance for very light
dust. (V ≤10km).
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which has been designed using the Optisystem™ photonic
software. Two independent 10 GHz RF signals are modulated
over different HG mode beams, that is, HG00 and HG01 and
transported over the FSO channel. Eq. 4 mathematically
describes the intensity profiles of HG modes (Figures 2A,B)
as [29]:

ψp,q(x, y) � Hp[(
�
2

√
x

wox
) exp( − x2

w2
ox

) exp(j πx2
λRox

)]
×Hq

⎡⎢⎢⎣( �
2

√
y

woy
) exp⎛⎝ − y2

w2
oy

⎞⎠ exp(j πy2
λRoy

)⎤⎥⎥⎦, (4)

where p and q denote mode dependencies on the x and y axes, R
signifies the radius of curvature, wo indicates the spot size, andHp

andHq represent Hermite polynomials. In our proposed design, a

continuous wave (CW) laser at 193.1 THz together with anMMG
is used to generate two different HG modes. Figure 2 depicts the
spatial profile of HG modes. Figure 2C demonstrates the spatial
profile of the 2×10 Gb/s-10 GHz MDM-RoFSO transmitted
signal.

A 10 Gb/s information-carrying signal is produced by a
pseudorandom bit sequence generator (PRBS) for distinct
channels and encoded using RZ/NRZ schemes. In RZ-encoded
signal, bit “1” is transported by an optical pulse with half bit
period. Whereas in NRZ-encoded signal, bit “1” is transported
through an optical signal of entire bit period, while in place of bit
“0”, no optical signal is conveyed. A Mach–Zehnder modulator
(MZM) is utilized to superimpose the encoded information onto
a 10-GHz RF signal and a distinct HG mode. This information
signal is subsequently communicated into the FSO channel
through HG00 and HG01 modes of the 193.1 THz frequency
channel.

Mathematically, the signal received after FSO transmission
can be modeled as [32]:

Prx � Ptx[ D2
rx

(Dtx + θd)2]10−αd/10, (5)

where Prx and Ptx denote the received and transmitted optical
power, respectively, Drx and Dtx denote the receiver and
transmitter antenna diameter, and θ is the divergence angle.
The system parameters considered in the proposed link design
are listed in Table 2. The coefficient of atmospheric attenuation
for clear sky is 0.14 dB/km and 6.73 dB/km for very light dust,
25.11 for light dust, 107.66 dB/km for moderate dust, and
297.38 dB/km for dense dust [33]. At the receiver end,
separates modes are filtered using a mode filter [34, 35]. A
spatial positive-intrinsic-negative (PIN) photodiode converts
the received optical signal into its electrical equivalent which is
followed by low-pass filtering to retrieve the original baseband
signal.

FIGURE 7 | log (BER) v/s transmission distance for light dust.

FIGURE 6 | Eye diagram using the proposed NRZ-based MDM-RoFSO system at 2,500 m transmission distance under very light dust for the (A) HG00 channel
and (B) HG01 channel.
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RESULTS AND DISCUSSION

Firstly, we compare the performance of NRZ and RZmodulation-
based MDM-RoFSO link under a clear climate. Secondly, we
investigate the proposed MDM-RoFSO link utilizing NRZ
modulation for four different dust storm conditions. The
performance analysis has been carried out with regard to BER,
transmission range, and eye diagram.

Figure 3 presents RZ/NRZ-MDM-RoFSO transmission
system performance in terms of BER and range under clear
weather conditions where each HG mode (HG00 and HG01)
carries independent 10 Gb/s-10 GHz information. Though BER
of the system degrades with increasing transmission distance for
both the channels, it can be found from Figure 3A, using NRZ
modulation scheme, the maximum achievable link range is

14.5 km while it decreases to 10 km for RZ modulation in
Figure 3B under acceptable performance criteria [log
(BER) ≈ − 6]. This concludes that NRZ modulation
outperforms RZ modulation by a notable increment of 4.5 km
FSO link range. Henceforth, we have implemented the NRZ
modulation format in the succeeding analysis. The clear eye
diagrams at 14.5 km for both the spatial channels as shown in
Figure 4 display a reliable transmission of 20 Gb/s-20 GHz
information signal.

To determine how far and well the proposed link can function
under four different dust storm situations, we draw the log of BER
versus maximum reachable distance graphs. In addition, to
demonstrate the reliability of our observations, we report the eye
diagrams using the proposed system for each maximum reachable
range with regard to specific dust conditions for both the channels.

Figure 5 shows a log of BER versus range curve under very
light dust conditions, that is, V ≤ 10km. It is evident that the
BER performance of the received signals deteriorated from a
log (BER) of −21.69 at 2000 m to −9.24 at 2,500 m for the
HG00 channel and −17.85 at 2000 m to −5.79 at 2,500 m for
the HG01 channel, respectively. Figure 6 displays the eye
diagram of the signals received from the HG00 and HG01
channels at a transmission range of 2,500 m under very light
dust circumstances for the proposed design. The outcomes
from Figures 5, 6 show 20 Gb/s-20 GHz information signal
transmission around a distance of 2,500 m under very light
dust conditions within standard performance criteria of log
(BER) ≈ − 6 and Q factor ≈ 6.

The proposed NRZ-based MDM-RoFSO system
performance in light dust conditions (i.e., 1km<V < 10km)
as a function of the log (BER) and transmission range is
presented in Figure 7. It can be found that the BER
performance of the received signals declines from log (BER)
of −23.51 at 750 m to −8.36 at 950 m for the HG00 channel and
−20.27 at 750 m to −5.16 at 950 m for the HG01 channel,
respectively. Figure 8 displays an eye diagram of the signals

FIGURE 9 | log (BER) v/s transmission distance under moderate dust
conditions.

FIGURE 8 | Eye diagram using the proposed NRZ-based MDM-RoFSO link at 950 m transmission distance under light dust conditions for the (A) HG00 channel
and (B) HG01 channel.
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received at 950 m for light dust conditions. The outcomes from
Figures 7, 8 show 20 Gb/s-20 GHz information signal
transmission around a distance of 950 m under very light
dust conditions within standard performance criteria.

Figure 9 illustrates the log (BER) versus range graph under
moderate dust conditions (i.e., 0.2 km < V < 1 km). As can be
seen, the BER performance of the received signals reduces from a
log (BER) of −23.36 at 225 m to −8.96 at 275 m for the HG00
channel and −20.05 at 225 m to −5.59 at 275 m for the HG01
channel, respectively. Figure 10 depicts the eye diagram of the
two 10 Gb/s-10 GHz received signals from the HG00 and HG01
channels at a transmission distance of 275 m under moderate
dust. The outcomes outlined in Figures 9, 10 reveal 20 Gb/s-
20 GHz data transmission at 275 m in moderate dust situation
with log (BER) ≈ − 6 and Q factor ≈ 6.

The transmission performance of the proposed system under
dense dust (i.e., V < 0.2 km) as a function of the log (BER) and
transmission range is shown in Figure 11. As can be noticed, the
BER performance of the received signal deteriorates from a log
(BER) of −22.62 at 90 m to −8.88 at 108 m for the HG00 channel
and −19.06 at 90 m to −5.52 at 108 m for the HG01 channel,
respectively. Figure 12 displays the eye diagram of the two signals
transported over HG00 andHG01 channels at a distance of 108 m
for a dense dust scenario. As follows from Figures 11, 12, 20 Gb/
s-20 GHz information is transported at 108 m under dense dust
within acceptable performance limits using the proposed system.
Nonetheless, there is no prominent increment in the maximum
link reach under dense dust situations. Fortunately, the incident

FIGURE 11 | log (BER) v/s transmission distance for dense dust.

FIGURE 10 | Eye diagram using the proposed NRZ-basedMDM-RoFSO system at 275 m transmission distance under moderate dust conditions for the (A)HG00
channel and (B) HG01 channel.

TABLE 3 | Comparison of the transmission performance of the proposed system with recent works.

Parameter Reference [7] Reference [23] Reference [33] Proposed work

Transmission method OOK-based FSO link with MIMO
and EDFA preamplifier

OOK-based FSO link with single-
channel transmission

OOK-based WDM-FSO Link OOK-based FSO Link
employing MDM

Data rate 2.5 Gbps 2.5 Gbps 1 Gbps 20 Gbps
Transmission power 160 mW (22 dBm) 22 dBm 50 dBm 14 dBm
Channel conditions and
maximum range

Moderate dust- 2.3 km Light dust- 1 km Very light dust-13.5 km Very light dust-2.5 km
Heavy dust-380 m Moderate dust- 800 m Light dust-4.05 km Light dust- 950 m

Heavy dust < 200 m Moderate dust-1.05 km Heavy
dust-0.405 km

Moderate dust-275 m
Heavy dust- 108 m
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of dense dust waves is unusual and accounts for just 0.17% of the
year time [36].

Table 3 compares the transmission performance of the
proposed system with recent works and demonstrates that the
proposed system achieves higher information capacity. The
higher range in recent works can be attributed to the fact that
the authors have considered higher transmission power, that is,
22 dBm (Ref [7, 23]) and 50 dBm (Ref. [33]), as compared to
14 dBm in this work.

CONCLUSION

RoFSO transmission systems integrated with MDM technology
can provide a viable solution for providing secure biomedical
sensor data transmission in medical facilities. In this work, an
NRZ/RZ digital optical modulation schemes based MDM-RoFSO
transmission system is proposed and investigated. The outcomes
presented demonstrate that NRZ modulation performs
significantly better in terms of providing extra 4.5 km coverage
as compared to the RZ modulation format. We first investigated
the performance reliability and availability of a NRZ-based MDM-
RoFSO transmission system in a dust environment. The
results obtained show the likelihood of establishing short
FSO networks under light and moderate dust circumstances.
Nevertheless, rarely encountered dense dust scenarios can
significantly affect the performance of MDM-RoFSO links.
Additionally, because the 5G network uses ultra-compact

cells with modest separation, the proposed NRZ-based
MDM-RoFSO link can prove to be a promising substitute
to fiber cables in the fronthaul and backhaul sectors of next-
generation wireless networks. In future works, the
transmission capacity of the proposed system can further
be enhanced by incorporating polarization multiplexing
along with higher-order modulation schemes.
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Hybrid MDM-PDM Based Ro-FSO
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Engineering, University of Central Punjab, Lahore, Pakistan, 5Department of Electrical Engineering, College of Engineering, Taif
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High-speed data demand in sensitive locations has prompted new wireless technologies
to grow in areas like hospitals for bio-sensor data transmission between doctors and
patients. However, interference of electromagnetic spectrum or highly sensitive medical
equipment in such locations can prevent radio waves which can further compromise the
health of patients. Radio over Free Space Optics (Ro-FSO) can fulfil high-speed data
demand in such locations without any such interference. However, the Ro-FSO
performance is highly influenced by different adverse weather conditions, particularly
haze and rainfall, which further cause attenuation in the transmission path of Ro-FSO
systems. These atmospheric turbulences mainly affect the transmission link range of Ro-
FSO systems. In this work, Ro-FSO system is designed by incorporating hybrid mode
division multiplexing (MDM) and polarization division multiplexing (PDM) schemes to deliver
four independent channels, each carrying 10 Gbps data upconverted to 40 GHz radio
signal, over 3.4 km free space optical link operating under clear weather conditions. In
addition to this, the proposed Ro-FSO link is subjected to different weather conditions,
particularly partially hazy/rainy and dense fog/very rainy. The reported results indicate the
achievement of acceptable bit error rate (BER≈10–3) for all channels up to 3400m FSO link
under clear weather conditions, 1000m under partially haze/rain and 620m under dense
fog/heavy rain.

Keywords: radio over free space optics, mode division multiplexing, polarization division multiplex, partially hazy,
dense fog

INTRODUCTION

The current pandemic situation of COVID-19 has not only affected global healthcare in general but
also raised questions on the effectiveness of epidemic response mechanisms across the world. In
terms of screening the infected individuals and frontline healthcare personnel, communication and
data exchange systems have a crucial role to play. Particularly in high-density countries like Thailand,
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China, and India, it is essential to update such systems for
controlling the ongoing pandemic outbreak.
Telecommunication operators can install high-speed
broadband networks in hospitals by using innovative
applications to drive emergency response mechanisms digitally
and accurately. Both high and low frequencies can be used by
broadband networks to provide highest speeds on millimeter
waves with frequencies between 30 and 300 GHz. However, these
radio millimeter waves are not permitted in sensitive medical
locations since it can interfere with crucial medical equipment
which can impact patients’ health. Therefore, such sensitive
locations are always considered as challenging locations to
connect with broadband services. Moreover, growing
population has caused substantial increase in data demand
which further compels researchers to explore new-generation
communication technologies. According to a survey by Ericsson,
annual mobile data traffic saw an increase of 65% in 2015 which is
assumed to grow ten times bigger by the end of 2021 [1]. The issue
of bandwidth increase of the existing wireless radio networks can
be resolved by decreasing the cell size to accommodate more
users. Spectral congestions can be mitigated by operating
frequency bands in microwave or millimeter bands [2].
Because of this, the service area requires multiple base stations
resulting in its complexed structure and higher cost. Free Space
Optics (FSO) has thrived in application in high-speed wireless
networks due to its features for smooth traffic functioning in
optical fibers [3–5]. Moreover, another FSO-based study [6] used
point-to-point laser signals for negligible interception to secure
transmission. Studies [7–9] have also reported features of FSO
including its high capacity, less power consumption, light weight,

smaller size and cost-effective implementation charges. Radio
over Free Space Optical (Ro-FSO) communication can be an
excellent solution to fulfill the demands of high-speed data by
combining radio technology with optical wireless technology at
lower cost [10, 11]. As modern cities are growing bigger and
bigger, digging of lands to install optical fiber cables is not
feasible. Thus, Ro-FSO can be a potential carrier to deliver
various high-speed digital services such as high-speed internet,
video on demand, and Triple Play Services (TPS) without using
optical fiber cables [12, 13] as shown in Figure 1. Ro-FSO can
handle the increasing mobile subscribers by transmitting RF
signals through high-speed optical carrier that does not cost
much or need any licensing.

Some of the major features of Ro-FSO include no license
requirement, low power consumption and ease of deployment;
however, its performance is limited in atmospheric turbulences
such as fog, rain, scintillations, and fog [4, 14, 15]. Atmospheric
turbulences cause temporal random fluctuations of the refractive
index through the optical channel due to temperature, wind
variations, and pressure [16]. This fluctuation in refractive
index further results in phase shift of optical signals
transmitting through the atmosphere leading to attenuation in
the wave front. To improve the performance, many researchers
have proposed orthogonal frequency division multiplexing
(OFDM) scheme by compromising the complexity and cost of
FSO systems. In 2016 [17], authors have transmitted 1.6 Gbps
data over 1.8 km FSO link by employing OFDM scheme under
heavy rainfall conditions. In 2017 [18], authors have used
16 QAM-OFDM encoding scheme to transmit 20 Gbps data
over 10 km single mode fiber link and 300 mm FSO link. In

FIGURE 1 | Ro-FSO topology for broadband service.
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2018 [19], authors have proposed OFDM-based FSO link by
incorporating non line-of-sight assisted relay. Recently in 2019
[20], authors have proposed hybrid polarization division
multiplexing (PDM) and OFDM schemes to transmit data
over 5 km FSO link. OFDM can improve the FSO system
performance by providing high spectral bandwidth, firmness
against multipath path fading effects and narrowband
interferences. However, this increases the cost and complexity
of FSO transmitter and receiver. On-off key encoding schemes
can be an attractive solution to reduce the cost of and simplify
FSO communication system. But it also needs to compromise the
transmission capacity and distance. Whereas mode division
multiplexing (MDM) becomes an attractive solution to
increase the transmission capacity of multimode transmission
systems by simultaneously transmitting different channels on
different modes. The last few years have witnessed remarkable
adoption of MDM scheme in FSO systems. It uses eigen modes
instead of wavelength which can enhance the capacity of Ro-FSO.
Eigen modes can be generated by using mechanisms such as
Photonic Crystal Fibers (PCF) or Spatial Light Modulators
(SLM). The spectral bandwidth of Ro-FSO can further be
increased by incorporating PDM [21] with MDM.

MODELING OF MDM-PDM-RO-FSO
SYSTEM.

Figure 2 shows how the hybrid MDM-PDM scheme is designed for
transmitting four independent channels by using OptiSystem™
software. Each channel can support the data rate of 10 Gbps
upconverted to 40 GHzmm carrier. A continuous wavelength
(CW) laser with the wavelength of 1,552.5 nm is used to excite
the particular donut mode by using donut mode generator. The
power of laser is set at 0dBm. Transmitter 1 is operated on donut
mode 0 and Transmitter 2 is operated on donut mode 1. The output
of these transmitters is integrated. The state of polarization controller
with azimuth of 00 is used for maintaining the polarization state (X
Polarization). Similarly, transmitters 3 and 4 are operated on donut
modes 0 and 1, respectively. The output of transmitters 3 and 4 is

combined and a polarization state (Y Polarization) is maintained by
providing azimuth of 900 through the state of polarization controller.
The output of the states of polarization controllers is combined and
transmitted through free space link. The output of link is amplified
by using optical amplifier with the gain of 18dB. Figure 3 shows the
maintained polarization states for X and Y polarizations. X and Y
polarizations are separated by using polarization splitter at the
receiver side. The polarization states are further split into two
parts corresponding to two modes transmitted at the transmitter
side. Mode selector is used to select the particular mode required for
the receiver side.

Figure 4 shows the schematic diagram of transmitter and
receiver in the proposed MDM-PDM-Ro-FSO system. 10 Gbps
data are encoded by employing low-cost NRZ encoding scheme
and then upconverted to 40 GHz mm wave by using mixer as
shown in Figure 5. Sine wave generator is used to generate the
40 GHz mm signal.

FIGURE 2 | MDM-PDM-Ro-FSO transmission system.

FIGURE 3 | Maintained polarization states.
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Lithium Niobate optical modulator is used for modulating the
40 GHz upconverted wave through optical carrier. The receiver
consists of PIN photodiode which further converts the optical
signal back to the corresponding electrical signal. The output of
photodetector is then mixed with 40 GHz radio signal to attain
the process of down conversion.

After the down conversion process, low-pass filter is used to
recover the original baseband signal.

PReceived � PTransmitted
d2R

(dT + ϑR)210
−α R

10 (1)

In this FSO link equation, PReceived refers to the received power
at the receiving end of telescope and PTransmitted the transmitted

power at the transmitting end of telescope. dT is the transmitter’s
and dR the receiver’s aperture diameters. ϑ is defined as beam
divergence and FSO range is denoted by R and attenuation range
is denoted by α. Beer-Lambert law is used for calculating the
attenuation phenomena which can be represented as follows [22]:

H(λ, L) � exp(λ, L) (2)

In this equation, “λ” refers to wavelength, “L” the propagation
distance and “H” the loss coefficient. Another model on FSO
attenuation that depends upon visibility factor known as Kim’s
attenuation model can be represented mathematically as [23]:

a(dB/Km) � 3.91
v

( λ

550
)−q

(3)

where v refers to meteorological visibility, λ operating wavelength
and q a factor depending on the size distribution of atmospheric
particles.

FIGURE 4 | Schematic representation of Transmitter and Receive. rThe FSO link can be mathematically described as.

FIGURE 5 | Measured Upconverted 40 GHz radio carrier.

TABLE 1 | Attenuation value under different atmospheric turbulences.

Clear sky 0.468

Partially Hazy/Rainy 12
Dense Fog/Very Hazy 25

TABLE 2 | MDM-PDM-Ro-FSO modeling parameters.

Component name Parameter name Value

Spatial Laser Wavelength 850 nm
Power 0 dBm
Mode outer radius 5 µm
Linewidth 10 MHz
Noise dynamic 3 dB

MZM Modulator Extinction Ratio 30 dB
FSO Transmitter Aperture Diameter 5 cm

Receiver Aperture Diameter 20 cm
Beam Divergence 2 µrad

APD Gain 3
Responsivity 1 A/W
Ionization ratio 0.9
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Under the impact of different rainfall, the following equation
can calculate the attenuation [24]:

α(dB/km) � 1.076 × R0.67 (4)

where R is the amount of rainfall. Table 1 shows the different
values of atmospheric turbulences [25] and Table 2 shows
the parameters to model the proposed MDM-PDM-Ro-
FSO link.

MODELING OBSERVATIONS AND
DISCUSSIONS

The results obtained from themodeling of the proposedMDM-PDM-
Ro-FSO system are presented and discussed in this section. Figure 6
depicts the measured BERs for channels 1 and 2 operated on donut

modes 0 and 1, respectively with X polarization as well as for channels
3 and 4 with Y polarization state with respect to Ro-FSO link distance
under clear weather conditions. As shown inFigure 6A, the computed
BER values for Channel 1 andChannel 2 are 10−9, 10−7 and 10−5 at the
FSO transmission link of 2,700, 3,200, and 3,400m. Similarly, for
Channel 3 and Channel 4, the BER values are computed as 10−9, 10−6

and 10−5 at the FSO transmission link of 2,700m, 3,200m and
3,400m as shown in Figure 6B.

Therefore, under clear weather conditions, all channels achieved
the BER of 10−4 which is below the range of acceptable BER≈10−3

(FCC limit) at the FSO link of 3400m with required opening of eye
diagrams. However, Channel 2 and Channel 4 operated on donut
mode 1 are slightly affected more as compared to Channel 1 and
Channel 3 operated on donut mode 0. In another case, the Ro-FSO
link is subjected to partially hazy/rainy atmospheric conditions and
computed BER is shown in Figure 7. The values of BER for Channel 1

FIGURE 6 | Computed BER (clear weather conditions) (A) Channel 1 and Channel 2 (X Polarization) (B) Channel 3 and Channel 4 (Y Polarization).

FIGURE 7 | Measured BER under partially hazy/rainy atmospheric condition (A) Channel 1 and Channel 2 (B) Channel 3 and Channel 4
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are computed as 10−7, 10−5 and 10−3 at the FSO transmission link of
850, 940 and 1000m. Similarly for Channel 2, it is computed as 10−9,
10−5 and 10−3 at the FSO transmission link of 850, 940 and 1000m.As
shown in Figure 7B, the values of computed BER for Channel 3 and
Channel 4 are 10−9, 10−5 and 10−3 at the FSO transmission link of 850,
940 and 1000m.

Figure 8 shows the measured BER for all channels under the
influence of dense fog/very hazy atmospheric conditions. For Channel
1 and Channel 2, the values of BER are computed as 10−7, 10−5, and
10−4 at the FSO transmission link of 570, 600 and 620m.

Similarly as shown in Figure 8B, for Channel 3 and Channel 4,
the values of BER are computed as 10−7, 10−5 and 10−4 at the FSO
transmission link of 570, 600 and 620 m.

Thus, when the proposed Ro-FSO link is operated in clear
weather conditions, the computed BER shows transmission of all
the channels up to 3400 m FSO link with acceptable BER ≈10−3

and eye diagrams. After the FSO transmission distance, BER
value increases beyond the FCC limit. Moreover, when the
proposed Ro-FSO link is operated in partial haze/rain, the
FSO transmission distance reduces to 1000 m with acceptable
BER and eye diagrams. Furthermore, when the proposed Ro-FSO
link is operated in dense fog/heavy rain, the FSO transmission
distance reduces to 620 m with acceptable BER and eye diagrams.

CONCLUSION

In this work, Ro-FSO link is designed for transmission of
broadband services by employing hybrid MDM and PDM
schemes. Donut modes 0 and 1 were used for MDM scheme
whereas NRZ scheme was used for encoding the pseudorandom
data. The designedMDM-PDM-Ro-FSO link could transmit four
independent channels each with 10 Gbps data upconverted to
40 GHz radio signal. Under the clear weather condition, the
proposed MDM-PDM-Ro-FSO link can transmit 40 Gbps data
up to 3400 m with acceptable BER ≈10−3. However, when the

weather condition changed to partial haze/rain, the proposed
MDM-PDM-Ro-FSO link could withstand only up to 1000 m due
to attenuation. Furthermore, when the atmospheric condition
changed from partial haze/rain to dense fog/heavy rain, the
proposed link could withstand up to 650 m only with
acceptable BER.
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Nanoparticle-Based FM-MCF LSPR
Biosensor With Open Air-Hole
Chuanhao Yang, Shiyan Xiao, Qi Wang, Hongxia Zhang, Hui Yu* and Dagong Jia*

Key Laboratory of Micro Opto-Electro Mechanical System Technology, Key Laboratory of Opto-electronics Information
Technology Ministry of Education, School of Precision Instrument and Opto-electronics Engineering, Tianjin University, Tianjin,
China

A nanoparticle-based few-mode multi-core fiber (FM-MCF) localized surface plasmon
resonance (LSPR) biosensor is proposed and analyzed using the finite element method
(FEM). It’s critical to narrow the loss spectrum and improve the coupling efficiency, which
makes it have high resolution and high sensitivity. With the aid of open air holes, the gold
nanoparticles are easily assembled on the surface of this FM-MCF LSPR biosensor.
Through multiple investigations, the performance of the sensor can be improved by
properly setting gold nanoparticle configurations, such as radius, positions, shapes, and
nanoparticle arrays. The simulation results show that when three circular gold
nanoparticles with a radius of 150 nm are placed symmetrically in the open air hole
and the angle between adjacent nanoparticles is 5°, the maximum sensitivity of 7,351.6
nm/RIU (LP02y mode na � 1.38) can be obtained in the sensing range of 1.33–1.38, which
covers the refractive index (RI) of biological fluids, such as bovine serum albumin (BSA)
solution and human Immunoglobulin G.

Keywords: biosensor, nanoparticle, localized surface plasmon resonance, few-mode multicore fiber sensor, open
air-hole

INTRODUCTION

Optical biosensors have shown good performance in detecting biological systems and have promoted
major advances in clinical diagnosis, drug discovery, food safety, and environmental monitoring
(Chiavaioli et al., 2017a; Zanchetta et al., 2017; Sinibaldi et al., 2018; Min Y, 2020) This is due to the
high sensitivity, anti-interference, stability, low noise, and other advantages of optical signals.
Localized surface plasmon resonance (LSPR) biosensors are extensively employed because they show
many significant advantages over conventional optical biosensors, including high refractive index
(RI) sensitivity, fast sensor response, real-time detection, and a label-free technique (Chen andMing,
2012; Cao et al., 2014). With the development of nanotechnology, biosensors based on LSPR have
attracted more attention from researchers (Chen et al., 2020; Li et al., 2020; Wang et al., 2020), LSPR
phenomenon exists in metal nanoparticles (MNP) rather than bulk metals, the collective oscillation
occurs when the conduction electrons in the nanoparticles have the same frequency as the incident
photons. When LSPR is excited, the absorption and scattering of photons are greatly enhanced, and a
resonance peak appears in the wide spectral range.

Nanoparticles play a vital role in LSPR excitation, when metal particles are in nanoscale size and
smaller than the light wavelength, their physical properties change dramatically (Willets and Van
Duyne, 2007). Because of the high specific surface area, nanoparticles can be used to overcome the
limitations of SPR sensor performance. Moreover, the localized surface plasmon is distributed in a
small region near the particle surface, so the LSPR can be controlled by changing the particle
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properties, such as particle size, shape, and composition (Chen
et al., 2008). Size and shape dependence allows the resonance
peak to be adjusted along the entire visible and near-infrared
spectrum, meanwhile, it is useful for optimizing surface
enhancement, heat treatment, and enhancing the biosensor
response of nanoparticles. In addition, LSPR is highly
responsive to RI variation around the MNPs, and the
resonance peak shift can be used to monitor the local RI
changes caused by the interactions of biomolecules around
nanoparticles, so LSPR biosensors are suitable for observing
very low concentration of biological liquid analytes and
molecules of small weight (Cottat et al., 2013).

Optical fiber offers great advantages for LSPR sensor design. It has
been confirmed that expanding the area of LSPR is the key to designing
efficient biosensors since the size of the LSPR area is directly
proportional to sensing abilities of RI variations in the biological
liquid analyte (He, 2019). Therefore, fiber sensor with open
structure is more feasible, in which the groove channels can be
easily covered or coated with nanoparticles. In such design, the
LSPR region is enlarged and the contact of the biological liquid
analyte with the nanoparticles is unimpeded. Several open structure
sensors have been developed. Liu et al. proposed a mid-infrared SPR
sensor with two open-ring channels based on PCF, a thin gold film is
deposited on the wall of the open-rings and the liquid analyte can
penetrate the channels (Liu et al., 2017). Since the core mode
simultaneously activates the SPR at two open-ring channels, the
sensing channel cannot be selected. Yang et al. presented a concave-
shaped PCF combined with square-channel using indium tin oxide
(ITO) for SPR sensing (Yang et al., 2019). Although the role of the
groove sensing channel is not mentioned and emphasized in the two
papers, the distribution of sensing channels provides useful insight for
addressing the problems in the detection of liquid biological substances.

To solve the above problems, we propose nanoparticle-based
few-mode multi-core fiber (FM-MCF) LSPR biosensor with open
air holes. Due to the air holes distribution of the FM-MCF, the six
outer open air holes allow the gold nanoparticles to be easily
assembled on the surface of the sensor and enlarge the LSPR area.
FM-MCF combines the advantages of multi-core fibers (MCFs)
and few-mode fibers (FMFs) that aims to narrow the loss
spectrum and improve the coupling efficiency (Dong et al.,
2019). which make the sensors have high resolution and high
sensitivity (Mollah and Islam, 2020; Singh et al., 2020).
Furthermore, MCFs are beneficial to realize multi-channel
sensing (Wei et al., 2017). Although FM-MCF sensors have
been studied (Yang et al., 2017; Wang et al., 2018; Yao et al.,
2019), the application in biochemical has been rarely reported.
The LSPR biosensor we propose exhibits high sensitivity in liquid
analyte detection, and therefore has potential in chemical and
biological sensing (Chiavaioli et al., 2018; Zheng et al., 2018;
Zubiate et al., 2019).

PREPARATION SENSING MODEL AND
SIMULATION

Figure 1A is a schematic diagram of the FM-MCF LSPR
sensor system device; the entire system includes light

source (Ocean Optics HL-2000), seven-core fiber fan-in/
fan-out modules (FAN 7–42,YOFC), FM-MCF sensor,
glass tank and spectrometer (Ocean Optics HR4000CG-
UV-NIR). The FM-MCF is connected to the light source
and the spectrometer through single-mode seven-core optical
fibers (SM-SCF). It’s a part of a fan-in/fan-out module as
shown in Figure 1B, and the other end of this module is
composed of seven single mode fibers (SMFs). The area with a
length of 1cm in the middle of the FM-MCF is made as the
sensing area, Figure 1C is the cross section of the sensing
area, where the seven cores are arranged in a hexagonal shape
and each core is surrounded by six air holes to form a
hexagon. As seen in Figure 1D, the cladding diameter of
the FM-MCF without the coating layer is 192 μm, the core
diameter is 13.1 μm, the air hole diameter is 9.4 μm, the core
pitch is 40 μm, and the air hole pitch is 13.3 μm. In order to
fabricate the groove sensing channels which can be seen in
Figure 1C, the six outermost air holes of FM-MCF are etched
to be tangent to the cores using hydrofluoric acid. Then, the
six open air holes are used to assemble nanoparticles and hold
biological liquid analytes. When gold nanoparticles are filled
into these groove sensing channels, our biosensor can detect
many kinds of biological liquid analytes.

In order to find the optimized parameters for the FM-MCF
LSPR sensor, the finite element method (FEM) software
COMSOL Multiphysics is used to numerically simulate the
performance. In the model wizard window, we select
Frequency Domain (ewfd) in Electromagnetic Waves
module and Mode Analysis in Select Study. The simulation
model in COMSOL is illustrated in Figure 2A. Due to the
geometric symmetry and low core-to-core crosstalk (Van
Uden et al., 2014), each fiber core is considered to
transmit light independently. Hence, only one-sixth of the
whole fiber needs to be calculated. As FEM mesh shows,
orange lines are periodic boundary conditions, and perfectly
matched layer (PML) is set on the outmost layer. Besides, the
free triangular mesh is used to segment the computation area.
The computational region contains 22,161 domain elements
and the number of degrees of freedom is 155,738. Figure 2B is
the zoom-in of the red square which depicts a gold
nanoparticle with a radius of 150 nm attached to the
etched open air-hole.

During the simulation, The refractive index of pure silica can
be described by Sellmeier equation (Sellmeier, 1871). The
dielectric constant of gold in the visible and near-IR region is
given by the Drude-Lorentz model and written as follows (Rakić
et al., 1998)

ε(ω) � 1 − Ω2
p

ω(ω − iΓ0) + Σ
k

j�1
fjω2

p(ω2
j − ω2) + iωΓj

where ωp is the plasma frequency, k is the number of
oscillators with frequency ωj, strength fj, and lifetime 1/Γj,
while Ωp �

��
f0

√
ωp.

Similarly, confinement loss is a crucial parameter for the FM-
MCF LSPR sensor, which expresses the excitation of the LSPR.
Confinement loss is mainly determined by the imaginary part of
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the core mode effective RI (Im(neff)) and it can be calculated by
(Yang et al., 2021)

αloss(dB/cm) � 8.686 × 2π
λ
× Im(neff )

where λ is the incident wavelength. Therefore, we can discover
and discuss the LSPR effect in some loss spectrums and the
electric field of Au nano-particles.

The resonant wavelength of FM-MCF LSPR sensor will shift when
the biological liquid analyte RI changes slightly. In consequence, the
shift of the resonant wavelength can be used for the detection of the RI
change of biological liquid analytes. Sensitivity is an important
parameter to measure sensor performance. Spectral sensitivity is
described as (Yang et al., 2021)

S(λ) � Δλpeak
Δna

(nm/RIU)

where is the resonant wavelength shift of the loss peak, is the
change of the biological liquid analyte RI.

RESULTS AND DISCUSSION

Our FM-MCF is originally designed to use for transmission of
optical signals in telecommunication, so it only supports LP01 and
LP11 two modes in each core at the communication band. Loss
spectra of the FM-MCF LSPR sensor excited by fundamental
mode (LP01y and LP01x) are presented in Figure 3, while
biological liquid analyte RI (na) is 1.33 and the radius of the
gold nanoparticle is 110 nm. Optical field distribution of LP01y
and LP01x (two polarization direction of LP01) and corresponding
plasmon mode are illustrated in insets (a), (b), (c), and (d),
respectively, where the red arrows in the insets (a) and (b)
indicate the direction of the electric field. As shown in

FIGURE 1 | (A) Schematic diagram of the FM-MCF LSPR sensor system device; (B) Connection between the seven-core fiber fan-in/fan-out module and the FM-
MCF; (C) Geometric model of the FM-MCF LSPR sensor’s sensing area and the structure of gold nanoparticles; (D) Cross-section of the FM-MCF. Inset in Figure 1
depicts the placement of gold nanoparticles.

FIGURE 2 | (A) Simulation model in COMSOL; (B) Gold nanoparticle is
attached to the etched air hole which is the zoom-in of the red square.

FIGURE 3 | Loss spectra excited by LP01y and LP01x mode and
corresponding optical field distribution while na � 1.33. Insets (a), (b), (c) and (d)
show the optical field distribution of the core modes and plasmon modes at
different resonant wavelengths.
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Figure 3, not only LP01x but also LP01y mode in the FM-MCF core
can excite the LSPR effect. Besides, the resonant wavelength of
LP01y is shorter than LP01x, though the spectral loss is higher than
it. Since the resonant wavelength of plasmon mode is around
700 nm, there are many modes transmitted in the optical fiber
core. Similar to LP01 mode, two polarization directions (x and y)
of LP11, LP21, and LP02 mode are also able to excite LSPR.
Consequently, the influence of transmission modes in the fiber
on our biosensor is analyzed in detail, as well as the radius of gold
nanoparticle, nanoparticle positions, shapes of nanoparticle, and
nanoparticle arrays.

Effects of the Gold Nanoparticle’s Radius
The radius of the nanoparticle plays an important role in the
performance of the biosensor. Figure 4 shows the effect of the
nanoparticle’s radius rg on the resonant wavelength, spectral loss,
and spectral sensitivity. Figure 4A shows the relationship between the
resonantwavelength and rgwhenna is 1.33.With the increase of rg, the
resonant wavelength of the FM-MCF LSPR sensor exhibits a red shift,
this is because the nanoparticle’s radius affects the maximum light
coupling between the fiber mode and gold nanoparticle. Although
resonant wavelength has a red shift, the change of adjacent resonance
peaks gradually decreases. The relationship between rg and spectral
loss when na � 1.33 is shown in Figure 4B. In Figure 4B, the peak loss
of LP01x mode increases with the radius of the nanoparticle initially,
when rg � 90 nm, at this moment LP01x has the maximum loss, and
then peak loss begins to decrease. However, the peak loss of LP01y
mode always increases as the radius increases, when rg � 150 nm,
LP01y has the maximum loss. When na varies from 1.33 to 1.34, the
spectral sensitivity of FM-MCF LSPR biosensor for different
nanoparticle’s radius is presented in Figure 4C. As the radius
increases, the sensitivity continues to increase, reaching its
maximum when the radius is 150 nm. Therefore, by changing the
radius of the gold nanoparticle, we can adjust the resonantwavelength,
spectral loss, and the spectral sensitivity of the biosensor.

The Influence of Nanoparticle Positions
Meanwhile, the influence of nanoparticle positions on FM-MCF
LSPR biosensor performance is also analyzed in this paper. The
gold nanoparticle is initially placed tangent to the core, as

illustrated in Figure 1A. When the nanoparticle rotates
clockwise around the center of the open air-hole to the next
position, the angle between the original position and the next
position is described by θ.

Figure 5 depicts fundamental mode loss spectra of na � 1.33
when θ is 0°, 5°, 10°, and 15°, respectively. We found that as θ
increases, the peak losses of the two polarizations gradually
decrease but the resonant wavelength remains almost the
same. The reason is that the evanescent wave has a certain
penetration depth, and its amplitude decreases exponentially
with the increase of the distance from the interface so peak
loss varies when the nanoparticle is placed at different angles
(Chiavaioli et al., 2017b).

Effect of Transmission Modes
The FM-MCF we use only supports twomodes (LP01 and LP11) at
the communication band. At visible wavelengths, plenty of high
order modes can be transmitted in the fiber core. Transmission
mode in the fiber is also a significant factor that affects the
performance of the presented biosensor. As mentioned above, we
fix the radius of the gold nanoparticle to 150 nm and the best
position to θ � 0°. Loss spectra of different modes when biological
liquid analyte RI ranges from 1.33 to 1.39 with a step of 0.01 is
shown in Figure 6, where the dash lines represent the loss spectra
of the x polarization while the solid lines represent the y
polarization. It can be seen that loss spectra excited by y
polarization have higher losses than x polarization in the same
mode and the resonant wavelength of x polarization is also longer
than that of y. When using high order modes to excite LSPR, high
order modes usually have higher losses than the fundamental
mode, and hence their LSPR loss curves are steeper than that of
the fundamental mode, the narrower the loss curve, the better the
resolution of the sensor. Therefore, the performance of LSPR
biosensor excited by the high order mode is better than the
fundamental mode.

Figure 7 shows the relations between na and the resonant
wavelength. The average sensitivity and highest sensitivity can be
obtained according to (3). The average sensitivity of the LP01x,
LP01y, LP11x, LP11y, LP21x, LP21y, LP02x, and LP02y mode is 2467.9,
2257.9, 2528.2, 2310, 2640, 2428.6, 2557.1, and 2313.9 nm/RIU,

FIGURE 4 | (A) Relationship between rg and resonant wavelength when na � 1.33; (B) Effect of rg on spectral loss when na � 1.33; (C) spectral sensitivity of the FM-
MCF LSPR biosensor at different rg when na is from 1.33 to 1.34.
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respectively. The LP21x mode has the maximum highest
sensitivity of 3478.28 nm/RIU among all modes when na �
1.39. It can be seen that x polarization has a higher sensitivity
than y polarization in the same mode. In addition, high order
modes have higher sensitivity than fundamental mode in the
same polarization state. Therefore, using high order mode to
excite LSPR can improve the sensitivity of the sensor.

Effect of Nanoparticle Shapes
It has been shown experimentally that the shape of the gold
nanoparticle plays a vital role in determining the sensitivity
(Mayer and Hafner, 2011). Several gold nanoparticles with
different geometric shapes are illustrated in Figures 8A–D, all
the nanoparticles are filled in the air hole of the FM-MCF and are

tangent to the core. From the previous discussion, when the
radius of the circumferential circle is 150 nm, the LSPR excited by
gold nanoparticles has the highest sensitivity. When biological
liquid analyte RI is set as 1.33, the loss spectra of LSPR excited by
four different shapes of gold nanoparticle are shown in Figure 8E.

It can be seen that the loss spectra exhibit a red shift as
nanoparticle gets sharper in Figure 8E. The resonant wavelength
of hexagon nanoparticle is close to that of the circular
nanoparticle, and the triangle nanoparticle’s resonant
wavelength is in the near-infrared while circular is in the
visible light range. By using different shapes of nanoparticle,
we can adjust the resonant wavelength of the FM-MCF LSPR
biosensor. Figure 8 shows the optical field distribution of LSPR
excited by different shapes of nanoparticle at the peak of a, b, c, d,

FIGURE 5 | Loss spectra excited by gold nanoparticle at different positions. (A) LP01x; (B) LP01y.

FIGURE 6 | Loss spectra excited by different modes: (A) LP01x and LP01y; (B) LP11x and LP11y; (C) LP21x and LP21y; (D) LP02x and LP02y.
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FIGURE 7 | Relations between na and resonant wavelength. (A) LP01x and LP01y; (B) LP11x and LP11y; (C) LP21x and LP21y; (D) LP02x and LP02y.

FIGURE 8 | Several gold nanoparticles with different geometric shapes. (A) triangle nanoparticle; (B) square nanoparticle; (C) hexagon nanoparticle; (D) circular
nanoparticle. Optical field distribution of LSPR excited by different shapes of nanoparticle. (A-y) triangle nanoparticle excited by LP01y mode; (A-x) triangle nanoparticle
excited by LP01x mode; (B-y) and (B-x) square nanoparticle excited by LP01y mode, LP01x mode, respectively; (C-y) and (C-x) hexagon nanoparticle excited by LP01y

mode, LP01x mode, respectively; (E) Loss spectra excited by nanoparticle in different shapes for LP01x and LP01y mode.
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e and f in Figure 8E, the red arrows represent the direction of the
electric field. When nanoparticles have sharp tips or features, the
LSPR energy is mainly concentrated at the tip position. The
coupling between LP01 mode and SP mode excited by triangle
nanoparticle is the best, then square, and finally hexagon
nanoparticles. This is because of the sharper the angle, the
greater the density of the free electrons at the tip, and the
stronger the electric field that can be excited. The strong
electric field enhancement at the sharp tips makes it possible
to excite surface plasmon resonance with only a small amount of
incident light energy, so the sharper the nanoparticle, the longer
the resonant wavelength.

In the arrangement shown in Figures 8A–D, only one corner
of the nanoparticle is in contact with the air hole. For the first
three shapes in Figures 8A–D, we rotate the nanoparticles 60°,
45°, and 30° counterclockwise along the center as shown in
Figures 9A–C such that two corners of these nanoparticles are
in contact with the air hole. Loss spectra of LP01x and LP01y when
different shapes of gold nanoparticles excite LSPR after rotation
and moving are shown in Figure 9D.

Compare Figure 9D with Figure 8E, it can be seen that the
loss spectra of all shape nanoparticles have changed after rotation
and moving. Since the hexagon is closest to the circle, its loss
curve does not change significantly after rotation, however, the
difference between the triangle and the circle is the largest, so the
loss spectra vary obviously. After the triangle nanoparticle rotates
60°, the resonance peak of LP01y moves from 850 to 963 nm (red
shift), while the resonance peak of LP01x moves from 950 to
895 nm (blue shift).

Effect of Nanoparticle Arrays
Nanoparticle arrays also affect the performance of the FM-MCF
LSPR biosensor. In Figure 10 gold nanoparticles with a radius of
150 nm are filled symmetrically in the air hole, the angle between
adjacent nanoparticles is represented by δ and the minimum
value is 2.7°, which means that two adjacent nanoparticles are
tangent at this time. When δ � 2.7°, the entire air hole can be filled
with 81 gold nanoparticles.

Since the air hole range has been determined, the number
of nanoparticles n and the angle between adjacent
nanoparticles δ simultaneously affect the property of the
gold nanoparticle arrays. The influence of n has been
studied at first, the loss curves excited by LP01y mode
when δ � 2.7°, na � 1.33, and n are set as 81, 41, 21, 11, 9,
7, 5, and 3, respectively are shown in Figure 14. Because the
loss curves of n � 41 and 21 are very close to n � 81, so they are
not given in Figure 11A. It can be found that compared with
single nanoparticle, nanoparticle array has many resonance
peaks. When n � 81, the resonant wavelength locates in
680 nm, as n decreases to 11 the loss curves begin to show
two peaks, and the resonance peaks at longer wavelength have
higher confinement loss. When n � 3, there is an ultra-high
loss peak at 1042.4 nm, and the confinement loss can reach
13.5 dB/cm, far exceeding the peak loss at other nanoparticle
numbers.

In addition, the loss curves when na � 1.34 have also been
calculated, the resonant wavelength and sensitivity vary with
different n, as shown in Figure 11B. For the same na, when n
decreases from 81 to 21, the resonance wavelength remains
basically unchanged, and as n continues to decrease, the
second resonance peak begin to appear at longer
wavelength, so the resonant wavelength of n � 11 have a
significant red shift. However, as n decrease to 5, the second
resonance peak gradually blue shifts so the resonant

FIGURE 9 | Nanoparticles after rotation and moving. (A) triangle nanoparticle; (B) square nanoparticle; (C) hexagon nanoparticle. (D) Loss spectra of LP01x and
LP01y when different shapes of gold nanoparticles excite LSPR after rotation and moving.

FIGURE 10 | Gold nanoparticle arrays excited LSPR at the same time.
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wavelength decreases. The average sensitivity can be
calculated by Eq. 3, it can be found that initially when the
n decreases, the sensitivity is basically unchanged, when n �
11, the second resonance peak has higher sensitivity but as n
continues to decrease the sensitivity decreases. When n � 3,
the sensitivity can reach 2850 nm/RIU, which is higher than
the sensitivity of other number of nanoparticles. Therefore,
the number of nanoparticles n is set to 3.

Secondly, the influence of δ has been studied. The loss curves
for different δ are shown in Figure 12 where δ � 3°, 5°, 7°, 9°, and
11°. When δ varies from 11° to 3°, the resonance peaks have an
obvious red shift and the confinement loss gradually increases. It
can be interpreted as when δ is large, each gold nanoparticle can
independently excite the LSPR without coupling to each other.
With the decrease of δ, the local surface plasmon waves excited by
each gold nanoparticle begins to show weak coupling and lead to
the red shift of resonance peak. When the distance between gold
nanoparticles is close to their own size, the local surface plasmon
waves show strong coupling, so the confinement loss gradually
increases.

The variation of resonant wavelength and sensitivity with δ is
plotted in Figure 13. When na � 1.33 and δ increases from 3° to 5°,
the resonant wavelength declines from 1037.7 to 838.2 nmwhile δ
increases from 9° to 11°, the resonant wavelength declines from
728.7 to 722 nm. It can be found that although changing δ can
adjust he resonance wavelength’s position, the adjustment effect
is limited. The sensitivity change with δ can also be obtained from
Figure 13. When δ � 5°, it reaches the sensitivity of 3610 nm/RIU,
which is the largest of all δ. Therefore, the angle between adjacent
nanoparticles δ � 5°.

The FM-MCF LSPR sensor can work in the RI range of
1.33–1.39 which covers the RI of the BSA solution and human
Immunoglobulin G. Therefore, the sensor can be used as a
biosensor to detect the biological liquid analytes. The loss
curves excited by LP01y and LP11y mode when n � 3, δ � 5°

and biological liquid analyte RI is from 1.33 to 1.39 and loss
curves excited of LP21y and LP02y mode and biological liquid
analyte RI is from 1.33 to 1.38 is shown in Figure 14. With the
increase of biological liquid analyte RI, the resonance peaks have
a red shift and at the same RI, the loss curves of LP11y have a more
obvious red shift than that of LP01y. Figure 15 illustrates the
relationships between na and resonant wavelengths for LP01y

FIGURE 11 | (A) spectra of LP01y excited by nanoparticle arrays with different n. (B) Resonant wavelength and sensitivity vary with different n.

FIGURE 12 | Loss spectra of LP01y excited by nanoparticle arrays with
different δ.

FIGURE 13 | Resonant wavelength and sensitivity vary with different δ.
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mode and LP11ymode when na � 1.33–1.39. The average sensitivity of
LP01y and LP11y mode when na is from 1.33 to 1.39 is 4497.1 and
4704.6 nm/RIU, respectively, while the highest sensitivity for each
mode is 5732.1 nm/RIU and 6055.36 nm/RIU when na � 1.39,
respectively. In addition, when the wavelength of incident light
along the core is 800–1300 nm, LP21y and LP02y modes can also
be transmitted stably, and the RI range at this time is 1.33–1.38. In
Figures 14C,D, the loss spectra become not smooth, this is mainly
because LP21y and LP02y are more likely to resonate with the core
mode, and the energy is basically coupled to the plasmon mode.
However, when the wavelength has a slight change, the phase
matching condition is no longer satisfied. Therefore, the average
sensitivity of LP21y and LP02y mode when na � 1.33–1.38 is
4888 nm/RIU and 5114 nm/RIU, respectively, and the highest
sensitivity for each mode is 6209.6 nm/RIU and 7,351.6 nm/RIU
when na � 1.38. It is demonstrated that the FM-MCF LSPR
biosensor has high sensitivity and is ideal for real-time detection of
biological substances.

CONCLUSION

In this paper, we presented an FM-MCF LSPR biosensor filled
with gold nanoparticles in the open air holes. The effect of

nanoparticles on the performance of the FM-MCF LSPR
biosensor is investigated by using the FEM. The results show
that the performance of the sensor can be improved by changing
the nanoparticles’ configuration. When the radius of gold
nanoparticles is 150 nm, three identical gold circular
nanoparticles are placed symmetrically in the air hole, and the
angle between adjacent nanoparticles is 5°, an average wavelength
sensitivity of 4497.1 nm/RIU can be obtained in the sensing range
of 1.33–1.39, and the highest sensitivity of LP01y mode is
5732.1 nm/RIU when na � 1.39. The FM-MCF can also
transmit high order mode stably when the wavelength of
incident light is 600–1300 nm. The average sensitivity of LP02y
when RI of the biological liquid analyte is 1.33–1.38 is 5114 nm/
RIU and the highest sensitivity is 7,351.6 nm/RIU when na � 1.38,
which is higher than that of the LP01y. The proposed sensor can be
used in chemical and biological sensing for its excellent
properties.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/supplementary material, further inquiries can be
directed to the corresponding author/s.

FIGURE 14 | Loss curves excited by four different modes. (A) LP01y; (B) LP11y; (C) LP21y; (D) LP02y.

Frontiers in Sensors | www.frontiersin.org September 2021 | Volume 2 | Article 7519529

Yang et al. Nanoparticle-based FM-MCF LSPR Biosensor

80

https://www.frontiersin.org/journals/sensors
www.frontiersin.org
https://www.frontiersin.org/journals/sensors#articles


AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct and intellectual
contribution to the work, and approved it for publication.

FUNDING

This work was supported in part by the National Natural Science
Foundation of China (Grant number: U1813207, 61875152) and

Key Projects in the Tianjin Science and Technology Pillar
Program (Grant number: 20YFZCSY00390).

ACKNOWLEDGMENTS

The authors would like to thank Prof. Guifang Li from the
University of Central Florida for providing the few-mode
seven-core fiber, Ruihang Wang and Jing Zhao for revising
the paper.

REFERENCES

Cao, J., Sun, T., and Grattan, K. T. V. (2014). Gold Nanorod-Based Localized
Surface Plasmon Resonance Biosensors: A Review. Sensors Actuators B Chem.
195, 332–351. doi:10.1016/j.snb.2014.01.056

Chen, H., Kou, X., Yang, Z., Ni, W., and Wang, J. (2008). Shape- and Size-
Dependent Refractive Index Sensitivity of Gold Nanoparticles. Langmuir 24,
5233–5237. doi:10.1021/la800305j

Chen, S., Liu, Y., Yu, Q., and Peng, W. (2020). Microcapillary-based Integrated
LSPR Device for Refractive index Detection and Biosensing. J. Lightwave
Technol. 38, 2485–2492. doi:10.1109/jlt.2020.2969016

Chen, Y., and Ming, H. (2012). Review of Surface Plasmon Resonance and
Localized Surface Plasmon Resonance Sensor. Photonic Sens. 2, 37–49.
doi:10.1007/s13320-011-0051-2

Chiavaioli, F., Baldini, F., Tombelli, S., Trono, C., and Giannetti, A. (2017).
Biosensing with Optical Fiber Gratings. Nanophotonics 6, 663–679.
doi:10.1515/nanoph-2016-0178

Chiavaioli, F., Gouveia, C., Jorge, P., and Baldini, F. (2017). Towards a Uniform
Metrological Assessment of Grating-Based Optical Fiber Sensors: From
Refractometers to Biosensors. Biosensors 7, 23. doi:10.3390/bios7020023

Chiavaioli, F., Zubiate, P., Del Villar, I., Zamarreño, C. R., Giannetti, A., Tombelli,
S., et al. (2018). Femtomolar Detection by Nanocoated Fiber Label-free
Biosensors. ACS Sens. 3, 936–943. doi:10.1021/acssensors.7b00918

FIGURE 15 | Relations between na and resonant wavelength. (A) LP01y; (B) LP11y; (C) LP21y; (D) LP02y.

Frontiers in Sensors | www.frontiersin.org September 2021 | Volume 2 | Article 75195210

Yang et al. Nanoparticle-based FM-MCF LSPR Biosensor

81

https://doi.org/10.1016/j.snb.2014.01.056
https://doi.org/10.1021/la800305j
https://doi.org/10.1109/jlt.2020.2969016
https://doi.org/10.1007/s13320-011-0051-2
https://doi.org/10.1515/nanoph-2016-0178
https://doi.org/10.3390/bios7020023
https://doi.org/10.1021/acssensors.7b00918
https://www.frontiersin.org/journals/sensors
www.frontiersin.org
https://www.frontiersin.org/journals/sensors#articles


Cottat, M., Thioune, N., Gabudean, A.-M., Lidgi-Guigui, N., Focsan, M., Astilean,
S., et al. (2013). Localized Surface Plasmon Resonance (LSPR) Biosensor for the
Protein Detection. Plasmonics 8, 699–704. doi:10.1007/s11468-012-9460-3

Dong, J., Zhang, Y., Wang, Y., Yang, F., Hu, S., Chen, Y., et al. (2019). Side-polished
Few-Mode Fiber Based Surface Plasmon Resonance Biosensor. Opt. Express 27,
11348–11360. doi:10.1364/oe.27.011348

He, Y.-J. (2019). Biochemical Sensor Simulation for Rectangular Metal
Nanoparticles. Optik 195, 163162. doi:10.1016/j.ijleo.2019.163162

Li, C., Li, Z., Li, S., Zhang, Y., Sun, B., Yu, Y., et al. (2020). LSPR Optical Fiber
Biosensor Based on a 3D Composite Structure of Gold Nanoparticles and
Multilayer Graphene Films. Opt. Express 28, 6071–6083. doi:10.1364/
oe.385128

Liu, C., Yang, L., Lu, X., Liu, Q., Wang, F., Lv, J., et al. (2017). Mid-infrared Surface
Plasmon Resonance Sensor Based on Photonic crystal Fibers. Opt. Express 25,
14227–14237. doi:10.1364/oe.25.014227

Mayer, K. M., and Hafner, J. H. (2011). Localized Surface Plasmon Resonance
Sensors. Chem. Rev. 111, 3828–3857. doi:10.1021/cr100313v

Min Y, W. Y. (2020). Manipulating Bimetallic Nanostructures with Tunable
Localized Surface Plasmon Resonance and Their Applications for Sensing.
Front. Chem. 8, 411. doi:10.3389/fchem.2020.00411

Mollah, M. A., and Islam, M. S. (2020). Novel Single Hole Exposed-Suspended
Core Localized Surface Plasmon Resonance Sensor. IEEE Sensors J. 21,
2813–2820. doi:10.1109/jsen.2020.3023975

Rakić, A. D., Djurišić, A. B., Elazar, J. M., and Majewski, M. L. (1998). Optical
Properties of Metallic Films for Vertical-Cavity Optoelectronic Devices. Appl.
Opt. 37, 5271–5283.

Sellmeier, W. (1871). Zur Erklärung der abnormen Farbenfolge im Spectrum
einiger Substanzen. Ann. Phys. Chem. 219, 272–282. doi:10.1002/
andp.18712190612

Singh, R., Kumar, S., Liu, F.-Z., Shuang, C., Zhang, B., Jha, R., et al. (2020). Etched
Multicore Fiber Sensor Using Copper Oxide and Gold Nanoparticles Decorated
Graphene Oxide Structure for Cancer Cells Detection. Biosens. Bioelectron. 168,
112557. doi:10.1016/j.bios.2020.112557

Sinibaldi, A., Montaño-Machado, V., Danz, N., Munzert, P., Chiavaioli, F.,
Michelotti, F., et al. (2018). Real-Time Study of the Adsorption and
Grafting Process of Biomolecules by Means of Bloch Surface Wave
Biosensors. ACS Appl. Mater. Inter. 10 (39), 33611–33618. doi:10.1021/
acsami.8b08335

Van Uden, R. G. H., Correa, R. A., Lopez, E. A., Huijskens, F. M., Xia, C., Li, G.,
et al. (2014). Ultra-high-density Spatial DivisionMultiplexing with a Few-Mode
Multicore Fibre. Nat. Photon. 8, 865–870. doi:10.1038/nphoton.2014.243

Wang, Q., Wang, X.-Z., Song, H., Zhao, W.-M., and Jing, J.-Y. (2020). A Dual
Channel Self-Compensation Optical Fiber Biosensor Based on Coupling of
Surface Plasmon Polariton. Opt. Laser Techn. 124, 106002. doi:10.1016/
j.optlastec.2019.106002

Wang, R., Jia, D., Zhao, J., Zhang, H., and Liu, T. (2018). Experimental and
Analytical Investigation of LP01-LP11 Mode Interference. Opt. Fiber Techn. 46,
258–264. doi:10.1016/j.yofte.2018.11.003

Wei, Y., Su, Y., Liu, C., Zhang, Y., Nie, X., Liu, Z., et al. (2017). Segmented Detection
SPR Sensor Based on Seven-Core Fiber. Opt. Express 25, 21841–21850.
doi:10.1364/oe.25.021841

Willets, K. A., and Van Duyne, R. P. (2007). Localized Surface Plasmon Resonance
Spectroscopy and Sensing. Annu. Rev. Phys. Chem. 58, 267–297. doi:10.1146/
annurev.physchem.58.032806.104607

Yang, H., Wang, G., Lu, Y., and Yao, J. (2021). Highly Sensitive Refractive index
Sensor Based on SPR with Silver and Titanium Dioxide Coating. Opt. Quan.
Electron. 53, 1–13. doi:10.1007/s11082-021-02981-1

Yang, K., He, J., Liao, C., Wang, Y., Liu, S., Guo, K., et al. (2017). Femtosecond Laser
Inscription of Fiber Bragg Grating in Twin-Core Few-Mode Fiber for
Directional bend Sensing. J. Lightwave Technol. 35, 4670–4676. doi:10.1109/
jlt.2017.2750407

Yang, Z., Xia, L., Li, C., Chen, X., and Liu, D. (2019). A Surface Plasmon Resonance
Sensor Based on Concave-Shaped Photonic crystal Fiber for Low Refractive
index Detection. Opt. Commun. 430, 195–203. doi:10.1016/
j.optcom.2018.08.049

Yao, S., Shen, Y., Wu, Y., Jin, W., and Jian, S. (2019). Strain-insensitive
Temperature Sensor Based on a Few-Mode Dual-Concentric-Core Fiber.
Opt. Laser Techn. 111, 95–99. doi:10.1016/j.optlastec.2018.09.046

Zanchetta, G., Lanfranco, R., Giavazzi, F., Bellini, T., and Buscaglia, M. (2017).
Emerging Applications of Label-free Optical Biosensors. Nanophotonics 6,
627–645. doi:10.1515/nanoph-2016-0158

Zheng, Y., Lang, T., Cao, B., Jin, J., Dong, R., and Feng, H. (2018). Fiber Optic SPR
Sensor for Human Immunoglobulin GMeasurement Based on the MMF-NCF-
MMF Structure. Opt. Fiber Techn. 46, 179–185. doi:10.1016/j.yofte.2018.10.015

Zubiate, P., Urrutia, A., Zamarreño, C. R., Egea-Urra, J., Fernández-Irigoyen, J.,
Giannetti, A., et al. (2019). Fiber-based Early Diagnosis of Venous
Thromboembolic Disease by Label-free D-Dimer Detection. Biosens.
Bioelectron. X 2, 100026. doi:10.1016/j.biosx.2019.100026

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Yang, Xiao, Wang, Zhang, Yu and Jia. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Sensors | www.frontiersin.org September 2021 | Volume 2 | Article 75195211

Yang et al. Nanoparticle-based FM-MCF LSPR Biosensor

82

https://doi.org/10.1007/s11468-012-9460-3
https://doi.org/10.1364/oe.27.011348
https://doi.org/10.1016/j.ijleo.2019.163162
https://doi.org/10.1364/oe.385128
https://doi.org/10.1364/oe.385128
https://doi.org/10.1364/oe.25.014227
https://doi.org/10.1021/cr100313v
https://doi.org/10.3389/fchem.2020.00411
https://doi.org/10.1109/jsen.2020.3023975
https://doi.org/10.1002/andp.18712190612
https://doi.org/10.1002/andp.18712190612
https://doi.org/10.1016/j.bios.2020.112557
https://doi.org/10.1021/acsami.8b08335
https://doi.org/10.1021/acsami.8b08335
https://doi.org/10.1038/nphoton.2014.243
https://doi.org/10.1016/j.optlastec.2019.106002
https://doi.org/10.1016/j.optlastec.2019.106002
https://doi.org/10.1016/j.yofte.2018.11.003
https://doi.org/10.1364/oe.25.021841
https://doi.org/10.1146/annurev.physchem.58.032806.104607
https://doi.org/10.1146/annurev.physchem.58.032806.104607
https://doi.org/10.1007/s11082-021-02981-1
https://doi.org/10.1109/jlt.2017.2750407
https://doi.org/10.1109/jlt.2017.2750407
https://doi.org/10.1016/j.optcom.2018.08.049
https://doi.org/10.1016/j.optcom.2018.08.049
https://doi.org/10.1016/j.optlastec.2018.09.046
https://doi.org/10.1515/nanoph-2016-0158
https://doi.org/10.1016/j.yofte.2018.10.015
https://doi.org/10.1016/j.biosx.2019.100026
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/sensors
www.frontiersin.org
https://www.frontiersin.org/journals/sensors#articles


Improved Dielectric Properties and
Grain Boundary Effect of
Phenanthrene Under High Pressure
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Dandan Sang1, Cong Wang3, Jianfu Li4, Xiaoli Wang4* and Cailong Liu1

1Shandong Key Laboratory of Optical Communication Science and Technology, School of Physics Science and Information
Technology, Liaocheng University, Liaocheng, China, 2Heilongjiang Province Key Laboratory of Superhard Materials, Department
of Physics, Mudanjiang Normal University, Mudanjiang, China, 3College of Mathematics and Physics, Beijing University of
Chemical Technology, Beijing, China, 4School of Opto-electronic Information Science and Technology, Yantai University, Yantai,
China

In situ impedance measurements, Raman measurements and theoretical calculations
were performed to investigate the electrical transport and vibrational properties of
polycrystalline phenanthrene. Two phase transitions were observed in the Raman
spectra at 2.3 and 5.9 GPa, while phenanthrene transformed into an amorphous
phase above 12.1 GPa. Three discontinuous changes in bulk and grain boundary
resistance and relaxation frequency with pressure were attributed to the structural
phase transitions. Grain boundaries were found to play a dominant role in the carrier
transport process of phenanthrene. The dielectric performance of phenanthrene was
effectively improved by pressure. A significant mismatch between Z″ and M″ peaks was
observed, which was attributed to the localized electronic conduction in phenanthrene.
Theoretical calculations showed that the intramolecular interactions were enhanced under
compression. This study offers new insight into the electrical properties as well as grain
boundary effect in organic semiconductors at high pressure.

Keywords: phenanthrene, high pressure, dielectric, grain boundary, phase transition

INTRODUCTION

Organic semiconductors have captured much attention due to their outstanding electronic
properties and high mechanical flexibility, which enable improved performance of OLEDs,
organic field-effect transistors, or organic solar cells [1–4]. Polycyclic aromatic hydrocarbons
(PAHs), as the important class of organic semiconductors, are applied in many areas, such as
optoelectronics, electronics, and optical technology [5–7].

Pressure has a significant effect on the structure and properties of PAHs [8–11]. For example,
naphthalene is partially oligomerized above 15 GPa at room temperature, and this can be
promoted by reducing intermolecular distance with the action of pressure [12]; pressure can
effectively reduce the bandgap of oligoacenes, which would affect their electron transport
performance [13].

Phenanthrene (C14H10) is one of the PAHs and has the simplest flat molecule structure composed
of three benzene rings with an armchair configuration. Structure evolution and vibrational features
of phenanthrene under high pressure were investigated by x-ray diffraction (XRD) and Raman
spectroscopy. Huang et al. [14] have reported three phase transitions of phenanthrene under non-
hydrostatic conditions with the space group P21 for phase I (0–2.2 GPa), P2/m for phase II
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(2.2–5.6 GPa), and P2/m + Pmmm for phase III (5.6–11.4 GPa),
whereas the structure has been indexed to the pure Pmmm phase
from 11.4 to 20 GPa. Above 20 GPa, it further changed to
hydrogenated amorphous carbon structure. Capitani et al. [15]
have studied the influence of hydrostatic pressure on the
structure of phenanthrene by XRD experiment with helium as
pressure transmitting medium. They have observed that a phase
transition from P21 to a new phase P1 occurred around 8 GPa.
Moreover, P21 and P1 phases coexisted from 8 to 13 GPa, then
phenanthrene fully transformed to P1 phase above 13 GPa. When
pressure exceeded 20 GPa, the appearance of amorphization could
be detected. Hence, there is an evident influence of non-hydrostatic
environment on the phase transition path in phenanthrene.

Transformations in the crystal structure caused by pressure
inevitably affect the carrier transport behavior and grain
boundary effect in polycrystalline. For example, Li et al. [16]
have reported the grain boundary effect on the electrical transport
properties of β-boron at high pressure. Qin et al. [17] have
investigated the dielectric behavior of polycrystalline CaMoO4,
and they found that the grain boundaries played a key role in
carrier transport process. Zhang et al. [18] have studied the
correlation between structural phase transition and electrical
transport properties of ZnFe2O4 nanoparticles under high
pressure, which concluded that the grain boundary effect was
related to the capacity of the charge bounding.

The charge carriers transport in phenanthrene relies on the
molecular structure and the form of the molecular packing.
Previous studies have clarified the structure and the vibration

FIGURE 1 | High pressure Raman spectra of phenanthrene up to 31.2 GPa. (A) Selective Raman spectra in the frequency range of 50–1200 cm₋1. (B) Selective
Raman spectra in the frequency range of 1350–1750 cm₋1. (C) Pressure dependence of the Raman shift for the observed modes. The dashed lines are results from Ref.
14. Dashed vertical lines represent phase boundaries, and phases are assigned with Roman numbers. The upper arrows and asterisks denote the new appearance and
the disappearance of peaks, respectively.

FIGURE 2 | Nyquist (Z″-Z′) plots (A–D) and Z″-f plots (E–H) of the
impedance data of phenanthrene under different pressures. Inset: the
enlargement of the left arc.
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modes of phenanthrene both at non-hydrostatic/hydrostatic
pressure environments. Nevertheless, it remains unclear how
pressure regulates the electrical transport behavior of
phenanthrene, which limits the design of new phenanthrene-
based applications. Meanwhile, another important factor that
affects the charge transport processes in polycrystalline
phenanthrene is the grain boundary, at which the carrier
scattering effect is usually strengthened. However, the studies on
the transport properties as well as the grain boundary effect of
phenanthrene at high pressure were scarcely tackled. In this work, we
investigated the electrical transport behavior of phenanthrene at high
pressure by in-situ alternating current (AC) impedance
measurements. Raman measurements and density-functional
theory (DFT) calculations were also conducted. The contributions

of bulk and grain boundaries to the electrical transport properties
were evaluated. The influence of pressure on resistance, relaxation
frequency, activation energy, permittivity, and dielectric loss factor of
phenanthrene pressure were discussed.

EXPERIMENTAL AND COMPUTATIONAL
DETAILS

Polycrystalline phenanthrene powders with 99.5% purity were
purchased from Sigma-Aldrich. High pressure was generated by
a diamond anvil cell (DAC) with anvil culet diameter of 300 μm.
The parallel-plate electrodes configuration was used for impedance
measurements. The detailed electrode fabrication procedures were
described in our previous works [19–21]. T301 stainless steel was

FIGURE 3 | Variation of FWHM (ν21 vibration mode) with pressure.

FIGURE 5 | Pressure dependencies of (A) Rt, (B) Rb, (C) Rgb, (D) fb, and
(E) fgb of phenanthrene.

FIGURE 4 | Z′- Z″/f plots of phenanthrene at different pressures. Inset:
the enlargement of the left arc.
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pre-indented to a thickness of 60 μm. The mixture of cubic boron
nitride powder and epoxy was used as the insulating layer. Pressure
was calibrated with the R1 fluorescence peak of the ruby [22].

In situ high-pressure AC impedance measurements were
carried out by a Solartron 1260 impedance analyzer with a 1296
dielectric interface in the frequency range of 10−2∼106 Hz, and the
voltage amplitude was 0.1 V. Impedance measurements were
performed at pressures up to 30.3 GPa. In order to avoid the
induction of unnecessary additional impedance, pressure
transmitting medium was not applied. Raman spectra of
phenanthrene were collected during the process from ambient
pressure to 31.2 GPa. The excitation source is a laser emitting at
532 nm by a Horiba LabRAMHR Evolution. No pressure medium
was used for the Raman measurements to maintain consistency
with the impedance experiments.

The calculations for local structural relaxations and electronic
properties were performed in the framework of density functional
theory within the Perdew-Burke-Ernzerhof generalized gradient
approximation (GGA-PBE) [23] and frozen-core all-electron
projector-augmented wave (PAW) method [24, 25] as
implemented in Vienna ab initio simulation package (VASP)
[26], the pseudopotentials were taken from the VASP library, in
which 2s22p2 and 1s1 were treated as the valence electrons for C
andH atoms, respectively. Cutoff energy of 700 eV and appropriate
Monkhorst-Pack [27] k-mesh with k-points density 0.03 Å-1 were
chosen to ensure that all the enthalpy calculations were well
converged to less than 1 meV/atom. The electron localization
function (ELF) was used to describe the charge redistribution
and the bonding feature of molecules and solid materials.

RESULTS AND DISCUSSION

The selected Raman spectra in the frequency region of
50–1800 cm−1 were shown in Figures 1A,B. With increasing
pressure, all the Raman peaks shift to higher frequencies. The
vibrational modes can be divided into intermolecular modes (L1,
L2) and intramolecular modes, as in Ref. 14. The pressure
dependence of all the vibrational modes was displayed in
Figure 1C. The previous results from Ref. 14 were also drawn
together by dashed lines. It can be seen that the phase transitions
occurred at 2.3 and 5.9 GPa, which are consistent with the results
of Ref. 14. The difference of phase transition paths with Capitani
et al.15 was caused by nonhydrostatic/hydrostatic pressure
environment. With increasing pressure, the C-C-C bending
mode (]1) and intermolecular modes (L1) were split, the
intramolecular vibration mode (ν3) disappeared, suggesting
that the sample undergoes its first phase transition around

2.3 GPa. Up to 5.9 GPa, the CCC bending mode (ν4) and the
C-C stretching mode (ν11) were split, several intramolecular
vibration modes (ν12, ν13, ν14, ν19, ν20) disappeared, along with

TABLE 1 | Calculated pressure dependence of the bulk activation energy.

Phase Pressure region (GPa) dH/dP (meV/GPa)

I 0.9–2.1 0.58
II 2.9–6.2 8.73
III 7.5–13.8 1.96
IV 16.2–30.3 −0.43

FIGURE 6 | (A) Variation of the relative permittivity εr with pressure.
(B–D) Frequency dependencies of, ε′, ε″ and tanδ of phenanthrene under
different pressures. Inset shows the dielectric loss factor (tanδ) at 0.9 GPa
during compression and at 0.4 GPa after decompression.
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discontinous change in the slope of frequency of the
intermolecular modes (L1, L2) around 6.0 GPa (as shown in
Supplementary Figure S1), which indicates that the sample
transforms from phase II to phase III around 5.9 GPa. The
stretching vibration of the C-H bond in the high frequency
region under different pressures was shown in the
Supplementary Figure S2). Furthermore, the Raman peak of
the intermolecular modes had a large blue shift which was
attributed to the reduction of the intermolecular distance and
the enhancement of the intermolecular interaction [28]. Above
12.1 GPa, phenanthrene transformed to an amorphous state.

Impedance spectroscopy method can distinguish the
contribution of bulk and grain boundaries to electrical transport
properties. The impedance spectra of phenanthrene at different
pressures were shown in Figure 2. There was a big deviation
from the ideal semicircle in the Nyquist plots (Z″∼ Z′), which
was due to the dispersion effect in the process of electron
transportation [29]. In Nyquist plots, bulk and grain boundaries
had a large difference in frequency responses. Below 8.6 GPa, Z″
slowly approached Z′ axis in the low-frequency region, and a
relatively complete semicircle arc of the grain boundary was
shown in Figures 2A,B. However, from 8.6 to 30.3 GPa, the
grain boundary resistance increased significantly with pressure, so
incomplete arcs appeared in the low-frequency region, as shown in
Figures 2C,D. Nyquist plots of phenanthrene indicated that the
contributions of bulk and grain boundaries to the electrical transport
properties were significantly different, whereas the grain boundary
effect played a dominant role. The relaxation frequency which
corresponds to the imaginary impedance peak is equal to the
reciprocal of the relaxation time constant. As shown in Figures
2E,H the relaxation peaks of the grain boundaries shifted towards
lower frequencies with pressure. This indicates that the grain
boundary and associated lattice scattering effect on carriers were
improved by pressure, which was also convinced by Raman
measurements results. Take the ]21 vibration mode (1442 cm−1)
for example, as shown in Figure 3, the FWHM increased with
increasing pressure, the crystallinity of the sample was weakened, the
defects were increased, and the disorder was increased, indicating
that the grain boundary effect enhanced lattice scattering on carriers.

However, due to the large difference in the contribution of
bulks and grain boundaries, the bulk relaxation peak was not
obvious in the Bode plots (Z″∼f). The separation between bulk
and grain boundary relaxation process will be clearly illustrated
through the modulus representation later.

Since there was a big difference between the frequency
responses from bulk and grain boundaries of phenanthrene,
the representation as reported by Abrantes et al. was adopted
to process the data [30]. The plots of selected impedance data in
the Z′- (Z″/f) representation were shown in Figure 4. Three
distinct segments were observed in each plot corresponding to
different frequency regions. In the high frequency region,

Z′≈ fb(Z″/f) (1)

In the moderate frequency region, (fgb<<f<fb),

Z′≈ Rb + (Z″/f)fgb (2)

In the low frequency region (f<<fgb),

Z′≈ Rb + Rgb + (Z″/f)fel (3)

where Rb, Rgb, fb, fgb represent the resistance and the relaxation
frequency of the bulk and grain boundary respectively, and fel
corresponds to the electrode relaxation frequency. From Eq. 1,
Eq. 2 and Eq. 3), the electrical parameters (Rt� Rb + Rgb, Rb, Rgb,
fb, fgb) of phenanthrene were obtained by fitting the experimental
data, as shown in Figure 5.

For each parameter versus pressure, three discontinuous changes
can be found at 2.9, 7.5, and 13.8 GPa, respectively, which was

FIGURE 7 | (A) Complex modulus plots (M″ ∼M′) at different pressures;
(B, C) variations of M′ and M″ with frequency at different pressures; (D)
frequency dependencies of M″ and Z″ in phenanthrene at 2.9 GPa.

Frontiers in Physics | www.frontiersin.org September 2021 | Volume 9 | Article 7469155

Wang et al. Phenanthrene Under High Pressure

87

https://www.frontiersin.org/journals/physics
www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles


attributed to the pressure-induced structural phase transitions [14].
Below 13.8 GPa, both bulk and grain boundary resistances increased
with pressure. The increase in grain boundary resistance probably
resulted from the higher grain boundary density under pressure, which
consequently generated additional dangling bonds. This statement was
consistentwith the decreased grain boundary relaxation frequencywith
pressure, as shown inFigure 5E. Above 13.8 GPa, therewasnoobvious
variation in resistance in Phase IV, which was related to the emergence
of the amorphous structure. This conclusion was consistent with the
Raman results. With the increasing of disorder, the electronic states of
the system became more localized [31].

Both bulk and grain boundary relaxation frequencies of
phenanthrene decreased significantly with pressure in Phases I
and II. Above 7.5 GPa, the relaxation frequency was almost
constant as the pressure increases in Phases III and IV. The
variation of the relaxation frequencies in both bulk and grain
boundary regions below 7.5 GPa indicated that the relaxation
time of phenanthrene increased with pressure. The electrical
transport parameters (Rt, Rb, Rgb, fb, and fgb) of Phase III
changed slowly with increasing pressure. The electrical transport
mechanism of phenanthrene was modulated by pressure, the
electrons transport channels became narrower under compression
and were finally fully closed in Phase IV (amorphous state).

In order to analyze the relaxation process of phenanthrene
under compression, the pressure dependence of the relaxation
activation energy was evaluated. According to the Arrhenius
equation, the relationship between the relaxation frequency
and the activation energy can be depicted as:

f � f 0 exp(−H/kBT) (4)

where H represents activation energy, kB is the Boltzmann
constant, and T is the temperature. Assume f and H are only
the function of pressure, and f0 remains a constant, we have

d(lnf)
dP

� z(Inf0)
zP

− ( 1
kBT

)(zH
zP

) (5)

By linear fitting to the curve lnf-P, the pressure dependence of the
activation energy was shown in Table 1.

Below 13.8 GPa, the dH/dP was positive indicating that the
required energy for carriers to reach the equilibrium increased
with pressure. Therefore, the activation energy increased with
increasing pressure. However, in Phase IV, dH/dP of
phenanthrene turned to be negative (−0.43 meV/GPa). The
decreased activation energy indicated that pressure promotes
electrical conductivity [32].

FIGURE 8 | Electronic properties of Phase I and Phase II in phenanthrene at 0.5 and 4 GPa. Electron localization function (ELF) (A, B), band structure (left), and
Partial DOSs (right) (C, D).
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To obtain a deep insight into the carrier transport process of
phenanthrene, the dielectric behavior was investigated. The bulk
relative permittivity (εr) of phenanthrene can be obtained from:

εr(P) � d/(2πRbε0f bS) (6)

where d is the thickness of a sample, ε0 is the vacuum permittivity,
S is the area of the electrode, and fb is the bulk relaxation
frequency.

As displayed in Figure 6A, three discontinuous changes at 2.9,
7.5, and 13.8 GPa were observed in the relative permittivity εr of
phenanthrene at different pressures. εr decreased with increasing
pressure, which was caused by the decreased dipole moment in
alternating electric fields under high pressure. The frequency
dependence of both real (ε′) and imaginary (ε″) parts of the
complex dielectric permittivity of phenanthrene under high
pressure was shown in Figures 6B,C. The value of ε′ implies the
energy storage and polarization ability [33], whereas the imaginary
part (ε″) reflects the dielectric loss. Below 105 Hz, ε′ decreased with
increasing frequency at each pressure. However, when the frequency
exceeded 105 Hz, ε′ showed gradually reduction with frequency. In
high-frequency region, the electricfield alternates too fast to affect the
rotation of the dipole. Therefore, the polarization of orientation
weakened, and the inflection pointmoved to lower frequencies, while
the real and imaginary parts decreased.

At high frequency, the electric field changes so rapidly that
there is a time delay (relaxation) between the space charge
polarization and the applied electric field, which resulted in
the dielectric loss [34]. The frequency-dependent dielectric loss
factor (tanδ) at different pressures was illustrated in Figure 6D.

Moreover, when pressure was released to 0.4 GPa, as shown in the
inset of Figure 6D, the dielectric loss factor in the low-frequency
region became much lower than that at 0.9 GPa under
compression. Therefore, the dielectric performance of
phenanthrene was effectively improved after a pressure cycle.

The analysis of complex modulus plots (M* � jωC0Z*) can
help us have a further understanding of the dielectric behavior of
phenanthrene. Two representative Z″ and M″ plots are
complementary, the former emphasizes phenomena with large
resistance, while the latter shows electrical responses with small
capacitance [35, 36]. Two semicircle arcs corresponding to the
bulk and grain boundary regions of phenanthrene were shown in
Figure 7A. The real partM′ as a function of frequency at different
pressures was displayed in Figure 7B. TheM′ started to increase
with increasing frequency, but then kept a constant value in the
high-frequency region. The imaginary part M″ as a function of
frequency was shown in Figure 7C. Two peaks in the M″-f plots
indicated two types of electrical response mechanisms existing in
phenanthrene that represent change from long-range to short-
range carrier mobility with increasing frequency [17].

The frequency variation of Z″ and M″ of phenanthrene at
2.9 GPa was shown in Figure 7D. High-frequency peak reflects
the dipole relaxation at the bulk, whereas the low-frequency peak
corresponds to the grain boundary. For an ideal Debye relaxation,
the Z″and M″peaks of a particular Resistance-Capacitance
component should be coincident on the frequency scale [37].
However, a significant mismatch between Z″and M″peaks was
observed, which can be attributed to the localized electronic
conduction in phenanthrene [38].

To obtain a deeper insight into the mechanism of the electrical
properties of phenanthrene, DFT theoretical calculations were
performed. The electron localization functions (ELF), energy
band structure, and densities of states of phenanthrene at
different pressures were shown in Figure 8. The electron
localization function was used to describe the charge
redistribution and bonding feature of molecules. Figures 8A,B
suggested that the bonds in the C6 ring were covalent bonds,
whereas intermolecular H atoms formed lone pairs of Phase I and
Phase II at 0.5 and 4 GPa. The bandgap of phenanthrene decreased
from 2.98 eV (0 GPa in Phase I) to 1.50 eV (4 GPa in Phase II)
under compression. Because density functional calculations usually
lead to a considerable underestimation of the energy gap, the actual
band gaps are expected to be much larger, but we can conclude that
the bandgap of phenanthrene decreased significantly with pressure.
The decreased bandgap improves the transport of electrons at
LUMO to HOMO, giving rise to the holes transfer integral in both
directions [39]. According to Marcus theory [40], the hopping
process is the exchange of electrons and holes between neighboring
molecules and the charge transfer rate between two molecules
depends on the recombination energy and charge transfer integral.
Thus, the calculated decreased bandgap of phenanthrene was
caused by increased charge transfer integral and/or by decreased
recombination energy. Compared with the experimental results,
the increased bulk resistance with pressure could be due to the
increased grain boundary density and/or the pressure-induced
disordering, which results in the enhancement of lattice
scattering with increasing pressure.

FIGURE 9 | (A, C) Intramolecular C-C distances; (B, D) intermolecular
bond distances of phenanthrene under different pressures at phases I and II.
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The arrangement of molecules in the crystal structure is mainly
determined by molecular conformation and intramolecular
interactions. Due to the non-hydrostatic environment, the
intramolecular interactions of phenanthrene demonstrated
anisotropic changes with pressure. As shown in Figure 9, the
intramolecular and intermolecular distances of phenanthrene
decreased with pressure, leading to enhanced intramolecular
interaction. This can provide an explanation for both increased bulk
resistance and reduced relaxation frequency. The pressure dependence
of intramolecular and intermolecular bond distance was shown in
Supplementary Table S1. It can be seen that the intermolecular C-C
and H-H interaction was more sensitive with pressure than the
intramolecular C-C ones.

CONCLUSION

In summary, the vibrational and electrical properties of phenanthrene
were investigated by high-pressure in situ impedance spectra
measurements, Raman measurements and DFT calculations. Two
phase transitions occurred at 2.3 and 5.9GPa, and then transformed to
an amorphous state above 12.1 GPa. Below 13.8 GPa, both bulk and
grain boundary resistance increased with pressure. The dielectric
performance of phenanthrene was effectively improved after a
pressure cycle. A significant mismatch between Z″and M″peaks
was observed, which can be attributed to the localized electronic
conduction in phenanthrene. The calculated decreased bandgap of
phenanthrene was caused by increased charge transfer integral and/or
by decreased recombination energy. Our results provide a better
understanding of the correlation between structural modification
and electrical transport properties in phenanthrene and establish
general guidelines for optimization of the applications of new
organic semiconductors.
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In recent years, there have been plenty of demands and growth in the autonomous vehicle
industry, and thus, challenges of designing highly efficient photonic radars that can detect
and range any target with the resolution of a few centimeters have been encountered. The
existing radar technology is unable to meet such requirements due to limitations on
available bandwidth. Another issue is to consider strong attenuation while working under
diverse atmospheric conditions at higher frequencies. The proposed model of photonic
radar is developed considering these requirements and challenges using the frequency-
modulated direct detection technique and considering a free-space range of 750 m. The
result depicts improved range detection in terms of received power and an acceptable
signal-to-noise ratio and range under adverse climatic situations.

Keywords: photonic radar, frequency-modulated direct detection, signal-to-noise ratio, adverse weather
conditions, autonomous vehicle

INTRODUCTION

The photonic radar, also known as LiDAR (light detection and ranging), has been recognized for its
use in multifarious spaces—be it a smart self-governing transport system, topography sensors,
remote sensing, landscape ecosystem, flood monitoring, militia surveillance, wireless confined
localizing scheme, biomass survey, and under water instabilities [1–4]. The existing and
established navigation schemes remain limited toward insignificant precision scope that may
result in conveying unpredictable performance, especially in the metropolitan zone, thus ruling
out the possibility of their applications in self-driving vehicles mostly known as autonomous vehicles
(AVs) [5, 6]. The current demand of the automotive industry is to afford high-range and finer
resolution-based radar systems that can trace and distinguish mobile or immobile objects with great
meticulousness in any atmospheric circumstance. Nowadays, self-driving vehicles are equipped with
contemporary equipment to support the driver, namely, 3-D cameras, microwave radars, GPS
systems, and signal processing units, at a very high cost yet offers an inadequate discernibility range
of a few meters. In addition to it, self-driving demands high-security requirements for unwanted and
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mutually affirmative dimensions. This becomes problematic to
realize meticulous dimensions under severe atmospheric
instabilities. Most of these functions in AVs are reliant upon
the radar that can provide precise range detection and visibility
with high image perseverance, particularly amid 100–500 m
distance. Another factor to be considered is limited power
availability in autonomous vehicles, and thus, power
requirement should be minimally possible [7]. Keeping in view
the different utilities and requirements of the self-driving features,
the photonic radar upturns a significant alternative to a
traditional radar and has been gaining popularity since its
early stage from researchers and AV manufacturers worldwide.
The photonic radar delivers finer range resolution and high image
resolution compared to the traditional radar with high precision
[8–10]. Generally, a low-power continuous wave (CW) laser
along with moderately extended reflection interval is engaged
to design LiDAR having adequate precision as well as
perseverance [11–13]. Triangular sweep is preferred in high-
speed target detection because it offers smaller sweep time
than the pulsed sweep [13]. Along with it, a frequency-
modulated RF signal with a saw-tooth (triangular) modulation
function is established to determine the object range and velocity
[14]. Besides this, the developed FM-modulated photonic radars
are engaged in direct detection formation with an advantage of
more sensitivity to the echoes on the expense of a shorter
detection range. An alternative protuberant solution is
heterodyning mixing which is also known as coherent detection
with advantages of high receiver sensitivity, longer ranges, and
minimal signal fading than direct detection at the expense of
scheme complexity [15, 16]. Figure 1 shows the representation
of a photonic radar–equipped vehicle to detect stationary targets.

Besides challenges in designing a transceiver, the signal must
be broadcasted using an extra high–frequency (EHF) band more
commonly called the millimeter band (mm band) as RF poses a
limit of a small range of few miles as well as incompetence to
breach through solid materials [17]. In addition to it, the
millimeter band can provide adept spectrum exploitation
besides protected communication by allowing supplementary
compactly packed waveforms. During transmission through an
atmospheric channel, RF signal endures 6 dB variance in
attenuation for each octave variation in occurrence. On the
contrary, circumstances turn out to be complex once the mm-

band signal travels through these atmospheric channels under
hostile climatic conditions. These high-frequency signals of the
mm-band experience high attenuation under various
atmospheric influences, for example, air temperature, air
compression and dampness, immersion particles as well as
dust, and other atmospheric elements [18]. This again puts
hindrance in realizing the elongated target detection–centered
use and limits operation to a shorter range. For existing
equipment, the absorption peaks transpire at 24 and 60 GHz
which is rather high, and providentially, some broadcast openings
are available for securing transmission of signals between these
peaks. Furthermore, the mm-band–based radar signal has a
substantial effect of precipitation attenuation due to scintillation,
foliage blockage, rainfall, scattering, and diffraction. Generally, in a
mm band, the wavelengths become shorter; thus, mellow echoes
are received that result in feeble signal response.

Nevertheless, still in its early stages, some substantial work
reported on AVs has been discussed here. An impact of smoulder
and dirt particles in air over the operations of self-driving vehicles
is described [19]. Another target simulation was developed under
unsystematic atmospheric circumstances exploiting electro-
optical LiDAR with irregular visibility variances [20]. A
comprehensive study of the photonic radar [21] is
demonstrated at 950 and 1550 nm. The effect of atmospheric
gases has been premeditated to comprehend turbulences due to
low ambient temperature [22]. The impact of various fog
conditions and experimental evaluation of the working of
LiDAR is studied via exhausting foggy conditions in a vacuum
chamber [23]. Consequently, the reported work consents the
impact of various attenuations due to atmospheric conditions
upon the operational efficiency of the photonic radar particularly
at high frequency. However, there are limited studies considering
the waning effects of atmospheric channels such as rain, haze, and
fog that confirm the efficacy of the frequency-modulated
continuous wave (FMCW)–driven photonic radar system.

The frequency stands another measure aspect to be considered
while designing photonic radars. A laser operates in a 24 GHz
band more commonly known as the ISM (industrial, scientific,
and medical) band with an unlicensed narrow band (NB)
bandwidth of 250MHz (24–24.5 GHz) and includes a
bandwidth of 5 GHz known as ultra-wideband (UWB). While
the NB-ISM band is used for detecting blind spots, UWB-ISM is

FIGURE 1 | Vehicle to stationary target (vehicle) scenario.
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used for higher resolution. As per the new regulation, UWB will
be phased out soon, and hence, the ISM band may not be
attractive for AV applications. The traditional radar operates
in a 70 GHz band, and 70–77 GHz is available for vehicular
applications. The 77–81 GHz (with 4 GHz bandwidth) band is
known as the short-range radar (SRR) band. The key benefit
offered is highly allowed equivalent isotopic radiated power
(EIRP) which enables adaptive cruise control [24]. The range
resolution offered at 77 GHz with frequency using 4 GHz
bandwidth is 4 cm compared to range resolution of 75 cm
offered at 24 GHz with the bandwidth of 250MHz. For
simplicity of operation, we have used the linear frequency-
modulated continuous-wave radar system using direct
detection configuration (FMCW–DD). In a FMCW-DD
scheme, a transmitted pulse is intensity modulated by a LFM
chirp, and de-chirping is accomplished by comprehensible
mixing with a modulated local oscillator (LO) [25, 26].

Based on these facts, authors intend to apply the FMCW-based
photonic radar at 77 GHz to detect the range as well as range
frequency of a stationary target using a computer-based
simulation model and test the simulation model under the
influence of varied atmospheric conditions to attain the
elongated target range with an adequate SNR (signal-to-noise
ratio). The article is organized as follows: The Introduction
section explains the necessities, concerns, and contemporary
advancements in the field of photonic radars and self-driving
vehicles. The Working Principle section elaborates the working
principle of the proposed system. The System Description section
explains modeling of the proposed system besides comprehensive
constraints used in simulation. The Results and Discussion
section presents the correlated results of the theory in addition
to simulation of the modeled photonic radar and tests the system
under adverse weather, and the presented work is concluded in
the Conclusion section.

WORKING PRINCIPLE

The schematic of the proposed FMCW-based photonic radar is
shown in Figure 2 under direct detection configuration which is
also known as noncoherent detection. The start frequency of
77 GHz with the sweep bandwidth of 600 MHz is generated using
a radio frequency–linear frequency modulator (RF-LFM) driven
by a pseudo random sequence generator in conjunction with the
saw-tooth modulation function. The carrier signal is generated
using a continuous-wave laser light source which is then fed to a
dual-arm lithium-niobate (Li-Nb) Mach–Zhander interferometer
(MZI) external modulator along with the RF-LFM signal. A D.C.
bias generator is used with the modulator to generate second-
order sidebands along with the suppression of
supplementary bands.

The output-modulated signal from MZM depends upon the
operating point, that is, if it operates in a quadrature or at a
null point [25, 27]. This RF-LFM signal modulated with light is
then transmitted over the free-space optics (FSO) network.
The FSO channel is expected to assess the efficiency of the
proposed scheme under the impact of atmospheric
fluctuations as their impact upsurges with an increase in the
operating frequency [17, 18, 28]. The resonance signal
replicated from the irradiated target is accepted with a
transmission delay time given by (2 ×R

C ), where R is the range
of the object and c is the velocity of light.

The received signal is then fed to a photo detector to obtain the
required electrical signal from the optical signal. Furthermore,
this electrical signal is amplified and mixed with reference to the
signal received from the LFM generator and fed to a low-pass
filter with a cut-off frequency of 1 GHz. The filtered signal is
analyzed using an RF spectrum analyzer. The proposed system is
modeled and simulated using Optisysem™while the target model
is designed using MATLAB™.

FIGURE 2 | Proposed FMCW photonic radar for autonomous vehicles.
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SYSTEM DESCRIPTION

The proposed photonic radar is modeled using the FMCW direct
detection technique as illustrated in Figure 2 to evaluate the
distance of an immobile object in the fluctuating weather
situations. The radar-armed automobile estimates the range
between itself and the immobile target and updates the vehicle
accordingly. Unlike the pulsed radar, the FMCW radar is favored
due to its cost-effectiveness, small size, and its minimal input
power requirement. Complete significant parameters are listed in
Table 1.

As shown in Figure 2, the RF-LFM waveform generator is
used to generate 77 GHz of the FMCW signal. Frequency variance
is measured via a trilateral sweep for approximating the target
distance as well as for evaluating the interval time amid the
transmitted signal and received echo. Considering that fc is the
carrier frequency, Tm is the sweep time, B is the bandwidth, and R
is the distance between the target and radar-equipped vehicle, the
range frequency fr is given by [29]

fr � 2 × R × B

Tm × C
(1)

A larger quality parameter (Q-factor) of the RF-LFM
modulator is achieved by matching the trip time of the local
oscillator and the sweep rate of frequency [30]. The transfer
function of the modulator is given in Eq. 2 as [31–33]

Eout

Ein
� cos(∅o + π S(t)

2vπ
) (2)

where Eout and Ein are the input and output optical fields, vπ is the
voltage required to change the optical power transfer function
[32], ∅i is the initial phase, and S(t) is the RF-LFM signal power
that can be expressed as [32]

S(t) � Ac cos(2πfct + πB

Tm
t2) (3)

where fc is the start frequency, B is the sweep bandwidth, andAc is
the amplitude of the LFM signal. For direct detection schemes,
MZI modulator output power is stated as [32]

ETx(t) �
��
Pt

2

√ [1 + β

2
cos(2πfct + πB

Tm
t2)]. e(jωot + θo(t)) (4)

where β is the modulation index (β <<1), ωo is the angular
frequency of the transmitted signal, and θo(t) is the random-
phase component. Sweep bandwidth B of the system is
600MHz.

The output-modulated signal is focused on the target via a
free-space channel using a transmitting and receiving
telescope lens with corresponding aperture sizes of 5 and
15 cm. This free-space network is demonstrated via
MATLAB™ to spot the immobile object. Several factors,
specifically angular dispersion, atmospheric transmission,
and target reflectivity, affect the echo signal from the
target at the receiver section. The received power of the
echo signal Pr is calculated as [29]

Pr �
⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩

Pt
ρt D

2 τoptτ
2
atm

4R2 for extended target

Pt
ρt AtD

2 τoptτ
2
atm

4R2Aill
for any target

(5)

where D is the receiver aperture diameter, ρt is the target
reflectivity, At is the target area, τopt is the transmission loss in
the optical domain, τatm is the atmospheric loss factor, Aill is the
illuminated area at the target, and R is the target range. The
echoed signal power Eref at the receiver is given as [29]

Eref(t)
� ��

Pr

√ [1 + β

2
cos(2πfc (t − τ) + πB

Tm
(t − τ)2].e(j(ωo−ωd)t+ θo(t))

(6)

where τ is the propagation delay given as τ � 2 × R/c. With the range
of 750m, the delay time is computed as 5 μs at the pulse repetition
frequency (PRF) of 200 kHz. In the receiver section, as there is no
optical mixing performed in the direct detection method, it depends
upon square-law photo detection. The output current of the
photodiode having the responsivity R is expressed as [34]

iph(t) � R.Pr (1 + β

2
cos(2πfc (t − τ) + πB

Tm
(t − τ)2))2

(7)

TABLE 1 | System parameter.

Constraint Value

Start frequency 77 GHz
Bandwidth 600 MHz
PRF (pulse repetition frequency) 200 KHz
RF spectrum resolution 1 MHz
CW laser wavelength 1550 nm
Output power 40 mW
Laser line width 100 KHz
OSA resolution 0.02 nm
Range 750 m
Transmitter aperture lens 5 cm
Receiver aperture lens 15 cm
Additional losses 2 dB
Transmission losses 1 dB
Turbulence High
Geometrical losses 2 dB
Index refractive structure 10−15 m−2/3

Optical detector PIN
Responsivity 1 A/W−1

Sampling rate 4 GHz
Photo-detector bandwidth 40 GHz
Receiver noise temperature 290 k
Load resistance 50 Ω

Bandwidth (shot) 4 MHz
Thermal noise 10−24 WHz−1

Optical amplifier 20 dB
Electrical amplifier 40 dB
DMZM -ve quadrature point
Switching RF voltage 4 v
Switching bias voltage 4 v
Extinction ratio 30 dB
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The filtered photocurrent signal to acquire the baseband signal
is given as [32]

iph(t) � Idc + isig(t)

≈ R.Pr (1 + β

2
cos(2πfc (t − τ) + πB

Tm
(t − τ)2))2 (8)

where Idc and isig are the dc and ac photo-detected current signals,
respectively.

The photo detector used in this work is a PIN-type photo diode
with a bandwidth of 40GHz with considered device constraints such
as amplified spontaneous noise (ASE), shot noise, and thermal noise.
The output signal from the photo detector is then amplified using an
electrical amplifier with the gain of 40 dB and the mixture using a
multiplier with the RF-LFM signal. The mixed signal is fed into a
rectangular low-pass filter (LPF) with the cut-off frequency of 1GHz.
The beat signal after LPF is given as [29]

Sb(t) � AcRPrβ cos(2πfcτ − πB

Tm
τ2 + 2πfrt) (9)

Responsivity of the PIN photo detector employed in the
system is 1 AW-1. The performance of the system in terms of
signal-to-noise ratio (SNR) is measured using an electrical signal
analyzer after a photo detector as [29]

SNRdir � β2R2P2
r/2

2qRPrBrx + 4kbTrBrx/RL
(10)

where Brx is the receiver bandwidth, q is the electrical charge ≈1.6
× 10–19 c, kb is the Boltzmann constant ≈1.38 × 10–23 J/K, Tr is the
receiver noise temperature, and RL is the load resistance.

RESULTS AND DISCUSSION

The photonic radar system is designed using OptiSystem™ software,
and a free-space path propagation model using MATLAB™

software is first tested for clear weather conditions for a target
range of 750 m. An immobile target is considered with 10%
reflectivity that means only 10% of the transmitted power is
received from echoes for processing and rest of the 90% is either
scattered or absorbed. Figure 3 depicts the target detection and range
frequency observed from echoes reflected by the stationary target.

Range frequency (fr) is calculated theoretically using Eq. 3 as
300MHz at a sweep time of10 µsec. The same is shown using the
simulated results in Figure 3A where the peak is observed at
300MHz frequency at the power level of 22.5 dBm. Similarly, the
theoretical values of 150MHz range frequency at 20 µsec and
100MHz at 30 µsec are calculated, and similar peaks can be
observed in Figure 3A. Subsequently, the target range can further
bemeasured if range frequency is known by simply reversing Eq. 1
as R � fr × Tm × c

2 ×B ; for example, the range at a range frequency of
150MHz will be 375m, and at 150MHz, the range will be 250m.

The measured value of the range and range-frequency using
mathematical as well as simulation methods affirms that the
demonstrated photonic radar system has precisely reported
detection and ranging of the stationary target. Likewise, the
received power measured using an electrical analyzer as
23.10 dBm and 26.51 dBm at 10 and 30 µsec, respectively,
confirms sufficient signal strength at the photodiode.
Consequently, SNR is measured as 68 dB and 74 dB at 10
and 30 µsec, respectively. Likewise, range frequency can be
premeditated keeping the range static and varying the time
sweep and bandwidth. Figure 3B depicts the effect of
increasing the aperture area of the telescopic lens. The
proposed system observes an increase of 13 dBm in the
signal strength of the received echoes. The signal strength
of 23 dBm and 36 dBm is measured using the receiver lens with
an aperture area of 15 and 30 cm, respectively. Thus, the size of
the receiver can be kept as per the requirements of the received
echo signal strength if the total size is not of much concern. In
this work, the size of aperture lens at the transmitter is fixed as
5 cm, and at the receiver, as 15 cm.

FIGURE 3 | Target detection in clear weather at range 750 m. (A) Range frequency measurement at different sweep times of 30, 20, and 10 µsec; (B) target
detection with different receiver aperture sizes.
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Autonomous vehicles are reliant upon photonic radars on
behalf of most of the conveniences, and hence, they should be
able to deliver extended range visibility for precise recognition
of the target even under severe atmospheric conditions.
Usually, zero visibility in the AV segment is the visibility of
fewer than 50m under adverse atmospheric conditions such as
fog, snow, or rain and may possibly lead to mishaps [35].
Therefore, the performance of the proposed photonic radar
system is further studied under the effects of fog and rain. Fog is
the amalgamation of several rudiments that result in
dispossession of overall system performance [36, 37].
Usually, the range in foggy surroundings is in hundreds of
meters (less than 1 km) but can be abridged to a few meters in
the course of dense foggy conditions. For the proposed
photonic radar, the system is subjected to 4 different fog
conditions as per the international visibility code [38],
i.e., thick fog with the visibility of 200m and the attenuation

value of 70 dB/km, heavy fog with the visibility of 350m and the
attenuation value of 50 dB/km, moderate fog with the visibility
of 500m and the attenuation value of 28.9 dB/km, and light fog
with the visibility of 770m and the attenuation value of
18.3 dB/km.

Rain is another key-degrading aspect on the effectiveness of
photonic radar, particularly at the mm-wave band. Hence, the
effect of heavy rain and its droplet size is obligatory to be
considered on the competence of the proposed system,
particularly in the AV applications. The attenuation due to
rain is dependent upon the droplet size and rate of pouring,
and it can be computed as [39]

Arain � k.Rα
o (11)

where Arain is the attenuation due to rain, Ro is the rate of
rainfall in mm/hr, and k and α are the power law factors of
dependent variables such as droplet size, frequency, and

FIGURE 4 | Target detection under foggy weather at range 750 m with range frequency at different attenuation levels with sweep times (A) 10 µsec and (B)
30 µsec.

FIGURE 5 | Target detection under rainy weather at range 750 mwith range frequency at different attenuation levels with sweep times (A) 10 µsec and (B) 30 µsec.

Frontiers in Physics | www.frontiersin.org September 2021 | Volume 9 | Article 7475986

Sharma et al. PhRad for AV’s Using FMCW

97

https://www.frontiersin.org/journals/physics
www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles


temperature and can be computed using the Marshall–Palmer
distribution [40]. At 77 GHz operating frequency, the
corresponding values of k and α are computed as 1.210 and
0.772. Considering the heavy rain condition at 55 mm/h, the
attenuation Arain comes out as 24 dB/km. Likewise, computed
attenuation for mild rain at 25mm/h is 14.25 dB/km, for light
rain at 5 mm/h is 4 dB/km, and for drizzle at 0.25mm/h
attenuation is 0.6 dB/km.

Another important factor to be considered in photonic radar
modeling is the selection of optimal operating wavelength and
frequency bands as the higher frequency used in the mm-wave
band tends to be affected by atmospheric fluctuations especially
in the AV sector. Authors have considered designing target
models such as losses viz. geometric loss, transmission loss,
and pointing and scintillation loss. The system is further
exposed to refractive index variation by utilizing the
gamma–gamma distribution model [41].

As shown in Figures 4A and B, different fog conditions
with corresponding attenuation are summed up at 10 and
30 µsec, respectively. Similarly, in Figures 5A and B, strong-
to-weak rainy conditions with corresponding attenuation are
summed up at 10 and 30 µsec, respectively. The improvement

of ≈ 4–5 dBm received power is observed at increased sweep
time, and the improvement of ≈ 3–5 dB is observed in the
SNR value.

The comprehensive values of the received power (dBm) and
SNR (dB) observed by the electrical analyzer at different
attenuation levels are specified in Table 2.

Figure 6 depicts the SNR value under the influence of
atmospheric fluctuations (varying attenuation levels) over a
wide transmission range (up to 3000m) detected via the photo
detector at different sweep times. For successful reception of
signals, the minimum acceptable SNR value is fixed at 20 dB.
With a sweep time of 10 µsec under thick fog conditions
(70 dB/Km), the echo is received at 905 m, while at a sweep
time of 30 µsec, the echo is received at 950 m. Similarly, ≈
40–50m of improvement can be seen in other conditions as
well. Due to the limitation of the designed system and
parameter constraints, the maximum range observed was
3000m, while mild rain to drizzle conditions were still to
be verified for the maximum transmission range. Hence, it can
be concluded that the proposed photonic radar can sense the
maximum distance at severe atmospheric conditions, whereas
the maximum transmission range can be well above 10000m
for light rain conditions (4 dB/km).

Figure 7 shows the relation between SNR and attenuation
at 10 and 30 µsec sweep times to understand the
corresponding variations between the signal and noise with
respect to the attenuation. Initially, for an attenuation level
up to 30 db/km at a sweep time of 10 and 30 µsec, the SNR
value holds good up to 70 dB and 74 dB, respectively, but, as
the attenuation increases from 30 dB/km to 75 dB/km, the
SNR linearly decreases toward zero. The graph clearly
indicates that beyond 70 dB/km, the SNR falls below the
20 dB value which is minimally acceptable [42]. The graph
also testifies the proposed model signal reception up to 70 db/
km of attenuation conditions.

TABLE 2 | Power and SNR values obtained at different attenuation levels.

Attenuation level Power SNR

10 µsec 30 µsec 10 µsec 30 µsec

Thick fog (70 dB/km) −82.89 −78.91 21.10 25.08
Heavy fog (50 dB/km) −54.89 −49.91 51.10 55.08
Moderate fog (28.9 dB/km) −20.24 −16 67.18 72.77
Low fog (18.3 dB/km) −4.34 −0.1 66.11 73.92
Heavy rain (24 dB/km) −9.89 −5.91 67 71.09
Mild rain (14.25 dB/km) 4.72 8.70 71.01 74.36
Light rain (4 dB/km) 16.5 20.08 71.04 74.93
Drizzle (0.6 dB/km) 20.05 24.87 71.83 75.48

FIGURE 6 | SNR (dB) vs range at different attenuation levels (atmospheric conditions) at (A) 10 µsec and at (B) 30 µsec.
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CONCLUSION

In this article, the frequency-modulated continuous wave
(FMCW)–driven photonic radar was modeled for range
detection of stationary targets by sensing reflected echoes
under the influence of atmospheric fluctuations in terms of
attenuation using the direct detection method. Successful
target detection and ranging have been reported, and
furthermore, the system is verified under weak-to-strong
turbulences. Outcomes of the proposed system achieve an
enhanced target range of 905m under thick fog condition,
1090m with heavy fog, 1920 m with moderate fog, and
2280 m with heavy rain. Presented results conclude that
atmospheric fluctuations (70 dB/km and above) affect the

range resolution of the photonic radar. Furthermore,
augmentation in the attenuation due to smog (smoke +
fog) conditions of cities may affect the working of AVs
which must be considered along. It can further be
extended to a range and detect moving targets with
multiple-object tracking.
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Free space optics (FSO) has been recognized as a crucial technique to meet the high-
bandwidth requirements in future wireless information transmission links. It provides a
feasible solution to the last-mile bottleneck problem due to its merits that include high-
speed data transportation and secure and low-latency networks. Due to thesemerits, FSO
is a reliable technology for future health-care and biomedical services like the transmission
of biomedical sensor signals. But the main limiting factor in the data transmission
employing FSO links is adverse atmospheric weather conditions. This research work
reports the designing and simulative evaluation of the performance of a high-speed
orthogonal frequency division multiplexing–based free space optics link by
incorporating wavelength division multiplexing of two independent frequency channels
(193.1 THz and 193.2 THz) along with mode division multiplexing of distinct spatial laser
Hermite–Gaussian modes (HG01 and HG03). Four independent 20-Gbps quadrature
amplitude-modulated data signals are transported simultaneously under different
atmospheric weather conditions using the proposed link. Also, the link performance
has been investigated for an increasing beam divergence angle.

Keywords: FSO, WDM, MDM, HG modes, atmospheric weather conditions, beam divergence, biomedical services

INTRODUCTION

Recent years have seen a significant increase in network traffic due to growth in the use of multimedia
applications consuming high channel bandwidth like video conferencing, fast Internet, and live
streaming. This has challenged the limited and congested radio frequency (RF) spectrum–based
conventional wireless transmission systems [1]. Free space optics (FSO) is considered a promising
solution to meet the high capacity and large transmission rate demand of the users. Optically
modulated carrier signals are used to carry data signals over the free space medium between tightly
aligned transmitter and receiver units. FSO technology has numerous merits, such as quick and easy
installation, high channel bandwidth, immunity to electromagnetic interference, a high-speed
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network, secure data transmission, and license-free spectrum
availability [2–5]. Orthogonal frequency division multiplexing
(OFDM) is a subset of multi-carrier modulation techniques using
which a high–bit rate signal is transported over several low-speed
subcarriers, which are spaced closely in the frequency domain
and are orthogonal to each other, thus eliminating the inter-
carrier interference [6, 7]. By incorporating OFDM technology
with FSO links, highly reliable long-reach data transmission links
can be realized. Here, the authors in references [8–10] report the
design and performance investigation of the OFDM-based FSO
terrestrial link under the effect of different atmospheric
conditions. To increase the data-carrying capacity of the link,
wavelength division multiplexing (WDM) can be used which
transmits multiple information signals at the same time over the
same medium using different wavelengths [11–14].

Mode division multiplexing (MDM) is an important and
evolving transmission technique that capitalizes on different
spatial modes of a single laser beam to transport independent
data signals over the same channel. The authors in references
[15–17] report optical signal–processing techniques to generate
and de-multiplex different laser modes. The application of a
spatial light modulator to multiplex and de-multiplex optical
spatial laser beams has been reported in references [18, 19]. Y.
Jung et al. proposed the application of dual-fused optical fiber for
MDM transmission applications in reference [20]. A. Amphawan
et al. report the application of a photonic crystal fiber with a single
core to generate different linear polarized (LP) modes. In recent
years, the incorporation of MDM in optical fiber links has been
extensively investigated to realize high-speed transmission [21].
A. Juarez et al. reported an MDM system capable of realizing
high-speed data transmission in multi-mode fiber (MMF) links
using linear polarized (LP) modes [22]. The authors reported
feasible transportation of 120-Gbps data with 3 GHz-km
bandwidth–length product over an MMF link of 50 km length

using a multi-mode erbium-doped fiber amplifier (EDFA) at the
receiver unit. T. Kodama et al. reported a novel hybrid all-optical
MDM code division multiplexed system to realize future
generation optical access networks [23]. The authors
experimentally reported feasible transmission of 2 LP modes ×
4 phase-shift–keyed optical codes × 10-Gbps on–off–keyed data
streams over a 42 km fiber length using a single-mode and a
multi-mode fiber without the application of dispersion
compensation. T. Masunda et al. proposed hybrid MDM and
WDM architecture to realize high-speedMMF interconnects[24].
Six independent vertical-cavity surface-emitting laser diodes are
used, where each wavelength generates three distinct
Laguerre–Gaussian (LG) modes to realize 18 parallel channel
transmissions. The authors report feasible 60 Gbps transmission

FIGURE 1 | Schematic design of the proposed link.

FIGURE 2 | Optical spectrum of the transmitted signal.
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over a 2.5-km MMF link by using a novel tap configuration in a
feed-forward equalizer to mitigate the effects of inter-mode
coupling.

R. Murad et al. reported a high-capacity MDM system using
hybrid modes for high-capacity optical interconnects in data
centers [25]. The authors reported feasible transportation of
44-Gbps data using two helical-phased ring modes over a
1,550.12-nm channel and two radially offset Hermite–Gaussian
(HG) modes over a 1,551.72-nm channel along an MMF of
1,500 m range with an acceptable bit error rate of the system.
E. Hamed et al. reported the performance comparison of three
different types of optical fibers, that is, a step-index few-mode
fiber (FMF), graded-index FMF, and transversal index-FMF in a
spectral-efficient MDM system [26]. Three distinct LP modes,
where each mode carries 10-Gbps quadrature amplitude-
modulated (QAM) data signals are transmitted over all the
three optical fiber types. The authors reported that transversal
index-FMF performs the best and demonstrated a feasible 500 km
transmission of 30-Gbps QAM data with good performance. Z.
Feng et al. reported an ultra-high channel capacity optical access
network based on hybridization ofMDM andWDM technologies
with advanced modulation formats [27]. The incorporation of the
200-Gbps polarization division multiplexed (PDM)-16-level-
QAM-OFDM data signal has been proposed in the system.

The authors reported feasible data transmission of 4
wavelength channels × 6 spatial modes × 200 Gbps QAM data
signals along a 37-km MMF with seven cores with acceptable
performance.

The application of the orbital angular momentum (OAM)
dimension of the optical signal to carry different independent
information channels for realizing high-speed optical
networks has been reported by many research groups in the
last few years. The design of a hollow-core optical fiber capable
of transporting 16 distinct OAM modes to realize high-
capacity long-range MDM transmission has been reported
by C. Brunet et al. in reference [28]. X. Zhang et al.
reported the fabrication of a circular photonic crystal fiber
capable of supporting 14 distinct OAM modes with low
confinement losses and low nonlinear coefficients [29].
Also, the authors reported the fabrication of a multi-mode
EDFA based on the circular photonic crystal fiber capable of
reliably amplifying all 14 modes with 20 dB gain. The
designing of a novel photonic crystal fiber, capable of
supporting 26 OAM modes with low confinement loss, low
nonlinear coefficient, and high bandwidth for long-haul
spectrum-efficient MDM transmission in future optical
access networks, has been reported by M. Hassan et al. in
reference [30]. K. Ingerslev et al. reported feasible

FIGURE 3 | Mode intensity profile of (A) HG01 and (B) HG03.

FIGURE 4 | SNR for (A) 1931. THz channel and (B) 193.2 THz channel under clear weather.
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transportation of 12 OAM modes, where each mode carries 10
Gbaud quadrature phase-shift–keyed (QPSK) signals over a
1.2-km MMF link with good performance [31]. Further, the
authors have demonstrated ultrahigh capacity reliable
transmission by using 60 independent wavelength channels
with a channel spacing of 25 GHz. A. Tatarczak et al. reported
an experimental demonstration of feasible transportation of
three distinct OAMmodes, where each mode transported a 10-
Gbps on–off–keyed signal over a 400-m MMF link for short-
reach links and high-capacity data centers [32]. F. Al-Zahrani
et al. reported the development and analysis of a ring-core
photonic crystal fiber with high refractive index separation,
capable of supporting 76 OAM modes and six LP modes for
large-speed high-range optical communication networks [33].
The free space transmission of OAMmodes showing a spectral
efficiency of 95.7 bit/sec/Hz with a net information rate of
100.8 Tbps and a 1.1 km MMF transmission of OAM modes to
realize a 1.6 Tbps optical fiber network has been discussed by
J. Wang et al. in reference [34].

The application of OAM modes to realize high-speed FSO
links has also been reported by different research groups [35–39].
The designing and evaluation of a low-density parity check coded
FSO link incorporating high-capacity transmission under strong
turbulence conditions using OAM multiplexing has been
discussed by Z Qu. et al. in reference [35]. The use of OAM
multiplexing for deep space applications and multi-gigabit near-
Earth optical networks has been reported by I. Djordjevic in
reference [36]. Z. Qu. et al. reported a multi-gigabit capacity FSO
link incorporating hybrid OAM multiplexing and WDM
techniques [37]. Further, the link performance under strong
turbulent conditions has been improved by deploying adaptive
optics and channel coding techniques. L. Li et al. reported an
OAM-multiplexed FSO communication system, where 80-Gbps
information is transmitted between two ground terminals
separated at 100 m via an unmanned aerial vehicle (UAV)
using two independent 40-Gbps QPSK-modulated OAM
beams [38]. Z. Zhao et al. reported an ultrahigh capacity FSO
communication system over strong atmospheric turbulence
conditions by incorporating hybridization of OAM
multiplexing, polarization multiplexing, and frequency
multiplexing [39]. The research works in references [40–44]

report the simulative analysis of MDM-based high-capacity
radio over fiber (RoF) links.

The main motivation here is to model an FSO link capable of
securely transmitting biosensor data in health-care facilities
under different atmospheric conditions at high bit rates. We
discuss the simulation designing and evaluation of the OFDM-
FSO link with high-speed data transmission capabilities using
WDM and MDM techniques under different atmospheric
conditions. The link design is reported in Link Design of
Wavelength-Mode Division Multiplexing-Orthogonal Frequency
Division Multiplexing-Based Free Space Optics Link Section, and
the simulative evaluation results are discussed in Numerical
Results Section. Conclusion Section concludes this research work.

LINK DESIGN OF WAVELENGTH-MODE
DIVISION MULTIPLEXING–ORTHOGONAL
FREQUENCY DIVISION
MULTIPLEXING–BASED FREE SPACE
OPTICS LINK

Figure 1 presents the schematic design of the proposed FSO link.
OptisystemTM simulation software v.15 has been used for
designing and evaluating the FSO link.

Four 20-Gbps OFDM-encoded data signals are transported
over the FSO channel under different weather conditions. Two
channels (1 and 2) are transmitted at 193.1-THz frequency over
HG01 and HG03 modes, and another two channels (3 and 4) are
transmitted at 193.2 THz frequency over HG01 and HG03
modes. A WDM multiplexer is used to combine the two
frequencies at the transmitter side. Figure 2 presents the
optical spectrum of the transmitted signal.

The HG modes can be mathematically described using the
equation [45]:
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FIGURE 5 | Signal power for (A) 1931. THz channel and (B) 193.2 THz channel under clear weather.
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FIGURE 6 | Constellation plots after 32 km range for 193.1 THz channel (A) HG01 mode and (B) HG03 mode; for 193.2 THz channel (C) HG01 mode and (D)
HG03 mode.

FIGURE 7 |RF power after 32 km range for 193.1 THz channel (A)HG01mode and (B)HG03mode; for 193.2 THz channel (C)HG01mode and (D)HG03mode.
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where r is the dependency of mode profile on the X-axis, s is the
dependency of mode profile on the Y-axis, the radius of the beam
is denoted by R, the size of the optical beam at the waist is denoted
by ω0, and Hm and Hn denote Hermite polynomials. Different
HG modes are excited using a spatial laser, and the mode
intensity profiles are illustrated in Figure 3.

For each channel, 20-Gbps data from the information source is
mapped onto 4-QAM symbols, where two bits are transmitted per

symbol. This signal is further OFDM modulated in the electrical
domain. The specification of the OFDM modulator is 1,024 inverse
fast Fourier transformation points, 512 orthogonal subcarriers, a
cyclic prefix of value 32, and average power of 15 dBm. This signal is
up-converted using a 7.5-GHz quadrature amplitude (QM)
modulator. For each frequency channel, the 4-QAM-OFDM
spatially modulated signals are combined using an MDM
multiplexer (MUX). The distinct frequency channels are then

FIGURE 8 | SNR plots for (A) 1931. THz channel and (B) 193.2 THz channel under low fog.

FIGURE 9 | Signal power plots for (A) 1931. THz channel and (B) 193.2 THz channel under low fog.

FIGURE 10 | SNR plots for (A) 1931. THz channel and (B) 193.2 THz channel under heavy fog.
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multiplexed using a WDM MUX (Figure 2), and the information
signal is transmitted using a transmitter lens.

The link equation can be described as [46]:

PReceived � PTransmitted ( d2
R

(dT + θZ)2)10−σZ/10, (2)

where dR denotes the aperture diameter of receiver lens
(100 mm), dT denotes aperture diameter of transmitter lens

(100 mm), θ denotes the size of the optical beam/divergence
angle (0.25 mrad), Z denotes the FSO range, and σ is the
attenuation coefficient for varying climate conditions. The
attenuation coefficient for low fog, heavy fog, and clear
conditions is 9, 22, and 0.14 dB/km, respectively [47]. At the
receiver, individual frequency channels are separated using the
WDM de-multiplexer (DEMUX), and for each frequency
channel, independent spatial channels are separated using

FIGURE 11 | Signal power plots for (A) 1931. THz channel and (B) 193.2 THz channel under heavy fog.

FIGURE 12 | SNR plots for (A) 1931. THz channel and (B) 193.2 THz channel under the effect of the beam divergence angle.

FIGURE 13 | Signal power plots for (A) 1931. THz channel and (B) 193.2 THz channel under the effect of the beam divergence angle.
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MDM DEMUX. An APD photodiode converts the optical signal
into its electrical equivalent. Originally transmitted message bits
are recovered using OFDM and QM demodulator sections.

NUMERICAL RESULTS

Figures 4, 5 illustrate plots for SNR and the signal power with an
increasing range in the proposed link under clear weather.
Figure 4A shows that channel 1 transmitted over the HG01
mode performs notably better than channel 2 transmitted over
the HG03 mode at 193.1 THz frequency. For channel 1, the SNR
value at the receiver terminal is measured as 34.67, 23.75, and
15.44 dB, whereas for channel 2, SNR is reported as 31.29, 19.62,
and 10.31 dB at 10, 25, and 40 km, respectively. Figure 4B shows
that for channel 3, the SNR value is 34.88, 24.14, and 16.16 dB,
whereas for channel 4, the SNR value is 31.52, 20.16, and 11.23 dB
at 10, 25, and 40 km, respectively. It can be seen that for the
193.2 THz frequency channel, the HG01 mode outperforms the
HG03 mode.

Figure 5A shows that for the channel 1, the signal power is
−27.93, −47.78, and −60.02 dBm, whereas for channel 2, the
signal power is −34.39, −54.22, and −66.32 dBm at 10, 25, and
40 km, respectively. Figure 5B shows that for channel 3, the
signal power is −26.03, −45.88, and −58.14 dBm, whereas for
channel 4, the signal power is −32.49, −52.33, and −64.49 dBm at
10, 25, and 40 km, respectively. A feasible transmission of 4 ×
20 Gbps information at 32 km with fair performance metrics
(SNR ∼ 20 dB) [40] is observed from the results presented.
Figure 6 reports constellation plots, and Figure 7 reports the
RF power of the signals at 32 km.

Further, the W-MDM-OFDM–based FSO link is evaluated for
low and heavy fog conditions. Figures 8, 9 report SNR and signal
power plots for different channels under low fog conditions in the
proposed link. Figures 8A,B show that the SNR reduces from
48.83, 45.59, 49.01, and 45.77 dB to 16.13, 11.07, 16.82, and
11.96 dB for channels 1, 2, 3, and 4, respectively, for the link
range increasing from 800 to 3,000 m under low fog conditions.
Similarly, Figure 9A,B show that the signal power reduces from
0.04, −6.41, 1.94, and −4.51 dBm to −59.12, −65.44, −57.23, and
−63.60 dBm for channels 1, 2, 3, and 4, respectively, for the link
range increasing from 800 to 3,000 m under low fog conditions.

Figures 10, 11 present SNR and signal power plots for
different channels under heavy fog conditions. Figures 10A,B
show that the SNR reduces from 50.96, 47.72, 51.14, and 47.90 dB
to 13.36, 8.01, 14.17, and 9.01 dB for channels 1, 2, 3, and 4,
respectively, for the link range increasing from 500 to 2000 m
under heavy fog conditions. Similarly, Figures 11A,B show that
the signal power reduces from 4.29, −2.16, 6.18, and −0.26 dBm to
−62.67, −68.87, −60.81, and −67.09 dBm for channels 1, 2, 3, and
4, respectively, for the link range increasing from 500 to 2000 m
under heavy fog conditions. It can be observed that for low fog,
the link prolongs to 2,800 m, whereas for heavy fog, 1750 m range
is supported with fair performance (SNR ∼ 20 dB).

In this study, we also discuss the impact of the increasing beam
divergence angle on the performance of the proposed link.
Figures 12, 13 demonstrate SNR and signal power plots,

respectively, with an increasing angle of beam divergence. From
the results presented, it can be seen that SNR varies from 39.73,
36.85, 40.12, and 36.49 dB to 21.57, 17.10, 21.75, and 16.57 dB as the
beam divergence angle increases from 0.2 to 1.6 mrad for channels 1,
2, 3, and 4 respectively. Alternatively, the signal power reduces from
−20.59, −27.05, −18.73, and −25.19 dBm to −53.35, −59.76, −51.50,
and −57.92 dBm as the beam divergence angle increases from 0.2 to
1.6 mrad for channels 1, 2, 3, and 4, respectively. Degradation in the
received signal quality with the increasing angle of beam divergence
can be observed from the reported results. This is because increasing
beam size results in lesser optical power collected at the receiver
plane and higher power lost to the surroundings, thus degradation in
the link performance.

CONCLUSION

In this study, an FSO link is proposed for providing biomedical
services, and we report a successful transmission of 4 × 20-Gbps
data over an OFDM-based FSO link by incorporating hybrid
WDM and MDM techniques under different atmospheric
conditions. From the results presented, it can be concluded
that the proposed link prolongs to 32 km with acceptable
performance (SNR ∼ 20 dB) under clear weather conditions
which reduces to 2,800 m and 1750 m under low fog and
heavy fog conditions, respectively. Also, the HG01 mode
performs better than the HG03 mode since the former has
more immunity against fading effects due to adverse weather
conditions. Also, the performance of the proposed link under an
increasing beam divergence angle has been discussed. From the
results presented, it can be observed that the performance of the
proposed link degrades in terms of SNR and signal power of the
received signal on increasing the beam divergence angle. In future
studies, dual-polarization transmission along with digital signal
processing techniques at the receiver side can be incorporated in
the proposed system to further enhance the information capacity
and link performance under adverse climate conditions.
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Coherent Detection-Based Optical
OFDM, 60GHz Radio-over-Fiber Link
Using Frequency Quadrupling, and
Channel and Carrier Phase Estimation
Sunil N Thool*, Devendra Chack and Amitesh Kumar

Department of Electronics Engineering, Indian Institute of Technology (ISM), Dhanbad, Jharkhand, India

The optical orthogonal frequency division multiplexing (OFDM) is proven to be a most
promising technology for the next-generation high-capacity and ultra-wide bandwidth 5G
communication systems. 60 GHz millimeter-wave (mm-wave) frequency band is also
becoming a most popular upcoming frequency spectrum due to today’s available
dense frequency spectrum used for mobile, multimedia, and data communication, etc.
We propose a system comprised of 60 GHz radio-over-fiber (RoF) model using optimized
optical frequency quadrupling, coherent detection, channel estimation, and carrier phase
correction techniques for ultra-wide bandwidth 16-quadrature amplitude modulation
(QAM) OFDM baseband signal. The proposed RoF system’s outcomes have shown
relatively better bit error rate (BER) of 3.1 × 10–3 to enable successful transmission of
110 Gbps data for more than 105 km optical link comprising of standard single-mode fiber
(SSMF). System performance and obtained results show a potential to fulfill the
requirements of 5G and cellular communication system.

Keywords: ultra-wide band optical OFDM, radio over fiber, 16-QAM, frequency quadrupling, coherent detection,
60 GHz (mm-wave)

INTRODUCTION

The RoF has grown expressively and achieved good technical maturity in the past 3 decades. The
research is focused on generating, transporting, and distributing radio signal in mm-wave band over
optical fiber to meet the requirement of next-generation broadband 5G technology [1, 2]. In mm-
wave, 60 GHz is the unlicensed spectrum which is becoming popular and would be a most promising
band for 5G communication. Though it has disadvantage of huge propagation loss and caters for
small distance communication, still it is found to be the most suitable wireless communication link
ultra-wide bandwidth access. Inline to the above, it also shows the capability to fulfill the
requirements of upcoming 5G network access [3]. OFDM-based RoF system has been widely
studied and verified performance in terms of spectral signal purity and system robustness
characteristics against optical fiber chromatic dispersion (CD), polarization mode dispersion
(PMD), etc. [4–8]. Some of the studies represented the hybrid mm-wave RoF system optical
OFDM signal transmission using various techniques such as POLMUX, double-lens scheme, and
polarization multiplexing technique over 50 km over SSMF and 20 m wireless link [9, 10].
Performance of any RoF system mainly depends on the characteristics and design
implementation of the elements used. These elements are laser source and its power level,
optical modulator, optical fiber channel, and linear and nonlinear irregularities such as
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chromatic dispersion, PMD, bit rate/data rate, and modulation
and demodulation scheme. In some studies, it is represented as
OFDM transmission using M-ary QAM with in-phase (I) and
quadrature (Q) modulator and transmitted carrier frequency
ranging from 2.4–10 GHz over a SSMF achieved reasonable
data rate transceiver performance. The observed BER and
error vector magnitude (EVM) of such implementation
scheme is quite good, but it is limited to very short range/
distance [4, 6, 8, 13–15]. The M-ary QAM digital modulation
and demodulation technique used in any optical OFDM system
represents better spectral efficiency and achieved good BER for
high-capacity data transmission as compared to the other
modulation technique [11–18]. In addition to this, the robust
performance of the optical transceiver is achieved against the
SSMF linear and nonlinear effect of chromatic dispersion, PMD,
using Mach-Zehnder modulator (MZM) as an external
modulator as compared with the direct modulator [19, 20].
The main challenge of 60 GHz RoF system is the generation
of 60 GHzmm-wave due to the limitation of radio frequency (RF)
signal sources. There are various methods available in the optical
domain for the generation of 60 GHzmm-wave such as frequency
quadrupling and optical heterodyne [21, 22]. A frequency
quadrupling and optical heterodyning is a cost-effective
solution for the generation of 60 GHz mm-wave signal.

This paper proposes a 60 GHz RoF system implementation
using 16-QAM, OFDM with training and pilot symbol. It is also
realized with optical heterodyning, coherent detection, channel
estimation and carrier phase estimation, and corrections
techniques. It consists of central station (CS) which generates
the optical OFDM signal at input data rate of 100 Gbps to
120 Gbps using 16-QAM modulator. OFDM modulation is
carried out with training and pilot symbol insertion for
channel estimation and carrier phase estimation and
correction, respectively. A 60 GHz mm-wave signal generation
is required a highly expensive optical modulator and extremely
stable phase noise local oscillator. In the proposed system, a
60 GHz mm-wave generation is designed through the optical
frequency quadrupling process. In this technique, frequency
multiplication of input radio frequency (RF) source over a
LiNbO3 Mach-Zehnder modulator- (LiNbO3-MZM-) based
linear modulation is used to produce high-frequency mm-
wave signal generation [23–27]. This process provides a cost-
effective solution and tradeoff for the frequency generation of the
60 GHz RF signal and hence becoming more reliable and
economical.

The baseband OFDM signal to optical conversation is achieved
by two orthogonal arms of LiNbO3-MZM. The laser source input to
the two arms of MZM modulators are given by upper optical
oscillators (UOO) frequency generated using the optical
frequency quadrupling technique. The lowest optical oscillator
(LOO) frequency with 60 GHz offset is directly combined with
an optical modulated OFDM signal. The generated two UOO and
LOO frequencies are orthogonally polarized, parallel polarization
with 60 GHz frequency spacing away with respect to the continuous
wave (CW) laser carrier. At the base station (BS), a coherent
detection technique is used to detect a 60 GHz RF signal. It has
the advantage to retrieve the phase information of the transmitted

optical signal [28]. The reference oscillator frequency for coherent
detector is set same as the LLO frequency to convert the optical
signal into 60 GHz RF signal. The generated RF signal is then
propagated over a wireless channel, and it is intercepted by a
remote radio terminal (RRT). The RRT consists of I-Q
demodulator comprising mixer where the mixing of locally
generated 60 GHz signal with received RF signal is taking place.
The mixer output is passed through low pass filter with cut-off
frequency less than 0.2 × data rate/bit rate to eliminate
intermodulation product generated during mixing process. The
output of I-Q demodulator is the baseband OFDM signal which
is highly contaminated by optical channel impartments and passed
through the OFDM demodulator. The same training sequence and
pilot symbols are used in OFDM demodulator for channel
estimation and carrier phase estimation and correction. The
chromatic dispersion compensation technique is used to combat
the effect of dispersion while transmission is over SSMF. The phase
corrected 16-QAM symbols are passed through the demodulator to
detect the received bit stream at the symbol rate of 4 bits/symbol. The
results obtained through the numerical simulation have been
analyzed and discussed at the various stages of designed system.
The frequency spectrums at baseband OFDM, optical frequency
quadrupling-based 60 GHz frequency spacing of optical oscillator
frequencies, transmitted optical frequency spectrum, and received
60 GHz RF spectrum at RRT are analyzed. The 16-QAM
constellation diagram before and after channel estimation and the
carrier phase correction signal processing block are also analyzed for
EVM% and BER estimation. The reliability and robustness of the
proposed design have been verified through the result obtained and
discussed in terms of achieved BER with respect to the received
optical power of SSMF at various lengths varying from 85 to 130 km.
The obtained results are also discussed in terms of EVM% against
the received optical power for the input data rate up to 120 Gbps.
The proposed RoF system would be the best solution to successfully
transmit the data for more than 105 and 110 km SSMF. The BER of
3.1 × 10–3 and 2.9 × 10–3 is achieved at EVM <15% for input data
rates of 110 Gbps and 100 Gbps, respectively, against the received
optical power at BS which is measured around −13 dBm. This
optical power is used to transmit the 60 GHz RF for connecting
different RRTs. This paper is organized as Proposed 60 GHz RoF
System which is describing the proposed 60 GHz RoF system for
OFDM with 16-QAM optical-based link. Simulation Setup, Results,
and Discussion is addressing the verification and feasibility study of
simulation setup, test results, analysis, and discussion. At last, a
conclusion is drawn and discussed.

PROPOSED 60GHZ ROF SYSTEM

Radio over Fiber
The RoF system is very favorable and prominent technique for
today’s wireless access network. It is mainly consisting of CS, BS, and
RRT connected over fiber optic link and RF link. A larger distance
transmission is done for optical signal which is transmitted between
CS and BS while smaller distance communication is carried out
between BS and RRT via RF wireless link. The OFDM baseband
signal is modulated with UOO generated by using frequency
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quadrupling at CS and subsequently it is transmitted through SSMF.
The wireless RF signal transmission between BS and RRT is taking
place. The RRT intercepts the RF signal, demodulates it, and
generates the desired data stream. The block diagram and
complete setup of proposed 60 GHz RoF link are represented in
Figure 1 and Figure 2, respectively.

Central Station (CS)
Following are themajor modules at the CS which are integrated to
realize the proposed RoF system.

16-QAM Modulator
A 16-QAM modulator is used to convert the input data stream
into baseband I-Q symbols with 4 bits/symbol. The 16-QAM
modulator is implemented by splitting the bit sequence into two
parallel subsequences, each transmitted in two arms of I and Q
subcarrier. When transmitting the information, amplitude of a
signal is varied according to the source symbol input.

OFDM Modulator
The 16-QAM I-Q signal is passed through the OFDMmodulator.
The OFDM modulator consists of serial to parallel converter,
inverse fast Fourier transform (IFFT), cyclic prefix (CP) insertion,
and parallel to serial (S/P) with digital to analog (DAC)
conversion with smoothing filter. In OFDM modulator, an S/P
converter block takes the coded serial data from 16-QAM
modulator and the insertion of training and pilot symbol at
the specific symbol interval for channel estimation and carrier
phase correction. The digital input data stream is arranged into
optical symbols allocated by the 16-QAM modulated subcarrier.
This subcarrier signal is passed through the IFFT algorithm

through which all subcarriers are converted into time domain
OFDM symbols and maintain the orthogonality. The OFDM
symbols are again converted into frequency domain to reduce the
dispersive effect of the optical channels. It is achieved by adding a
guard extension called cyclic prefix (CP) to each OFDM time-
domain symbol. It is used to reduce the inter symbol interference
(ISI) and inter channel interference (ICI). Each time-domain
OFDM symbol is again converted into a serial stream using
parallel to serial (P/S) converter, followed by DAC with
interpolation factor, to maintain the desired sampling rate.

Frequency Quadrupling
A CW laser diode ran at fundamental frequency of f 0 � 2π/ω0

and emitted the light wave of E0(t) � E0 exp(jω0t). The RF local
oscillator with clock ofVRF � VRF sin(2πRFt) is being modulated
with light wave generated by laser source using LiNbO3-MZM.
LiNbO3-MZM is biased at maximum transmission point to
produce even-order side bands along with carrier. In this
system, first-order sidebands (f 0 ± 2fm) are extracted to
generate the quadruple frequency at the photo-detector. The
resultant RF frequency at photo-detector is 4f m quadruple
signal ((f 0 + 2fm) − (f 0 − 2fm)). The biasing voltages of
LiNbO3-MZM are optimized to modulate the RF signal and
light wave signal to suppress odd-order sideband generation and
canceled out completely. When the modulation index is more
than 2.405, the CW laser carrier frequency gets suppressed. The
optimized biasing of two arms of LiNbO3-MZM generates a
higher-order sideband carrier with a small amplitude. It is mainly
consisting of positive and negative second-order harmonics with
reference to the fundamental carrier [29]. Eq. 1 represents
modulating carrier signal generated at LiNbO3-MZM output,

FIGURE 1 | Block diagram of the proposed 60 GHz radio-over-fiber system.
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E1 (t) � γ1
2

E0 exp( jω0t)[exp(j πVπ
VRf cosωRFt) + exp

( − j
π

Vπ
VRf cosωRFt) ]

∝ γ1E0 J2(mh)[exp j (ω0 − 2ωRF)t + (ω0 + 2ωRF)t], (1)

where c1 is the insertion loss of MZM andmh is the modulation
index and Jn(mh) is the n

th order Bessel function. The two optical
carrier is separated by using two independent band pass filter
(BPF) with bandwidth of 10 GHz. The UOO frequency(ω0 − 2ωRF) is represented by

E2(t) � γ1E0J2(mh) exp j(ω0 − 2ωRF)t. (2)

The LOO frequency is transmitted without modulating
signal, while the UOO is used to modulate optical OFDM
signal.

Optical OFDM Generation
The baseband I and Q signal of OFDM modulator is
represented as

S(t) � I(t) sinωRFt + Q(t) cosωRFt. (3)

The single side band (SSB) modulation using two orthogonal
arms of LiNbO3-MZM modulator is used. Theoretically, it
configured with bias voltages of Vπ

2 and phase difference of π
2.

The modulation index is chosen as α � πI(t)/Vπ and
β � πQ(t)/Vπ . The SSB optical modulated signal is
represented as

E3(t) � γ1γ2 E0J2(mh){exp j(ω0 + 2ωRF)t + π

Vπ
[I(t)

+ jQ(t)] exp j(ω0 + 2ωRF + ωIF)t}, (4)

where γ2 is the insertion loss of MZM. After
combining two optical oscillators, the combiner output is
expressed as

Eequ (t) � E2(t) + E3(t)
� γ1 E0J2(mh){12 exp j(ω0 − 2ωRF)t + γ2 exp j(ω0 + 2ωRF)t}
+ γ1 E0J2(mh) × {1

2
exp j(ω0 − 2ωRF)t + γ2

π

Vπ
[I(t) + jQ(t)]

×exp j(ω0 + 2ωRF + ωIF)t}. (5)

FIGURE 2 | Proposed setup of 60 GHz RoF system.
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This Eequ(t) is generated at CS and transmitted over SSMFwith
standard dispersion and attenuation factor.

Base Station (BS)
The BS is realized with coherent detection and band pass filter
(BPF). The optical coherent detection consists of four high-speed
photo-detectors PIN to convert optical signal into 60 GHz RF
signal. The amount of the current flow through it mainly depends
on the PIN responsivity characteristics. It also preserves the phase
information of the incoming signal which is the main advantage
over the direct detection technique. The optical coherent receiver
consists of a heterodyne receiver design, in which a set of 3 dB
optical couplers, local oscillator (LO) laser, and balanced
detection is used. A 60 GHz mm-wave RF signal generation is
done by detecting optical signal which is received at the end of
SSMF. The beating LO laser frequency is set with 60 GHz
frequency offset of transmitted optical OFDM signal. Due to
coherency nature of this process, it preserves the phase
information of the optical signal. Hence, large distance
communication coverage without any dispersion compensation
technique can be achieved to some extent.

Remote Radio Terminal (RRT)
The RRT consists of the following major blocks.

IQ Demodulator
The detected 60 GHz RF signal from BS is transmitted to RRT for
a short-range coverage over a wireless link. The RF signal is

intercepted by RRT terminal where the I-Q demodulator process
is carried out. The I-Q demodulator consists of mixer, RF LO, and
low pass filter (LPF). The intercepted RF signal is mixed with
60 GHz LO generated locally, followed by LPF with the cut-off
frequency 0.2 × bit rate to discard the intermodulation product
generated by mixing process.

OFDM Demodulator
OFDM demodulator is accomplished by the analog to digital
(ADC) conversion with down-sampling factor to convert
signal into global symbol rate. Dispersion compensation,
removal of CP, fast Fourier transform (FFT), training, and
pilot symbol insertion for channel estimation and carrier
phase noise estimation and correction are used in the
OFDM demodulator. Digital filtering is used to combat
dispersion compensation generated due to propagation over
a SSMF. It is implemented in the frequency domain indicated
in Ref. [30].

G(z,w) � exp( − j.
D.λ2.z
4.π.c

.w2), (6)

where z, w, λ, c, S, λ0, D = Do + S x (λ − λo) are the distance
coverage, angular frequency, wavelength, speed of light,
dispersion slope, reference wavelength, and dispersion
coefficient of the fiber for wavelength, respectively.

To reduce ISI and ICI, CP is added during OFDM
modulator, hence CP is removed at CP removal stage.

FIGURE 3 | 193.07 THz LOO and 193.13 THz UOO Frequencies generation using frequency quadrupling.
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Each time domain OFDM subcarrier is converted back to a
symbol stream by performing FFT, consisting of useful
symbols, pilot symbols, and training symbols. A
constructed transfer function is used to compensate for

CD, fiber non-linearities, PMDs, and polarization-
dependent loss. It also improves the symbol error rate
(SER). The transfer function for dispersion in the
frequency domain can be characterized as

FIGURE 4 | Optical OFDM frequency spectrum.

FIGURE 5 | Transmitted 60 GHz optical OFDM frequency spectrum.
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Hk � 〈tk,training〉
tk,Rx

�
∑tk,training

tk,Rx

Ntraining
(7)

where k is the sub-carrier index, i is the training symbol
index, Ntraining is the number of training symbols, and tk, Rx
are the received symbols in the training symbol locations and
tk, training at the original symbols. In case of any receiver
conFigureuration, the carrier phase will drift over time. It is
usually assuming that the drift remains relatively constant
over each OFDM symbol but changes from one OFDM
symbol to the next. This is compensated by modifying the

transfer function above to one that varies between OFDM
symbols [31].

_
HK ,l � exp(−jφl) |Hk|2

_Hk

, (8)

where l is the OFDM symbol index and ϕl is the estimated phase
over each OFDM symbol.

φl �
1
Np

∑Np

n�1
{arg(yln) − arg(xln)}, (9)

where the index n which goes over the Np pilot symbols is
used within each OFDM symbol, yln is the received pilot

FIGURE 6 | 60 GHz RF spectrum.

FIGURE 7 | 16-QAM constellation at 110 km SSMF for 120 Gbps data rate.
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symbol, and xln is the original transmitted pilot symbol.
Since it is assumed that the phase drift is approximately
constant over each OFDM symbol, an average over the
pilots is taken for calculation. The I and Q symbols are
normalized on each channel to their respective 16-QAM
constellation grid based on normalized threshold decision
setting. Once the decision is set, then the EVM is
calculated as

EVM �
��������∣∣∣∣s − ⌊sRD∣∣∣∣2√
|SD|2

× 100%, (10)

where s is the symbol sequence �( . . . ) which indicates the mean
value and PsRD is the decision of s. The received signals after
decision are compared with the originally transmitted symbols
and count the symbol error and subsequently bit error. The BER
for 16-QAM is estimated as

BER16−QAM � 3
8
erfc( ���������

SNR16−QAM
10

√ ). (11)

SIMULATION SETUP, RESULTS, AND
DISCUSSION

The proposed 60 GHz mm-wave RoF link implementation is built
by using optisystem tool and the obtained results are analyzed in
MATLAB. A simulation setup diagram for the proposed system is
depicted in Figure 2. At the CS, a CW laser is tuned with frequency
of 193.1 THz with linewidth of 10MHz. It is used as light source of
LiNbO3-MZM modulator. A 15 GHz LO signal is applied as the
RF input to the LiNbO3-MZM modulator and amplitude of RF
source is set as 6 V peak-peak. The extinction ratio and bias voltage
of LiNbO3-MZMmodulator are set as 30 dB and 4 V, respectively.
The output of LiNbO3-MZM modulator generates two optical

FIGURE 8 | 16-QAM constellation at 115 km SSMF for 110 Gbps data rate.

FIGURE 9 | 16-QAM constellation at 115 km SSMF for 100 Gbps data rate.
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oscillator frequencies by frequency quadrupling of 15 GHz with
respect to CW laser carrier frequency of 193.1 THz. The generated
optical oscillator frequencies 193.07 THz, LOO, and 193.13 THz,
UOO, maintained the frequency offset of 60 GHz, as shown in
Figure 3. The amplitude of both optical oscillators is amplified by
an optical amplifier with 30 dB gain to compensate the losses
governed during the modulation process. The signal amplitude at
amplifier stage output is measured around −1 dBm.

The two independent rectangular band pass filter (BPF)
centered at the frequency of 193.07 THz and 193.13 THz is
used to separate out two optical oscillators with BW of
10 GHz. A 16-QAM modulator with 4 bits/symbol is used to
map the input pseudo-random data stream at the different data
rates of 100 Gbps, 110 Gbps, and 120 Gbps and generates the
baseband I-Q signal. The 16-QAM, I-Q signals are passed
through the OFDM modulator with 10 training and pilot
symbols located at 25, 44, 64, 84, and 104 OFDM symbols
location which is used for channel estimation and carrier
phase estimation. The total number of 128 OFDM symbols
per frame are generated through the modulation process. It is
observed that the amplitude of OFDM signal generated as
−15 dBm for all input data rates with variation in occupied
channel band width (BW) depends on the input data rate
chosen from 100 Gbps to 120 Gbps.

The baseband OFDM, I-Q signal is passed through optical
conversion block. This block consists of two orthogonal pairs of

LiNbO3-MZM in which the I and Q signals are separately
modulated in optical domain with 90° phase shift. The input
laser source for this optical modulation process is chosen as the
highest UOO 193.13 THz. The optical OFDM spectrum
generated by two arm LiNbO3-MZM is depicted in Figure 4.

The amplitude of the optical OFDM is observed as −27 dBm
which is further combined with the LOO 193.07 THz and
generates 60 GHz mm-wave optical OFDM signal transmitted
over SSMF. The combine output of the 60 GHz mm-wave optical
OFDM is shown in Figure 5.

The generated mm-wave optical signal is propagated over
SSMF optical link with the power loss of 0.2 dB/km with
chromatic dispersion of 16.75 ps/km/nm. To compensate for
the loss of SSMF, an optical amplifier and Gaussian optical
filter are used with 10 dB gain and 60 GHz BW, receptively,
connected between CS and BS. The BS consists of optical
coherent receiver which is designed with two arms of high-
speed photo diode with reference CW laser operated at
193.07 THz. The amplitude of CW laser is set at +10 dBm.
The detected 60 GHz RF signal at the coherent detector output
is shown in Figure 6.

The 60 GHz RF from BS is propagated to the RRT. The RRT
mainly consists of I-Q demodulator in which the signal is
converted into baseband by mixing the incoming RF signal
with locally generated 60 GHz RF signal. The mixer output is
passed through the LPF with cutoff frequency 0.2 × bit rate which
discards the unwanted harmonics and intermodulation products
generated during the mixing process. The output of I-Q

FIGURE 10 | BER vs fiber length.

FIGURE 11 | Received power vs BER.
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demodulator is passed through OFDM demodulator with
chromatic dispersion compensation using digital filtering, a
frequency domain technique for the desired optical fiber length.

The OFDM demodulator also estimated the channel
characteristics as per the 10-training sequence symbol inserted
at the same symbol instances of transmitter training symbols.

A typical 16-QAM constellation mapping symbols diagram
before and after channel estimation is shown in Figure 7,
Figure 8, and Figure 9 for 120 Gbps, 110 Gbps, and 100 Gbps
input data rates, respectively. In addition to this channel
estimation, carrier phase estimation and correction with a
known training pilot symbol are used in the proposed system.
The OFDM demodulator training pilot symbol’s location is set at
the position of 25, 44, 64, 84, and 104 among total 128 OFDM

symbols. The constellation diagram after carrier phase estimation
is shown in Figures 7–9 for 110 km, 110 km , and 115 km for
input data rates of 120 Gbps, 110 Gbps, and 100 Gbps,
respectively.

It is highlighted that carrier phase estimation and correction
are calculated properly, maintaining less BER between received
and transmitted bits stream. After channel estimation and carrier
phase estimation and correction of received OFDM symbols, the
baseband I-Q signal is passed through the QAM demodulator
with 4 bits/symbol setting. Finally, the BER is estimated
between input and received data stream using offline
method. Figure 10 represents the BER performance with
respect to SSMF fiber lengths from 80 to 130km for the
data rates of 120Gbps, 110Gbps, and 100Gbps. A typical

FIGURE 12 | Received power vs EVM%.

TABLE 1 | Comparison of the pervious implementation with the proposed 60 GHz mm-wave OFDM RoF.

Parameters/
Ref. No.

Reference [4]y

2012
Reference [6]x

2015
Reference [8]y

2015
Reference [13]y

2014
Reference [14]y

2017
Reference [15]x

2017
Proposed implementation

Input data rate 3.84 Gbps 10 Gbps 25 Gbps 25 Gbps 4.56 Gbps 10 Gbps 110 Gbps, 100 Gbps
Modulation
scheme

16-QAM 16-QAM 16-QAM 16-QAM 64-QAM 4-QAM 16-QAM

OFDM parameter MBOFDM OFDM OFDM OFDM UF OFDM OFDM OFDM (channel and carrier
phase estimation)

Fiber length 48 km 100 km 50 km 50 km 25 km 25 km 105 km, 110 km
BER -- -- 7.8 × 10–4 8.3 × 10–4 10–4 10–9 3.1 × 10–3, 2.9 × 10–3

EVM 15.84% 19.4% 10.9% 14.6% 6.3% -- <15%

x, simulation results; y, experimental results.
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BER of 9.1 × 10–4, 3.1 × 10–3 and 2.9 × 10–3 is achieved at the
approximate fiber lengths of 90km, 105 km , and 110km for the
data rates of 120Gbps, 110Gbps, and 100Gbps, respectively.

The received power at the end of SSMF based on its length is
varied between –8.2 dBm and –18.23 dBm for 80–130 km fiber
length, respectively. The received power vs BER performance is
shown in Figure 11. It is observed that for the higher data rate of
120 Gbps, the BER of 10–4 to 10–2 is achieved against the received
power from −8.2 dBm to −15 dBm. Similarly, for the data rate of
100 Gbps, the BER of 10–5 to 10–3 is achieved against received
input power from −9 dBm to −15 dBm. Figure 12 shows the
EVM in % against the received optical power at the end of SSMF
for the different input data rates. It can be seen that EVM
increases with the reduction in received power and increases
with reference to fiber distance/length increases.

It is also observed that <15% EVM is measured at the SSMF
length for 105 and 110 km, but due to novel and effective
channel estimation and carrier phase estimation and
correction method, the system maintains the BER less than
3.1 × 10–3 and 2.9 × 10–3 at the input rates of 110 Gbps and
100 Gbps, respectively.

Table 1 highlights the comparison on the implementation of
60 GHz mm-wave RoF system for optical OFDM with some
variations in baseband modulation technique. It is observed that
the proposed implementation is supported for longer distance
communication by using effective utilization of coherent detection,
channel estimation, and carrier phase correction technique and
maintaining the BER 3.1 × 10–3 and 2.9 × 10–3 for SSMF at a
distance of 105 and 110 km, respectively, with EVM <15%. As per
Figure 12, it can be seen that BER is achieved at a threshold value
of EVM <15%. The EVM performance degrades with larger optical
fiber distances due to fiber irregularities and path loss effect.

CONCLUSION

The proposed implementation of the 60 GHz mm-wave RoF
system is designed and verified through numerical simulation.
Also, it is optimized and simplified considerably for the
generation of 60 GHz mm-wave signal using frequency
quadrupling technique, which would be economical compared
to expensive instrumentation. Similarly, the system also uses the
optical heterodyning and coherent detection technique for
regeneration of 60 GHz RF signal propagated to remote radio
terminal. The implemented design also represents its superior
performance using channel estimation and carrier phase
estimation and correction method, which maintains the
desired BER of 3.1 × 10–3 and 2.9 × 10–3 at EVM <15% for
SSMF at 105 and 110 km distance with the input data rates of
110 Gbps and 100 Gbps, respectively. Furthermore, the proposed
RoF model is most suitable for the ultra-wide bandwidth
requirement to satisfy future communication needs.
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GeO2 Doped Optical Fiber Plasmonic
Sensor for Refractive Index Detection
Rahul Kumar Gangwar1, Rui Min1*, Santosh Kumar2 and Xiaoli Li 1

1Center for Cognition and Neuroergonomics, State Key Laboratory of Cognitive Neuroscience and Learning, Beijing Normal
University at Zhuhai, Zhuhai, China, 2Shandong Key Laboratory of Optical Communication Science and Technology, School of
Physics Science and Information Technology, Liaocheng University, Liaocheng, China

In this article, a D-shaped optical fiber refractive index (RI) sensor based on surface
plasmon resonance effect is demonstrated. The gold film is placed at the flat portion of the
optical fiber along with the sensing analytes of the different RIs to excite the plasmonic
interactions. Sensing properties are investigated by using the finite element method. The
maximum sensitivity of the proposed sensor is achieved as high as 20863.20 nm/RIU with
the maximum resolution of 4.79 × 10−6 RIU and figure of merit of 308.38 RIU−1 for an
analyte with RI 1.43 by optimizing the different parameters of the sensor with maximum
phase matching between the core mode and surface plasmon mode. The high sensitivity
of the sensor offers a promising approach for the detection of unknown RI analyte in
chemical and biological fields in the near-infrared region.

Keywords: optical fiber sensor, surface plasmon resonance, gold, refractive index sensor, GeO2 doped silica,
sensitivity

INTRODUCTION

While considerable progress has been made over the last decade in the field of surface plasmon
resonance (SPR)–based optical fiber refractive index (RI) sensors, the steady increase in the
application of these sensors in several fields such as biological, chemical, and health monitoring
etc., always sets a new limit for the research communities [1–3]. SPR is a label-free sensing
technology in which surface plasmon can be excited when an incident polarized light couples
with the surface plasmon wave (SPW) at the interface of the metal-dielectric surface. The wave vector
of the SPW depends on the RI of the surrounding medium which leads to make SPR a very sensitive
technique to detect the variations in refractive indices (RIs) that are primarily caused by the
interactions or binding of the surrounding molecules to the metal surface [4–8]. In traditional SPR
configuration, a total internal reflection–based theory is proposed by Kretschmann and Otto in 1968,
in which the base of a coupling prism is coated with the thin metal (Au or Ag) and the incident
p-polarized light wave excites the surface plasmons at the metal-dielectric interface [9, 10]. However,
this configuration has many limitations and disadvantages like bulk in size, poor reliability, not
suitable for remote sensing, and requires mechanical instruments which limit its uses.

To overcome these issues, SPR-based micro and nanostructured optical fiber sensors (OFSs) have
drawn great attention because of their unique characteristics such as robustness, compact size, fast
response, high sensitivity, online real-time monitoring, electromagnetic immunity etc. Because of
these advantages, the effect to propose new kinds of SPR sensors in different areas of biosensing,
chemical analysis, and environmental control has been expanded exceptionally quickly [11–15]. The
first SPR-based OFS, in which a thin gold film is coated on the fiber core for the excitation of the
surface plasmon, was proposed by Jorgenson in 1993, and till now, different kinds of fiber such as
tapered fiber [16], multicore fiber [17], fiber grating [18], and photonic crystal fiber (PCF) have been
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proposed and utilized for the SPR-based sensing components.
The waveguide property of an optical fiber is altered by some
suitable technique to make it sensitive to the external
environment (generally by removing the cladding). An
alternative to removing the entire cladding of an optical fiber
for a certain length, which reduces power, sustainability, and
reliability, is to use a D-shaped optical fiber sensor, which is
comparatively strong and durable without sacrificing the sensing
properties of the device.

In all of these reported sensors, D-shaped OFS has more
attractive features such as less fragile structure, easy fabrication
process, high sensitivity, and easy access to the large evanescent
field for efficient sensing applications [19]. In 2006, Wang et al.
presented D-shaped optical fiber sensor based on the SPR effect.
In this configuration, a gold film is coated on the fiber and RI
sensitivity increases significantly [20]. A magnetic field sensor
based on the D-shaped optical fiber Bragg grating with the
sensitivity of 1.4403 pm/G was proposed by Lanza et al. in
2011 [21]. In 2015, a D-shaped PCF temperature sensor with
a thin gold film coated on the cladding surface realizing a
sensitivity of 11.6 nm//°C was reported by Shi et al. [22].
Nayak et al. proposed a D-shaped fiber SPR sensor, in which
fiber is coated with silver followed by the graphene layer, with the
maximum sensitivity of 6,800 nm/RIU in the RI from 1.33 to 1.37
[23]. Recently, Pathak et al. presented a concave-shaped OFS
covered with multiple Au nanowires for RI sensing. The gold
nanowires are coated on the concave-shaped channel, located at
the D-shaped portion of the fiber perpendicular to the core. The
maximum sensitivity of the sensor is 4,471 nm/RIU for analyte RI
varying between 1.33 and 1.38 [24]. It is observed that D-shaped
OFSs based on the SPR effect have the advantage of good
flexibility and high sensitivity.

To improve the detection limit and sensitivity of the OFSs, an
SPR-based D-shaped optical fiber RI sensor with a thin gold film
coating on the flat surface of the fiber is presented. The finite
element method (FEM) is used to characterize the sensing
properties of the sensor. The influence of the doping
concentration of the germanium (GeO2) in silica for the fiber
core, thickness of the gold film, and coating distance of gold film
from the fiber core have been studied. By using the wavelength
interrogation method, the maximum sensitivity of 20863.20 nm/
RIU with the resolution of the order of 10−6 has been achieved for
the analyte 1.43 which is the highest compared to the reported
works [23–28].

MATERIALS AND METHODS

For a D-shaped optical fiber plasmonic sensor, observing the
interaction between the evanescent waves (EWs) with
surrounding medium is essential and hence it is required to
investigate the structure very well. The cross-sectional view of the
proposed D-shaped fiber sensor is illustrated in Figure 1. The
metallic film of thickness “tg” is placed on the flat surface of the
optical fiber at a distance “d” from the core of the fiber. Laser
micromachine and side polishing technique can be used to
fabricate this kind of structure. The polishing depth can be
controlled very well [28–30].

The fiber is a conventional single-mode fiber with a core and
cladding diameter of 8.2 and 125 µm. The fiber core (with RI, nco)
and cladding is made up with GeO2 doped silica and fused silica,
respectively. Generally, the core of a fiber is doped with X
percentage GeO2 in silica. The RI as a function of the
wavelength of silica doped with X percentage of GeO2 and
fused silica is calculated from the Sellmeier relation as follows [31]

n2(λ) � 1 + [BS
1 +X(BG

1 − BS
1)]λ2

λ2 − [CS
1 +X(CG

1 − CS
1)]2

+ [BS
2 +X(BG

2 − BS
2)]λ2

λ2 − [CS
2 +X(CG

2 − CS
2)]2

+ [BS
3 +X(BG

3 − BS
3)]λ2

λ2 − [CS
3 +X(CG

3 − CS
3)]2 (1)

In Eq. 1, λ is the wavelength and BS
1� 0.696166300,

BS
2� 0.407942600, BS

3� 0.897479400, CS
1� 0.068404, CS

2� 0.116241,
and CS

3 � 9.896161 are the Sellmeier coefficients for the silica
and BG

1 � 0.8068664, BG
2 � 0.7181585, BG

3 � 0.8541683, CG
1 �

0.06897261, CG
2 � 0.1539661, CG

3 � 1.841193 are the
Sellmeier coefficients for the GeO2, respectively.

Gold (thickness of tg) is used as a metallic film and is placed at
a distance (d) from the core boundary. Drude model has been
used to obtain the dielectric constant of gold as follows [23]

Em(λ) � Emr + iEmi � 1 − λ2λc
λ2p(λc + iλ) (2)

Here, λp � 1.6826 × 10−7 m and λc � 8.9342 × 10−6 m are the
plasma wavelength and the collision wavelength of gold,
respectively.

FIGURE 1 | Cross-sectional view of the proposed D-shaped optical fiber RI sensor.
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The COMSOLMultiphysics based on the FEM is an advanced
simulation software and widely used for scientific calculation and
research in various fields. Here, wave optics module, in the
COMSOL Multiphysics, is used for analyzing the sensing
properties of the proposed sensor. The whole structure is
divided into a small subdomain and surrounded by the
perfectly matched layer (PML) boundary which is applied for
absorbing the light radiated toward the surface during the whole
simulation process.

RESULTS AND DISCUSSION

The proposed D-shaped plasmonic OFS for the RI sensing is
based on the simple SPR effect. In SPR phenomena, the
evanescent field of TM mode (p-polarized) wave excites the
free electrons on the metal surface which produces the surface
plasmon (SP) wave propagating through the metal-dielectric
interface. There is a phase matched condition, at which the
TM mode loses most of its energy to the SP wave, at given
wavelength. This is known as resonance condition and this
wavelength is called resonance wavelength. This resonance
wavelength directly depends on the surrounding medium’s RI.
This resonance wavelength is changed as the RI of the
surrounding medium changing. Hence, by measuring this
resonance wavelength, we can easily obtain the RI of
the medium. Throughout the simulation process of the
proposed sensor, TM mode is considered. During the
simulation process, it is considered that light propagates in
the z-axis and all the model investigation is executed in the XY
plane. As the overlap between the electric field and the metallic
film is increased, an increase in confinement loss appears. The
model loss or confinement loss of the proposed sensor is
obtained from the imaginary part of the effective RI
[Im(neff)] of the guided mode, with the help of the
following relation

α � 8.686 × 2π
λ
× Im(neff ) × 104 (dB/cm) (3)

where λ is the operating wavelength in microns.
Figure 2 shows the dispersion spectrum, the real part of the

effective RI of the fundamental TM polarized core-guided mode
(black line with square), surface plasmon mode (blue line with
square), and the confinement loss (red line with square) of the
core-guided mode for d � 5 nm, tg � 40 nm, and na � 1.41 of the
proposed sensing device. As can be seen, at the resonance
wavelength of 800 nm, the core mode and SPP mode match
which excites the SPP mode. The dielectric core mode is not lossy
but the SPP mode is highly lossy when they are phase matched at
the resonance wavelength. The interaction of the core mode and
SPP mode results a maximum power transfer from the core mode
to the plasmonic mode. It leads a sharp increase in the
confinement loss of the core-guided mode, which is shown in
Figure 2 by the red line with square. The inset of Figure 2 shows
the electric field distributions of TM polarized core mode at
wavelength of 700 nm, surface plasmon polariton (SPP) mode
and resonance mode at 800 nm, and core-guided mode at
860 nm, respectively. From the distribution of electric field of
the resonance mode, it can be seen very clearly that most of the
electric field is present at the metal/dielectric layer.

Apart from the influence of the RI of the surrounding
medium, other parameters such as the thickness of gold film
(tg), the distance (d) between the gold film and the core, and the
doping concentration of the GeO2 in core also affect the
performance of the proposed sensor. The distance of the gold
film has an impact as it decides the strength of the EWs on the
surface plasmon and the phase matching of the SPP with the
guided mode. Figure 3 shows the variation of the resonance
wavelength and corresponding confinement loss with the
distance of the metallic layer from the core at a fixed gold film
thickness of 40 nm and the surrounding analyte with a RI of 1.35

FIGURE 2 | Dispersion relations of the fundamental core-guided mode
(black), SPP mode (red), and confinement loss spectra (black) for d � 5 nm,
tg� 40 nm, and na � 1.41 with 5% GeO2 doped silica core.

FIGURE 3 | Evolution of the resonance wavelength and confinement
loss with gold/core boundary distance (d), for tg � 40 nm, 5% GeO2 doping
concentration and na � 1.35.
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and 5% GeO2 doped silica core. As intended, the resonance
wavelength kept constant while the maximum loss at resonance
wavelength decreases continuously. The confinement loss decreases
as the distance increases. At d � 0 and 5 nm, the confinement loss is
31.53 and 31.23 dB/cm while at d � 1,000 nm, it becomes 3.17 dB/
cm at the wavelength of 600 nm, respectively. For the rest of the
calculation, d � 5 nm has been considered as the optimized value.
These depths can be experimentally achieved by the physical
polishing, chemical etching, or the combination of these two
techniques as previously reported [33].

After optimizing the coating distance, the thickness of the gold
film and the doping concentration of the GeO2 are also optimized.
Figure 4A shows the variation of the resonance wavelength and
corresponding confinement loss with gold thickness varying from 30
to 70 nm at d �5 nm, and 5% GeO2 doped silica core and na � 1.35,
respectively. It is observed from the spectrum that resonance
wavelength shifts toward the higher wavelength and after 50 nm
it becomes constant. The corresponding value of confinement loss
also first increases from 28.45 to 31.23 dB/cm for the thickness tg �
30–40 nm, and after tg � 40 nm, it starts decreasing rapidly to
4.43 dB/cm for the tg � 70 nm. The increase in metallic layer
thickness is responsible for the higher damping loss which
decreases the penetration of the evanescent fields toward the
surrounding analyte. Here, when the thickness of the gold film is
higher than the 40 nm, the higher damping loss causes the overall
decrease in the confinement loss of the guided mode. Therefore, the
optimized thickness of the gold layer is determined to be 40 nm for
the sensor. Variation of the resonance wavelength and confinement
loss with doping concentration of GeO2 for the d� 5 nm, tg� 40 nm,
and na � 1.35 is shown in Figure 4B. As seen from Figure 4B, there
is no variation in resonance wavelength till 12.5% of doping
concentration, and at 15% doping concentration, the resonance
wavelength shifts toward the shorter wavelength. While the
confinement loss at corresponding resonance wavelength
decreases continuously from 31.23 dB/cm to 19.55 dB/cm, the
doping concentration of the GeO2 in silica increased from 5 to

15%. On considering highermodel loss, the optimized value of GeO2

doping concentration is chosen to be 5%.
After getting all the optimized structural parameters, the

proposed sensor is tested for the sensing capabilities and the
transmission spectra (logarithmic) are obtained for the
broad range of the analytes with RI varying from 1.35 to
1.43 as shown in Figure 5. Transmission spectrum of the
proposed sensor has been obtained by the following
relation [34]

T(L, λ) � exp( − 4π
λ
Im(neff)L) (4)

where Im (neff) is the imaginary part of the effective refractive index
and L is length of the sensing fiber. For calculating the transmission

FIGURE 4 | Variation of resonance wavelength and confinement loss with (A) gold thickness (B) GeO2 concentration in silica core for distance at d � 5 nm and na
� 1.35.

FIGURE 5 | Evolution of the confinement loss as a function of
wavelength for analytes with different RIs for 5% GeO2 doped silica core, d �
5 nm, and tg � 40 nm.
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spectrum, we have put L � 1 cm. Here, we can clearly observe a red-
shift in the resonance wavelength with respect to the analyte’s RI,
that is, as the RI of the analytes increases, the confinement loss peak
is shifted toward the higher wavelength.

Figure 6 delineates the variation of the resonance wavelength and
sensitivity as a function of the analyte’s RI (na). The sensitivity is
obtained by the polynomial fit of the derivative of resonance
wavelength with the analyte’s RI. The sensitivity of the proposed
sensor is denoted by “S” and can be obtained by the following relation

S � dλ

dna
(5)

As it can be seen that the sensitivity increases non-linearly
from 2458.98 nm/RIU to 20863.20 nm/RIU for the analyte’s RI
which ranges from na � 1.35 to na � 1.43.

Resolution is another important parameter that describes the
ability of the proposed device to detect a small variation in
analyte’s RI. It is obtained by the following relation

R � Δλmin

S
(6)

where Δλmin is the minimum spectral resolution and S is the
sensitivity of the device. By choosing Δλmin � 0.1 nm, the
maximum resolution of the proposed sensor is found to be
around 4.79 × 10−6 RIU for an analyte with a RI of 1.43. It
means that the proposed sensor can detect a very small change up
to 10−6 in RI of the analyte.

For the comprehensive analysis of a SPR-based sensor, the
figure of merit (FOM) is also a very important and necessary
parameter. It is obtained from the following equation

FOM � S
FWHM

RIU−1 (7)

where S is the sensitivity and FWHM is the resonance’s full width
at half maximum. The FWHM is of interest as a larger FWHMwill
introduce larger uncertainty in detecting the resonance wavelength
which causes a lower resolution. Figure 7 depicts the FOM and

FWHM as a function of the analyte’s RI (na). The FOM is varying
from the 67.53 RIU−1 to 356.83 RIU−1 while the FWHM first
decreases from 36.41 to 21.99 and then increases up to
67.65 nm. This kind of behavior of the FOM is mainly the
result of the non-linear behavior of the sensitivity. The FWHM
of the different loss spectrum of the analyte’s RI is not constant,
that is, it is low for some sets of na and high for other sets of na
which also has an effect on the non-linear variation of the FOM.
The increase in the analyte’s RI (na) provides the comparative
lower index contrast which causes the broadening in FWHM of
each loss spectrum associated with the analyte’s RI. Table 1
provides a detailed comparison of the proposed sensor with
other previously reported sensors in terms of sensitivity,
resolution, and FOM. From the comparison, we can conclude
that the proposed D-shaped optical fiber plasmonic–based RI
sensor performs with a higher sensitivity, higher FOM, better
resolution, and a larger sensing range. Therefore, the presented
sensor based on SPR effect shows great potential for the
measurement of different liquids in different fields such as
chemical, biochemical, and biosensing film.

CONCLUSION

A D-shaped optical fiber RI sensor based on the SPR effect is
proposed and numerically investigated by using the FEM. The
structure of the proposed sensing device consists of a gold layer
deposited on the flat surface of the fiber. All structural parameters
of the device are optimized and their influence on the sensing
characteristics of the device have been systematically analyzed.
The sensing device with a gold film of 40 nm thickness deposited
at a 5 nm distance from the core boundary has a very good
sensitivity which varies from 2458.98 nm/RIU to 20863.20 nm/
RIU for the RI ranges from 1.35 to 1.43 with a maximum
resolution of 10−6 RIU. The FOM of the proposed sensor has
a maximum value of 356.83 RIU−1 from 67.53 RIU−1 for the same

FIGURE 6 | Variation of the resonance wavelength and sensitivity with
the RI of the analyte (na) for d � 5 nm with tg � 40 nm and 5% GeO2 doped
silica core. The lines represent a polynomial fit made to the simulated values.

FIGURE 7 | Variation of the FOM and FWHM as a function of the RI of the
analyte for d � 5 nm with tg � 40 nm and 5% GeO2 doped silica core.
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sensing range. Due to these benefits and considering the latest
microfabrication technology, the proposed sensor can be very
useful for a broad range of applications such as medical diagnosis,
food safety, and chemical and biochemical sensing.
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Large Tunable 16-Tupled Millimeter
Wave Generation Utilizing Optical
Carrier Suppression With a Tunable
Sideband Suppression Ratio
Asha* and Sandeep Dahiya

Department of ECE, Faculty of Engineering and Technology, BPS Women University, Khanpur Kalan, Sonepat, India

Coping up with the rising bandwidth demands for 5G ultra-high speed applications,
utilizing millimeter (MM) wave spectrum for data transmission over the radio over a fiber-
based system is the ideal approach. In this study, a highly conversant and spectrally pure
photonic generation of a 16-tupled MM wave signal using a series-connected DD-MZM
with a lower modulation index, a splitting ratio, and a wider tunable range is presented. A
160-GHz MM wave is generated through a double sideband optical carrier suppression
technique having an optical sideband suppression ratio (OSSR) of 69 dB and a radio
frequency sideband suppression ratio (RSSR) of 40 dB. However, the OSSR and the
RSSR are tunable with values greater than 15 dB when the modulation index (M.I.) varies
from 2.778 to 2.873, ±8° phase drift, and a 15-dB enhancement in the OSSR with a wider
nonideal parameter variation range giving acceptable performance can be seen in the
model as compared with previous research works.

Keywords: millimeter wave generation, radio over fiber system, 16 tupling, OSSR, RSSR, filterless, optical carrier
suppression

INTRODUCTION

For supporting multi gigabit per second (gbps) wireless connectivity and resolving spectrum
shortage, 5G uses higher frequencies from an MM wave range (30–300 GHz) for signal
transmission. However, the generation and transmission of MM wave signals is a troublesome
process as these high-frequency signals apart from providing a wide bandwidth limits the
transmission distance due to propagation losses. So, in order to cope up with this issue, the MM
wave signal is first generated by modulating a low-frequency electrical signal over an optical carrier
coming from a light source at a central station (CS) and then transmitting it to the base station (BS).
This technique is named as millimeter wave–based radio over the fiber (i.e., MMoF) system. This
fiber-based system provides low insertion and transmission losses with being immune toward
electromagnetic interference.

The basic requirement for designing an efficient MMoF system is to modulate the RF signal for
generating a desired MMwave signal with suppressing all other unwanted signals. The MMwaves
can be generated in two domains: 1) electrical and 2) optical or photonic. However, MM wave
signal generation in a photonic domain is best suited in comparison to their electrical
counterparts due to lower phase noise, lower equipment requirement, higher spectral purity,
a wider tunable range, and a larger transmission distance [1]. Several different techniques have
been discussed in the past for photonic MM wave signal generation which include a direct
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modulation [1], an external modulation [2], optical
heterodyning [3], Stimulated brillouin scattering (SBS) [4] etc.

Among the above-stated techniques, the generation method
utilizing an external modulation through a Mach–Zehnder
Modulator (MZM) is the most reliable one as it offers optical
harmonics generation with a higher frequency multiplication
factor (FMF), stability, and greater tunability as mentioned in
our previous review study in [5]. When an RF signal drives an
external modulator, several optical harmonics are generated due
to its nonlinear transfer function. By the beating of these
harmonics at photodetector, MM wave signals are generated.
The main technical challenge in the frequency multiplication
(FM) approach is generating required optical harmonics while
eliminating unwanted optical harmonics with higher conversion
efficiency. So far, FMF of 2, 4, 6, 8, 10, 12, 14, and 16 have been
proposed. However, MM wave generation utilizing a high FMF is
quite efficient as it eliminates the requirement of high-frequency
operated local oscillator (LO) operating at CS.

Recently, several generation techniques have been reportedwith a
16 FMF utilizing a two-cascaded dual parallel MZM configuration
[6–8], parallel combination of two cascaded MZM [9], cascaded
parallel MZM [10, 11], and a feedforward modulation [12]. Dongfei
wang [13] proposed a generationmethodwith a two-cascadedMZM
but with a higher modulation index (>>7) requiring a high voltage
radio frequency signal which in turn increases the system sensitivity.
These schemes employ a filter for generating desired harmonics
which not only increases system complexity but also reduces its
tunability range and conversion efficiency. A filterless method has
been proposed by the authors of reference [14] using cascadedMZM
with an infinite extinction ratio which is not practically realizable.
These techniques lead to partial cancellation of undesired harmonics
and thus provide a lower sideband suppression ratio (SBSR) at the
transmitting side leading to detect unwanted MM waves which
deteriorate the system performance and also lower the spectral
purity that is not desired for MM wave applications. The detailed
review of these configurations is provided in Table 1.

In the present study, a cost-effective and spectrally pure 16-tupled
MM wave frequency is generated by completely suppressing all the
other undesired harmonics except eighth-order sideband (SB) using
a series connection of a quad dual drive MZM (DD-MZM) and
electrical phase shifters for optimizing biases ofMZMand enhancing
the OSSR and the RSSR by utilizing a lower modulation index and

the extinction and the splitting ratio. A Theoretical analysis along
with designing a simulation model is also carried out for
understanding the cancellations of all other harmonics. The
OSSR of 69 dB and the RSSR of 40 dB are obtained. The
effectiveness of the 16-tupled generated MM wave is assessed by
analyzing the effect of the MZM extinction ratio, the splitting ratio,
themodulation index, andmodulating frequency of the RF signal on
theOSSR and the RSSR. The rest of the paper is structured as follows.
The design principle of the proposed frequency 16 tupled structure is
described in Section 2. The simulation results with the impact of
non-ideal parameter variation on the SBSR are discussed in Section
3 and finally the conclusion is presented in Section 4.

DESIGN PRINCIPLE

TheMWPL is built using the OptiSystem version 17.0.0. Figure 1
shows a schematic diagram of the proposed filterless MM wave
generation with frequency 16 tupling. For generating MM wave with
FMF of 16, ±eighth-order SBs must hit the photodetector (PD). In
order to obtain this, MZM should be biased at MXTP which provides
a carrier and only even order SBs after modulation. Furthermore,
obtaining pure ±eighth-order SBs is quite challenging because several
other unwanted spurious SBs are also generated.

For suppressing all other spurious harmonics, subsequent
measures are adopted in the proposed scheme as: 1) setting
MZM at MXTP for suppressing all the odd order SBs and
generating only even order SBs, 2) controlling the M.I. of the
MZM to let the power of sidebands greater than ±10th order
sidebands return to zero or is negligible, and 3) adjusting the
electrical phase shift of the RF driving signal between the MZM
and insertion loss of modulator so as to suppress the carrier and
eliminate all the other (2n-2)th order sidebands except ±eighth-
order SBs. The detailed principle of the proposed scheme is
mentioned below.

It utilizes a laser diode (LD), an RF signal generator, electrical
phase shifters, a photodiode, optical amplifiers, and a DD-
MZM. A continuous wave laser (CWL) with frequency ωc

emits the light signal which acts as a carrier signal defined as
follows:

Vin � Vc (Cos ωct). (1)

TABLE 1 | Literature review of frequency 16-tupled MM wave generation based on different parameters.

Author
(Year)

Working Principle Parameters

OSSR
(dB)

RSSR
(dB)

Filters Modulation
index

Cost
effective

Power
efficient

Tunability O/P freq

Generated
(GHz)

Zihang Zhu [6] (2015) Two-cascaded dual parallel MZM 21.5 38 No 2.265 No No Low 60
K. Esakki Muthu [10]
(2016)

Parallel combination of two-
cascaded MZM

20 28 Yes 3.14 Yes Yes Low 60

M. Baskaran [14] (2018) Cascaded MZM 54 42 No 2.827 Yes No High 80
Dongfei Wang [13] (2019) Two-cascaded MZM 31.35 24.11 Yes 7.59 (very high) Yes Yes Low 160
Aasif Bashir Dar [9] (2020) Cascaded parallel MZM 64 31 No 2.79–2.86 No No Low 80
Proposed Scheme (2021) Series MZM configuration 69 40 No 2.778–2.873 Yes Yes High 160
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Here, Vc is the amplitude of the carrier signal.
This light carrier wave after being polarization controlled (PC)

is transmitted to the first intensity modulator, that is, MZM-A
triggered by RF LO which produces a single RF tone of
frequency, ωrf, given by the following:

V1 � Vrf (Cos ωrft), (2)

where Vrf is the amplitude of the input RF signal.

Odd order Harmonics Elimination
The transfer function of a DD-MZM is expressed as follows:

EMZM−A(t) � β

2
Ece

jωct {χ e−jma sinωRFt + (1 − χ)ejma sinωRFt}, (3)

where ma � πVRF
Vπ

is the M.I.,
VRF is the switching RF voltage, Vπ is the half wave voltage of

MZM, and β is the insertion loss of MZM.

x � (1− 1��
μr

√
2 {μr � 10(MZM extinction ratio)/10} is the splitting ratio

of upper and lower arms of MZM.
However, using the Jacobi–Anger expansion,

ejmsinV � ∑k�∞
k�−∞ Jk(m)ejkV and ejmcosV

� ∑k�∞
k�−∞ ( − 1)kJk(m)ejkV. (4)

The transfer function can be rewritten as follows:

EMZM(t) � βEc
⎡⎣ ∑k�∞

k�−∞ ( − 1)kJk(m)ej{(ωc+ kωRF)t}⎤⎦, (5)

EMZM(t) � βEc[J0(ma)ejωct − J1(ma){ej(ωc−ωRF)t + ej(ωc+ωRF)t}
+ J2(ma){ej(ωc−2ωRF)t + ej(ωc+2ωRF)t}
− J3(ma){ej(ωc−3ωRF)t + ej(ωc+3ωRF)t} + . . . . . . . . . .] .

(6)

As the Li-NbO3 DD-MZM has a nonlinear characteristic
response, the modulated output optical signal consists of a
carrier along with multiple sidebands symmetrically located
around it as depicted in Eq. 6. The amplitude and number of
sidebands generated around the carrier can be controlled by
varying ma which in turn depends on VRF and Vπ. In order to
suppress the odd order SBs, the first modulator is biased at MXTP
by applying the bias voltages to the upper and lower arms of the
modulator such thatVbias � Vbias1 − Vbias2 � 0 with a π phase
difference between the RF signals fed to the arms of the
modulator.

EMZM−A(t) � βEce
jωct [ J0(ma) + J2(ma) { ej2ωRFt + e−j2ωRFt}

+ J4(ma) { ej4ωRFt + e−j4ωRFt} + J6(ma) { ej6ωRFt

+ e−j6ωRFt} + J8(ma) { ej8ωRFt + e−j8ωRFt}.
(7)

The above equation clearly depicts that there are 2nth order,
that is, even SBs generated from the first modulator, and the
corresponding optical spectrum is shown in Figure 2.

Suppressing (2n-2)th Order Sidebands
For suppressing (2n-2)th order sidebands, except the desired
±eighth sidebands, an MZM-A output is fed to the second
one, which in turn goes to the third and then to the fourth in
such a manner that all the modulators are driven with the RF
signal with a suitable phase shift between the two consecutive
modulators such that the output from the last modulator only
contains the desired ±eighth-order SB and the separation
between the desired sidebands is the 16th multiple of
input RF.

The modulated output fromMZM-A is sent to MZM-B which
is triggered by an RF signal with a 45° phase difference such that
V2 � Vrf (Cos ωrft + π/4) is mathematically expressed in Eq. 6
as follows:

FIGURE 1 | Proposed structure for generating a 16-tupled MM wave signal.

Frontiers in Physics | www.frontiersin.org October 2021 | Volume 9 | Article 7470303

Asha and Dahiya 16-Tupled Millimeter Wave Generation

132

https://www.frontiersin.org/journals/physics
www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles


EMZM−B(t) � β2

2
Ece

jπ/4⎡⎣ ∑k�∞
k�−∞ J2k(ma)ej{(ωc+2kωRF)t+kπ}⎤⎦ . (8)

This output from MZM-B is an input to the third MZM
triggered by the RF signal with an electrical phase difference
of 135°.

EMZM−c(t) � βEMZM−B(t){J0(ma) − J2(ma)}{ej2ωRFt + e−j2ωRFt}
+ J4(ma) {ej4ωRFt + e−j4ωRFt} − J6(ma) {ej6ωRFt

+ e−j6ωRFt} + J8(ma) {ej8ωRFt + e−j8ωRFt}
− J10(ma) {ej10ωRFt + e−j10ωRFt} + J12(ma) {ej12ωRFt

+ e−j12ωRFt}.
(9)

This output is fed to the last modulator, that is, MZM-D
which is driven by the RF signal phase shifted by 225°. By
providing this phase shift, J2(ma), J4(ma), and J6(ma) terms
turn into zero and other higher order harmonics, such as
J10(ma) and J12(ma), have extremely low power which can be
neglected.

Tunable Optical Carrier Suppression
By properly adjusting the modulation index, the carrier could
be suppressed completely which results into power saving
and efficient transmission leaving behind the optical
spectrum with only the eighth-order SB as depicted in
Figure 3. The MZM-D output can be stated
mathematically as follows:

EMZM−D(t) � β4

2
J28(ma) Ece

jωct {ej8ωRFt + e−j8ωRFt}. (10)
This output is then detected at the receiver side through the

PIN photodiode whose photocurrent is given by the following
equation:

Iph(t) � μph |EMZM−D(t)| p |EMZM−D(t)|p, (11)

Iph(t) � μph { β

2
Ec[J−8(ma)ej(ωc−8ωRF)t + J8(ma)ej(ωc+8ωRF)t]}

p { β

2
Ec[J−8(ma)ej(ωc−8ωRF)t + J8(ma)ej(ωc+8ωRF)t]}p

,

(12)

where μph is the responsivity of the photodiode. The above
equation can be further simplified as follows:

Iph(t) �
μph β

2|EMZM−D(t)|2
4

Cos (16 ωRFt). (13)

Thus, it can be seen mathematically through Eq. 13 that the
photo-detected output consists of an electrical signal of frequency
160 GHz as shown in the Figure 4 which is 16 times the RF signal
frequency, that is, 10 GHz being utilized at the CS.

RESULTS AND DISCUSSION

A polarization-controlled CWL emitting a light signal of
frequency 193.1 THz is sent to MZM-A biased at MXTP and
triggered through a 10 GHz RF signal. As MZM-A is biased at
MXTP, its output contains only even order sidebands. The output
from the first modulator is sent to the second, then to the third,

FIGURE 3 | Optical spectrum analyzer output from MZM-D.

FIGURE 2 | Optical spectrum output from MZM-A containing only even
order sidebands.
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and at last to the fourth modulator in such a manner that the
electrical phase shift of the RF local oscillator (LO) signal between
first two consecutive MZMs is 45° and next two MZMs is 90°, and
all the four modulators are biased at MXTP. By arranging the
electrical phase shift, the modulation index, and the MZM in this
manner, the output from the last modulator suppresses the
carrier with all other spurious harmonics and contains only
eighth-order SBs at ωc + 8ωRF, that is, 193.18 THz, and ωc

-8ωRF, that is, 193.02 THz with −22.4 dBm power. It can be

seen that the difference between +eighth (193.18 THz)- and
−eighth (193.02 THz)-order SBs is the 16th multiple of the
input electrical signal. These sidebands are then sent to the BS
through a 60-km standard single-mode fiber (SSMF) with
parameters mentioned in Table 2. At the BS, a hybrid
configuration of cascaded amplifiers consisting of EDFA with
gain of 10 dB and optical amplifier having 15 dB gain is utilized to
mitigate the losses incurred during transmission over the fiber,
and then a PIN photodiode with a responsivity of 0.9 A/W is
utilized to detect the modulated signal by converting it back to
electrical form and hence a 160-GHz signal is detected using the
RF spectrum analyzer with tan output power of −50 dBm.

Impact of Nonideal Parameters on the
OSSR and the RSSR
The above-mentioned results are based on the simulation carried
over the OptiSystem software by assuming ideal parameters as
mentioned in Table 2. However, these parameters might deviate
from their desired values and thus it is crucial to analyze the
impact of several nonideal parameters, such as RF voltage
variation, the MZM extinction ratio, a cascaded amplifier
configuration, and phase drift is analyzed over the OSSR and
the RSSR.

Extinction Ratio and Splitting Ratio
For evaluating the proposed system performance, the impact
of the extinction ratio (E. R.) or the splitting ratio of each
MZM is studied over the OSSR and the RSSR, as shown in
Figure 5. It is observed that as the extinction ratio varies from
its ideal value, the system is not able to suppress the odd order
SBs as P8/P1 is 57 dB when it deviates by 0.010 from the ideal
value with 30 dB RSSR, and the eighth-order SBs are 26 dB
greater than seventh order SBs when it deviates by a value of
0.045 with the 16-tupled MM wave being only 13 dB higher
than the 15-tupled signal deteriorating the system
performance, as shown in Figure 5. This states that the
OSSR and the RSSR rises with an increasing splitting ratio/
extinction ratio, as the splitting ratio is dependent on the
extinction ratio of the MZM. Both the sideband suppression
ratio (SSR) are maximum at 0.4995 splitting ratio, as calculated
from Eq. 3 under Odd Order Harmonics Elimination, and the
unwanted sidebands are completely eliminated when the
MZM extinction ratio is set to 60 dB being independent of
the extinction ratio exceeding 60 dB, as clearly depicted in
Figures 6, 7.

Modulation Index
The optical and RF spectrum when M.I. deviates 0.0588 from
the ideal value is depicted in Figure 8 where the P8 is 14 dB
higher than P0 and 62 dB from P3, respectively. However, the
16-tupled MM wave is 11 dB greater than the octupling wave
(eighth multiple of RF), which is quite less for the
applications requiring MM wave for their operation.
Besides this, the impact of the modulation index on the
sideband power ratio (SBPR) (P8/P0) is depicted in Figure 9,
which shows that the system provides (P8/P0) greater than 5 dB

TABLE 2 | Simulation parameters employed for the present scheme of frequency
16 MM wave signal generation.

System block Simulation parameters Parameters value

Fiber link Length 60 km
Attenuation 0.22 dB/km
Dispersion 16.75 ps/nm-km
Dispersion slope 0.075 ps/nm2/k

CW laser Diode Frequency 193.1 THz
Power 8 dBm

Local oscillator RF signal 10 GHz
MZM modulator MZM-A, B, and C extinction ratio 60 dB

MZM-D extinction ratio 55 dB
Insertion loss 3 dB
Switching bias voltage 3.2
Switching RF voltage 3.2

EDFA 1 Gain 10 dB
Noise figure (NF) 3 dB

Amplifier Gain 12 dB
Noise figure 2 dB

PIN photodiode PIN photodiode responsivity 0.9
PIN dark current 9 nA

FIGURE 4 | RF spectrum of the photo-detected signal from the PIN
photodiode.
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and the RSSR greater than 2 dB (Figure 10) in the M.I. range of
2.678–2.945 by providing the peak of the OSSR {i.e., (P8/P0)} and
the RSSR at an M.I. of 2.8258 with an RF voltage of 2.87989. The
system provides an acceptable and tunable SSR which is greater
than 15 dB in the M.I. ranging from 2.778 to 2.873.

Phase Drift Analysis of the OSSR
The effect of phase drift can be analyzed over the system by
studying the OSSR deviation over the phase drift in PS. It can
be noticed that for ±10° phase drift between MZM upper arm

and lower arms OSSR is above 25 dB which means that the
system is less sensitive as far as MZM arms’ phase drift is
considered, while it is sensitive toward the phase drift in the
phase shifters of the RF signal which drives the DD-MZM
modulator, as depicted in Figure 11. However, the system
provides acceptable performance for ±8° phase drift.

Cascaded Hybrid Amplifier Configuration
Amplifiers are used in the system so as to compensate the losses
which are inserted while the signal travels through the optical

FIGURE 5 | (A) Optical spectrum when E.R. deviates by 0.010, (B) RF spectrum when E.R. deviates by 0.010, (C) optical spectrum when E.R. deviates by 0.045,
and (D) RF spectrum when E.R. deviates by 0.045 value.

FIGURE 6 | Impact of the splitting ratio on the sideband suppression ratio.

Frontiers in Physics | www.frontiersin.org October 2021 | Volume 9 | Article 7470306

Asha and Dahiya 16-Tupled Millimeter Wave Generation

135

https://www.frontiersin.org/journals/physics
www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles


FIGURE 8 | (A) Optical spectrum and (B) RF spectrum output at M. I of 2.776.

FIGURE 9 | SBPR variation with the modulation index.

FIGURE 7 | Impact of the MZM extinction ratio on the sideband suppression ratio.
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fiber. The impact of using a cascaded amplifier configuration
having EDFA 1 connected with optical amplifier with their
parameters mentioned in Table 2 enhances the RFSSR by
11 dB in comparison to a single amplifier configuration with a

20-dB gain and NF of 4 dB when detected by the PIN photodiode
generates a 160-GHz with a 29-dB RFSSR, as shown in Figure 12.
It can be noted that the cascaded amplifier configuration results
in the improved RFSSR.

FIGURE 10 | RSSR variation with the modulation index.

FIGURE 11 | OSSR variation with phase drift in the RF signal driving MZM and MZM arms.

FIGURE 12 | RSSR for the system with (A) a single amplifier and (B) a cascaded amplifier.
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CONCLUSION

A photonic generation scheme of a frequency 16-tupled MM
wave signal is presented and demonstrated using a series-
connected DD-MZM with a double sideband optical carrier
suppression modulation offering efficient power transmission.
With appropriate adjustment of internal parameters, such as the
modulation index, DC biasing, the splitting ratio, and electrical
phase difference, and utilizing a hybrid amplifier configuration, a
160-GHz MM wave signal is generated from a 10-GHz RF signal
with an OSSR of 69 dB and an RSSR of 40 dB. This system does
not require any additional circuitry such as a mixer, a filter,
and a digital signal processor. In comparison to the previous
approaches, the proposed structure optically generates a
highly conversant, spectrally pure 16-tupled MM wave
signal with a better tunable OSSR and an RSSR and with a
wider tunable range from 1–15 GHz, as there is no filter
required in this scheme. Further, the system provides

acceptable performance with a wider range of M.I.
variation 2.778–2.873, ±8° phase drift between MZM arms,
and electrical phase shifters and is independent of the
extinction ratio beyond 60 dB.
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For a quick and consistent photovoltaic (PV) module design, an effective, fast, and exact

simulator is crucial to examine the performance of the photovoltaic cell under partial

or quick variation of temperature and irradiance. The most prevalent modeling strategy

is to apply an equivalent (electrical) circuit that encompasses together non-linear and

linear mechanisms. This work proposes the modeling and analysis for a four-parameter

two-diode photovoltaic cell model based on the manufacturer’s data-sheet. The

proposed model needs only four parameters compared to the previously developed

seven-parameter two-diode model to reduce the computational complexity. To develop

a specific model of photovoltaic cells, the fundamental requirement is the data of

temperature and irradiance. The variation of these variables totally affects the output

constraints like current, voltage, and power. Thus, it is substantial to design a precise

model of the photovoltaic cell module with a reduced computation period. The two-diode

photovoltaic module with four constraints is identified to be more accurate and have

improved performance compared to a one-diode model particularly at lower irradiance.

To confirm the accuracy of the proposed model the method is applied on two different

photovoltaic modules. The proposed model and modeling method are helpful for power

electronic designers who require a fast, accurate, simple, and easy to implement

method for use in photovoltaic system simulation. The electrical equivalent circuit and

standard equations of photovoltaic cells are analyzed and the proposed two-diode

model is simulated using MATLAB/Simulink software and validated for poly-crystalline

and mono-crystalline solar cells under standard test conditions.

Keywords: one-diode photovoltaic model, two-diode photovoltaic model, poly-crystalline solar cell, circuit

constraints, mono-crystalline solar cell

INTRODUCTION

In recent years, several models have been developed including the single-diode RS model, RP model,
and double-diode and triple-diode model [1–3]. The most modest scheme is a one-diode PVmodel
(ideal case) as it involves only three variables: current at short circuit, voltage at open circuit, and
diode ideality factor. The enhanced type of the model includes the insertion of series resistance
Rs to the equivalent circuit [4]. While this model suffers from inconsistencies with the change in
the temperature values as it does not considered the voltage temperature coefficient. The upgraded
version is the RP model by the insertion of a shunt resistor to the equivalent circuit [5]. Though this
model has improved accuracy, with the insertion of RP the computational parameters are increased
to five which leads to more computation time.
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FIGURE 1 | Structure of a photovoltaic cell [9].

FIGURE 2 | Equivalent circuit model: one-diode photovoltaic (PV) model [3].

In general, most of the constructors only provide data
about constraints like voltage at open circuit (Vo), current at
short circuit (ISC), peak or maximum power (Pmpp), current at
Pmpp (Impp), and voltage at Pmpp (Vmpp) at standard operating
conditions and inappropriately these data are far away from what
is essential for modeling because a PV cell is used to functioning
at various ecological conditions. The non-linear performance
of current-voltage characteristics requires the alteration of
constraints by using the manufacturer data sheet [6, 7].

So far, many researchers have developed a single-diode model
by making an assumption that nonappearance of recombination
loss occurs in the depletion layer. In reality, it is not possible to
satisfactorily model by using a single diode. Consideration of this
loss results in a more exact model, identified as the two-diode
model [8]. But, with the insertion of the extra diode it increases
the constraints to seven and the new constraints include reverse

saturation current IDS2 and ideality factor C2 of the second
diode. The main task is now to evaluate the values of the model
constraints while keeping a realistic computational energy. The
key knowledge of this paper, to develop a detailed model of a
two-diode PV cell module, is by simplifying the current equation
and thereby reducing the constraints to four. The precision of
this PV model is confirmed by two different solar PV cells from
the constructor information sheet and behavior performance is
compared with a one-diode RSH model. This enhanced model
can be useful for researchers who work on the precise modeling
of photovoltaic (PV) modules.

FUNDAMENTALS AND CIRCUIT MODEL
OF PHOTOVOLTAIC CELLS

Effective Principle of Photovoltaic Cells
A basic structure of a typical photovoltaic cell is represented
in Figure 1. A photovoltaic cell essentially consists of two films
doped in a different way and behaves as a semiconductor diode
through its p-n junction, which is exposed to incident light [9].
When the photovoltaic cell is exposed to this light, electron-hole
pairs are generated which initiates the flow of the electric current
if the circuit is closed from cathode (N type) to anode (P type).

By this convention, the electric current direction is always
chosen with reference to the direction of movement of positive
charges. Consequently, the direction of current in the load circuit
is shown from a positive to negative terminal.

Electrical Equivalent Circuit of One-Diode
Photovoltaic Cell Model
The one-diode model with a series and parallel resistor is
represented in Figure 2 [3]. For practical reasons, we cannot
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FIGURE 3 | Equivalent circuit model: two-diode photovoltaic (PV) model [2].

neglect the RSE and RSH resistor in photovoltaic cell modeling.
With the addition of these resistors, the constraints are now
increased to five which also lengthens the computation time. This
model is the most popular due its ease, accuracy, and easy of
implementation. Despite of its advantages, the model’s accuracy
will worsen at lower irradiance [10].

MODELING OF A PHOTOVOLTAIC CELL
AND DETERMINATION OF CONSTRAINTS

Modeling of a Two-Diode Photovoltaic Cell
The two-diode PV model is represented in Figure 3 [2].
Obviously, two more new constraints now need to be considered:
the reverse saturation diode current IDS2 and ideality factor
C2. The current IDS2 compensates for the consequence of
recombination loss in the depletion area [11].

By applying KVL to Figure 3, we get the expression for
current I:

I = IL − ID1 − ID2 − ISH

I = IL − ID1 − ID2
V0 + IRSE

RSH
(1)

IL is the light or photo current, ID1 and ID2 is the current through
diode 1 and diode 2, ISH is the current through the shunt resistor
=

V0 + IRSE
RSH

, RSE and RSH are series and shunt resistances, V0 is
applied voltage across diode, and I is module output current [12].

Currents through diodes 1 and 2 are given by

ID1 = IDs1[(e
Vo + IRSE
C1 VT NSE )− 1]

ID2 = IDs2[(e
Vo + IRSE
C2 VT NSE )− 1]

I = IL − IDs1[(e
Vo + IRSE
C1 VT NSE )− 1]

−IDs2[(e
Vo + IRSE
C2 VT NSE )− 1]−

V0 + IRSE

RSH
(2)

IDs1 and IDs2 are reverse saturation diode current, C1 and C2

are the diode ideality factor of 1 and 2, NSE is series-connected

PV cells, VT is thermal voltage =
K TAc

q , VT is approximately

25.856mV at 300 Kelvin, q is (1.602 X 10−19), C is electron

charge, K – (1.38 X 10−23) Joule
Kelvin

is a Boltzmann constant, and
TAc is the cell’s absolute temperature in Kelvin.

Light or photo current [9] is given by

IL = (ISC + γSC1TAc)
Gir

GSC
(3)

Gir – irradiance in W
m2 , GSC – irradiance at the standard test

condition (STC) = 1,000 W
m2 , TAc = TAc − 1TAc,ref (Kelvin),

TAc,ref − (25 + 273 = 298 Kelvin), ISC is the cell’s short
circuit current at STC (25◦), and γSC is the current temperature
coefficient (A/K).

IDS = IDS1 = IDS2 =
ISC + γSC1TAc

(e

V0+γV1TAc

V1T [
C1+C2

P ] − 1)

(4)

where γV – voltage temperature coefficient (V/K).
In making the model simple for analysis, the seven constraints

are reduced to four by assuming the IDS = IDS1 = IDS2 and
(C1+C2

p )= 1 as described in [12] Therefore.

IDS = IDS1 = IDS2 =
ISC + γSC1TAc

(e
V0+γV1TAc

V1T − 1)

(5)

Determination of Photovoltaic Module
Constraints
Owing to its complication in analysis and constraints estimation,
the analysis and simulation of the PV cell in the two-diode
model is not so simple. To make it easier to study the following
assumptions are considered: the IDS = IDS1 = IDS2 and
(C1+C2

p ) = 1. By inputting the temperature and irradiance in

Equations (3) and (5), the light current and diode saturation
currents are estimated by using the constructor datasheet. By
setting the values of ideality factors C1 = 1 and C2 = 1.2 yields
the best suitable outcomes in the current-voltage curve of the
PV cell module. These alterations make the two-diode model
into its simplified form and therefore attractive for PV system
simulation. In general, the constructor gives data of current
at short circuit (ISC), voltage at open circuit (Vo) and peak
or maximum power (Pmpp). Now we will evaluate the current
equation shown below for three conditions: current (ISC) at short
circuit, voltage (Vo) at open circuit, and peak or maximum power
(Pmpp) point condition.

I = IL − ID1 − ID2 −
V0 + IRSE

RSH

At the short circuit condition

I = ISC,STC;V0 = 0

ISC,STC = IL,STC − ID1,STC − ID2,STC −
ISC,STCRSE

RSH
(6)

where, ID1,STC = IDs1,STC[(e
ISC,STCRSE
C1 VT NSE ) − 1] and ID2,STC =

IDs2,STC[(e
ISC,STCRSE
C2 VT NSE )− 1]
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FIGURE 4 | Complete sub-system model of proposed two-diode photovoltaic (PV) model.

FIGURE 5 | Saturation current (IDS) of proposed two-diode model.

FIGURE 6 | Light current (IL ) of proposed two-diode model.
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FIGURE 7 | Module output current (I) of proposed two-diode model.

TABLE 1 | Component specifications from constructor data sheet.

Constraints Mono-crystalline

DS-A1-80 solar

panel

Poly-crystalline

Solarex MSX-64

Maximum power (Pmpp) 80W 64 W

Voltage at Pmpp (Vmpp) 17.2 V 17.5 V

Current at Pmpp (Impp) 4.66A 3.66 A

Voltage at open circuit (Vo) 21.3 V 21.3 V

Current at short circuit (ISC) 5.29A 4 A

Series-connected cell (NSE ) 36 36

Voltage temperature coefficient (γv ) −0.38 V/◦C −80 mV/◦C

Voltage temperature coefficient (γSC) 0.13◦C 0.65◦C

At the open circuit condition

I = 0;V0 = Vo,STC

0 = IL,STC − ID1,STC − ID2,STC −
Vo,STC

RSH
(7)

From Equation (7)

IL,STC = ID1,STC + ID2,STC +
Vo,STC

RSH
(8)

where ID1,STC = IDs1,STC[(e
Vo,STC

C1 VT NSE ) − 1] and ID2,STC =

IDs2,STC[(e
Vo,STC

C2 VT NSE )− 1]
At the maximum power condition

Impp,STC = IL,STC − ID1,STC − ID2,STC

−
Vmpp,STC + Impp,STCRSE

RSH
(9)

TABLE 2 | Estimated values of proposed two-diode model.

Constraints Mono-crystalline

DS-A1-80 solar

panel

Poly-crystalline

Solarex MSX-64

Maximum power (Pmpp) 80.08W 64.159 W

Voltage at Pmpp (Vmpp) 17.04 V 17.46 V

Current at Pmpp (Impp) 4.69A 3.67 A

Voltage at open circuit (Vo ) 21.3 V 21.3 V

Current at short circuit (ISC) 5.29A 4 A

Light current (IL) 5.29A 4.01 A

Saturation currents (IDS1 = IDS2) 5.207 × 10−10 A 3.937 × 10−10 A

Series resistance (RSE ) 0.34� 0.3 �

Shunt resistance (RSH ) 157.22� 160.4 �

TABLE 3 | Estimated values of one-diode RSH model.

Constraints Mono-crystalline

DS-A1-80 solar

panel

Poly-crystalline

Solarex MSX-64

Maximum power (Pmpp) 80.07W 63.55 W

Voltage at Pmpp (Vmpp) 16.61 V 17.46 V

Current at Pmpp (Impp) 4.67A 3.64 A

Voltage at open circuit (Vo ) 21.3 V 21.3 V

Current at short circuit (ISC) 5.29A 4 A

Light current (IL) 5.28A 4.01 A

Saturation currents (IDS1 = IDS2) 2.423 × 10−8 A 1.82 × 10−8 A

Diode ideality factor (C) 1.2 1.2

Series resistance (RSE ) 0.22� 0.2 �

Shunt resistance (RSH ) 282.33� 310 �
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TABLE 4 | Comparison of estimated values at maximum power (Pmpp) of the two-diode model and one-diode (RSH) model for a mono-crystalline (DS-A1-80) solar cell.

Constraints Manufacturer

aata at STC

Two-diode

model

One-diode (RSH)

model

% relative error of

two-diode model

% relative error of

one-diode model

Maximum power (Pmpp) 80W 80.08W 80.07W 0.099 0.087

Voltage at Pmpp (Vmpp) 17.2 V 17.04V 16.61V 0.938 3.552

Current at Pmpp (Impp) 4.66A 4.69A 4.67A 0.639 0.214

Voltage at open circuit (Vo) 21.3 V 21.3 V 21.3 V 0.00 0.00

Current at short circuit (ISC) 5.29A 5.29A 5.29A 0.00 0.00

TABLE 5 | Comparison of estimated values at maximum power (Pmpp) of the two-diode model and one-diode (RSH) model for a poly-crystalline solar cell (MSX-64).

Constraints Manufacturer

data at STC

Two-diode

model

One-diode (RSH)

model

% relative error of

two-diode model

% relative error of

one-diode model

Maximum power (Pmpp) 64W 64.159W 63.55W 0.247 0.708

Voltage at Pmpp (Vmpp) 17.5 V 17.47V 17.47V 0.171 0.171

Current at Pmpp (Impp) 3.66A 3.67A 3.64A 0.272 0.549

Voltage at open circuit (Vo) 21.3 V 21.3 V 21.3 V 0.00 0.00

Current at short circuit (ISC) 4 A 4A 4A 0.00 0.00

FIGURE 8 | Power (W) vs. voltage (V) curve of proposed two-diode model for

DS-A1-80 and MSX-64 at STC (25◦C and 1,000 KW/m2).

From Equation (12)

Vmpp,STC + Impp,STCRSE

RSH
=

IL,STC − ID1,STC − ID2,STC − Impp,STC

RSH =
Vmpp,STC + Impp,STCRSE

IL,STC − ID1,STC − ID2,STC − Impp,STC
(10)

where Pmpp is the peak or maximum power, Vmpp,STC is the
voltage at Pmpp, and Impp,STC is the current at Pmpp, diode
saturation currents at the maximum power condition is given by
the relation as shown below:

ID1,STC = IDs1,STC[(e
Vmpp,STC + Impp,STCRSE

C1 VT NSE )− 1]

ID2,STC = IDs2,STC[(e
Vmpp,STC + Impp,STCRSE

C2 VT NSE )− 1]

FIGURE 9 | Power (W) vs. voltage (V) curve of one-diode RSH for DS-A1-80

and MSX-64 at STC (25◦C and 1,000 KW/m2).

Determination of RSE and RSH Constraints
Several analytical and numerical approaches [3, 6, 7, 9, 13–
15] have been proposed in the literature to evaluate the
constraints of one-diode and two-diode models. In this analysis
the constraints RSE and RSH are estimated by the same method
as described previously [9]. By using effective iteration process
the value of RSE and RSH can be estimated with the help
of Equation (10). The main takeaway is that the value of
RSE and RSH are selected such that calculated power Pmpp must
be equal to experimental power provided by the constructor
data sheet Pmpp,STC. This iteration procedure initiates from
RSE = 0 which must vary in directive until it matches
the calculated maximum power of Pmpp,STC, and simultaneously
RSH is calculated.
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FIGURE 10 | Comparative analysis of current (A) vs. voltage (V) curve for

one-diode RSH and proposed two-diode model for DS-A1-80 with different

irradiance points at STC (25◦C).

FIGURE 11 | Comparative analysis of current (A) vs. voltage (V) curve for

one-diode RSH and proposed two-diode model for DS-A1-80 with different

temperature points at STC (1,000 KW/m2 ).

SIMULATION OF PROPOSED TWO-DIODE
MODEL

The complete sub-system group model of the proposed two-
diode photovoltaic (PV) module is represented in Figure 4.
By using Equations (2)–(5), detailed simulation models were
developed in MATLAB/Simulink. The simulation block diagram
of diode saturation current is represented in Figure 5, light
current is represented in Figure 6, and module output current
is represented in Figure 7. The component specifications of both
mono-crystalline and poly-crystalline PV modules are shown in
Table 1. Table 2 illustrates the determined values of the proposed
two-diode model and Table 3 shows the constraints for the one-
diode RSH model. Tables 4, 5 summarize the study of relative
error of Pmpp, Vmpp, Impp, Vo, and ISC of both mono and poly-
crystalline solar cells. The proposed two-diode model actually
requires only four constraints because saturation current IDS1 =

IDS2 = IDS whereas C1 = 1, C2 is chosen >1.2 and the value of p
is recommended to be a value larger than 2.2 [12].

SIMULATION RESULTS AND DISCUSSION

The modeling technique characterized in this work is confirmed
by measured constraints of certain photovoltaic (PV) cell
modules. Two different PV modules; mono-crystalline DS-A1-
801 and poly-crystalline MSX-642 are employed for verification.
We can observe that the calculated values slightly deviate from
the manufacturer data sheet value at STC. However, the poly-
crystalline (MSX-64) cell exactly fits the manufacturer data
for the proposed two-diode model. Figures 8, 9 characterize
the power vs. voltage curve of RSH and the proposed two-
diode model for mono-crystalline and poly-crystalline solar
cells at STC. Comparative analysis of the current vs. voltage
curve of RSH and the proposed two-diode model for the DS-
A1-80 solar cell at various temperatures and irradiance levels
are represented in Figures 10, 11. Comparative analysis of
the current vs. voltage curve of RSH and proposed two-diode
model for the MSX-64 solar cell at various temperatures and
irradiance levels are represented in Figures 12, 13. From the
results we can observe that both models exhibited the same
performance at STC. However, the proposed two-diode model
showed better performance compared to the RSH model precisely
at lesser irradiance levels especially for open circuit voltage. The
comparison of estimated values at maximum power (Pmpp) of
the two-diode model and one-diode (RSH) model for mono-
crystalline (DS-A1-80) and poly-crystalline (MSX-64) solar cells
are shown in Tables 4, 5.

CONCLUSION

For a quick and consistent photovoltaic module design, an
effective, fast, and exact simulator is crucial to examine the
performance of the photovoltaic cell under a partial or quick
variation of temperature and irradiance. The most prevalent
modeling strategy is to apply an equivalent (electrical) circuit
that encompasses both non-linear and linear mechanisms. In
the proposed work, an improved typical two-diode system
aimed at photovoltaic cell modules was developed. Distinct from
past photovoltaic modules recommended by many researchers,
the developed work only needed the calculation of four
constraints. A modest and fast iterative technique was used
to estimate RSE and RSH resistances. The accuracy of the
developed model was examined by using experimental data
provided by the constructors of two different photovoltaic
cell modules. Its performable behavior was compared with
one-diode RSH models. It was observed that the proposed
two-diode model had improved performance specifically at
open circuit voltage and short circuit current and maximum
power point conditions irrespective of variations in temperature
and irradiance. Specifically, it showed better performance and
accuracy at lesser irradiance situations. The proposed model was
validated for mono-crystalline and poly-crystalline solar cells
under standard test conditions.

1Available online at: http://www.posharp.com/ds-a1-80-solar-panel-from-anji-

dasol-solarenergysciencetechnology_p462201154d.aspx (accessed January 31,

2021).
2Available online at: https://www.solarelectricsupply.com/media/custom/upload/

Solarex-MSX64.pdf (accessed January 31, 2021).
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FIGURE 12 | Comparative analysis of current (A) vs. voltage (V) curve for one-diode RSH and proposed two-diode model for MSX-64 with different irradiance points at

STC (25◦C).

FIGURE 13 | Comparative analysis of current (A) vs. voltage (V) curve for one-diode RSH and proposed two-diode model for MSX-64 with different temperature points

at STC (1,000 KW/m2 ).
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Exploring Optimality of Piecewise
Polynomial Interpolation Functions for
Lung FieldModeling in 2DChest X-Ray
Images
Rohit Kumar*, Subrata Bhattacharya and Govind Murmu

Department of Electronics Engineering, Indian Institute of Technology (ISM), Dhanbad, India

In this paper, a landmark based approach, using five different interpolating polynomials (linear,
cubic convolution, cubic spline, PCHIP, and Makima) for modeling of lung field region in 2D
chest X-ray images have been presented. Japanese Society of Radiological Technology
(JSRT) database which is publicly available has been used for evaluation of the proposed
method. Selected radiographs are anatomically landmarked using 17 and 16 anatomical
landmark points to represent left and right lung field regions, respectively. Local, piecewise
polynomial interpolation is then employed to create additional semilandmark points to form the
lung contour. Jaccard similarity coefficients and Dice coefficients have been used to find
accuracy of the modeled shape through comparison with the prepared ground truth. With the
optimality condition of three intermediate semilandmark points, PCHIP interpolation method
with an execution time of 5.04873 s is found to be the most promising candidate for lung field
modeling with an average Dice coefficient (DC) of 98.20 and 98.54% (for the left and right lung
field, respectively) and with the average Jaccard similarity coefficient (JSC) of 96.47 and
97.13% for these two lung field regions. While performance of Makima and cubic convolution
is close to the PCHIP with the same optimality condition, i.e., three intermediate semilandmark
points, the optimality condition for the cubic spline method is of at least seven intermediate
semilandmark points which, however, does not result in better performance in terms of
accuracy or execution time.

Keywords: cubic convolution, cubic spline, Makima, PCHIP, piecewise polynomial, chest X-ray, linear interpolation,
lung shape modeling

1 INTRODUCTION

The chest X-ray imaging is still one of the most preferred techniques that radiologists and medical
practitioners use to diagnose the lung diseases in their daily routine checkups due to its low cost and
easy availability. Due to this reason, the accurate detection and segmentation of the lung field region
are of prime importance for any biomedical image analysis procedures [1–3]. Delineation of the lung
field is a prerequisite for any chest-image analysis procedure. However, delineation is a very tedious
and time-consuming procedure that may be prone to subjective bias. Therefore, an automated
solution for the lung field segmentation is needed [4]. The development of an automated solution for
the lung field segmentation is challenging due to intensity variations across the edges and
overlapping of the other anatomical structures. As chest X-rays are low contrast images, the
lung regions cannot be differentiated from the background and hence the classical approaches
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like thresholding and edge detection algorithms are not sufficient
enough for the lung field segmentation. The author in Ref. [5]
provided an intuitive method to solve this problem by
representing a shape as a set of discrete labeled points and
referred to these points as landmarks. Each labeled point
represents a particular part of the shape or its boundary and
captures certain distribution in the shape space. But in practice, it
is very time-consuming. Labeling a set of landmark points to
model a shape in the shape space is referred as point distribution
model (PDM) [6,7]. The modeled shape takes a considerable
amount of landmark points to form a curve. Thus, the point
distribution model inevitably reduces the number of points that
may use to represent a shape. Clearly, these labeled sets or the
number of landmark points do not represent any salient feature of
anatomical significance, but a part of the curve or boundary of the
anatomical shape. However, this method (PDM) has some
undesirable consequences. First, users are forced to put many
landmark points to smooth out the curve in every training
example. Second, the landmark points may lose their
characteristics as true landmark point as they do not represent
any salient feature of the object. The above said problem can be
minimized by taking only a few landmark points that must
characterize some anatomical significance of the lung field
region. These significant anatomical landmark points are then
interpolated to get a close approximation of the original lung field
shape. The accurate delineation of the lung field requires the
anatomical knowledge of chest radiography to incorporate the
expected shape that may work as a priori information in active
shape modeling (ASM).

To delineate the lung fields, the author in Ref. [8] used 50
landmark points for the left lung and 44 landmark points for the
right lung representation. They also used 26 landmark points for
the heart shape representation and a pair of 23 landmark points
for the left and right clavicle’s (left and right) representation. Each
object and landmark point was defined by manual annotation,
and no interpolation method was employed. The author in Ref.
[9] proposed a lung segmentation methodology by capturing
salient points around the lung fields by subsequent application of
simple intensity and edge feature extraction techniques. The
detected salient points are then interpolated using Bezier
curves to approximate the lung field boundaries. In Ref. [10],
Shao et al. presented a joint shape and appearance sparse learning
method to segment out lung field from the chest radiographs.
They used a total of 14 labeled points (6 for the right lung and 8
for the left lung) to get a rough idea of both the lung regions. They
termed these labeled sets as “landmarks.” Few more points were
also annotated between these landmark points, and they termed
these labeled sets as “points.” However, the authors did not
provide any information about the number of points they
used to represent the lung field regions. The author in Ref.
[11] presented a customized active shape model to extract the
lung regions from the chest X-ray images. They employed an
average active shape model, gray scale projection, and affine
registration to obtain the initial lung contours. After that, an
objective function is defined to push the vertices of the active
shapemodel to the real lung edges to get a more balanced distance
distribution of vertices. They used 44 and 50 landmark points to

represent the left and the right lung regions for the lung field
segmentation. The annotated set of landmark points was
manually defined and interpolation was not employed. The
author in Ref. [12] presented an automatic lung field
segmentation method using an improved statistical shape and
appearance model. They used 6 landmark points to locate each
lung region and then applied a gray-level intensity based method
to locate and initialize the lung shape model. They used the
intensity profile model to create boundary landmark points and
later these landmark points were interpolated by a cubic spline
interpolation method. In Ref. [13], the authors used the set of
labeled points to train their algorithm for the automatic lung field
segmentation using active shape modeling (ASM) in the single-
photon emission computerized tomography (SPECT) images and
validated this automatic SPECT segmentation against computed
tomography (CT) images as well as manually delineated SPECT
images. But the method does not explain the type of interpolation
mechanism that they used. In Ref. [14], the authors used 144
annotated boundary points (72 per left/right lung) to construct a
statistical shape model of the lung field. Specifically, they used six
manually annotated primary landmark points based on the
appearance of the lung field and then secondary landmarks
were estimated along the lung contour using interpolation
between the manually annotated primary landmarks. However,
it is noted that the other anatomical structures that overlap with
the lung field region were not excluded in their method, and the
type of the interpolation method was not defined. All these
authors used the landmark selection method to segment out
lung field regions from the chest radiographic images. However,
these authors could not explain the number of interpolating
points (secondary landmarks) that is needed to approximate
the lung field regions with the highest similarity index.

The landmarking method is also employed to delineate other
anatomical structures like the heart, liver, femur, etc., in CT,
SPECT, and other medical imaging techniques. The authors in
Ref. [15] reported a general multi-resolution framework for the
statistical modeling of multi-object structures. The authors in Ref.
[16] proposed a dual active shape model for the segmentation of
heart’s right ventricle (RV) boundary. The authors in Ref. [17]
presented an automatic liver segmentation method using the
shape modeling methods in computed tomography (CT) images.
The authors in Ref. [18] used landmark based method for
extracting prostate boundaries from the 2D transrectal
ultrasound (TRUS) images by using a partial active shape
model (PASM). The authors in Ref. [16] introduced an ASM-
based framework for motion correction of myocardial T1
mapping in magnetic resonance imaging (MRI). Clearly,
landmarking is the first stage of any automated computer
aided diagnostic (CAD) system that tries to identify the
anatomical region. The landmark based method’s major
strength is that it represents a shape as a set of discrete
labeled points. The landmark based method is highly
applicable for the cases where the visibility of the boundary is
obscured or cannot be differentiated from the background, which
is always the case of low contrast imaging like X-ray and
ultrasound imaging. The landmark based point distribution
model finds numerous applications in active shape modeling
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(ASM), active appearance modeling, deep learning (DL), and
machine learning (ML) models for the registration and
segmentation applications in medical imaging. However, there
are some limitations of this method that preclude their accurate
clinical application. The model based methods assume that the
shape information and intensity information between the
training images and the new image to be segmented are
similar to each other. Unfortunately, this assumption can often
be invalid due to the variability of the lung’s anatomy among the
individuals in the application stages.

In this paper, a set of landmark points based on the
anatomical properties of the left lung region and right lung
field regions are explored. Our contributions in this paper are
1) identification of the number of anatomical landmark points
in the thorax region for the left and right lung field modeling,
2) identification of the optimality condition of each of the
interpolating polynomial to model left and right lung field
region, and 3) identification of the most suited interpolating
polynomial that models the left and right lung field region with
highest similarity index by producing least number of
secondary landmark points. Exploring the optimality of
piecewise polynomials has an added advantage over
selecting a random number of semilandmark points. It
minimizes the number of interpolating points and hence
reduces the computational complexity of the processing
algorithm. Knowing the minimum number of interpolating
points is highly beneficial in real-time medical imaging
applications requiring less computational complexity.
However, one disadvantage of landmark based study is that
the number of available landmark points can sometimes be
insufficient to capture the shape of an object.

The remainder of this paper is organized as follows:
Section 2 provides the mathematical foundation of the
lung shape modeling and Section 3 discusses the
interpolation methods that mainly highlight the different
categories of piecewise cubic interpolating polynomial that
we have used in this literature. Section 4 discusses the
methods under which the images are landmarked, and,
finally, Section 5 and Section 6 discuss the simulation
results and conclusion, respectively.

2 LUNG SHAPE MODELING

Let each shape in the training set be represented by a set of K
number of landmark positions that must be consistent from one
shape to the next. Here, the consistency employs that each
particular landmark point must be placed on the same site as
it was on the first image. That means, each particular landmark
point represents a specific location of the lung field boundary.

To model a lung field shape, let each annotated landmark
point be represented by the coordinate position (xj, yj) in the two
dimensional space R2. If each shape is annotated by K number of
landmark points, then the modeled shape in terms of coordinate
positions for the ith shape is defined by [19]

Si � (xij, yij); where j � [1/K] (1)

These coordinate position Si � ((xi1, yi1), (xi2, yi2), . . . ,
(xik, yik)) in a shape vector form can be represented as

Si � xi1, yi1, xi2, yi2, . . . , xik , yik[ ] (2)

that is further rearranged as a set of 2K vector:

Si � xi1, xi2, . . . , xik , yi1, yi2, . . . , yik[ ]T (3)

or Si � Six, Siy[ ]T ∈ R2K×1 (4)

where

Six � [xi1, xi2, . . . , xik] ∈ RK×1 (5)

Siy � [yi1, yi2, . . . , yik] ∈ RK×1 (6)

If there are L number of training examples, then the
configuration matrix S ∈ R2K×L can be written as

S � [S1, S2, . . . , SL] ∈ R2K×L (7)

3 INTERPOLATION METHODS

Modeling or building a shape requires the function to be
continuous. This creates a real problem if the modeling
function consists of a set of discrete data points (landmark
points). Therefore, it requires to construct a continuous
function based on discrete data points. Here, an attempt is
made to examine different interpolation techniques that fit the
shape in a continuous manner from a set of discrete landmark
points. Interpolation helps to construct a continuous function
from a set of discrete data points. It is to be noted that, these
interpolation techniques [20] only provide the conditions
under which the lung field regions are modeled. The
methods do not provide any solution to the explained
techniques.

Given K number of landmark points (xj, yj) in the 2D-plane
R2, the interpolating polynomial is defined as

P(xj) � yj; j � (1, . . . , k) (8)

where x � (x1, . . . , xk) are the interpolation points and P(xj) is the
interpolating polynomial of the landmark point (x1, y1), (x2, y2),
. . ., (xk, yk). Solving a fitting polynomial P(xj) that fits the
landmark point (xj, yj) is equivalent to solving a system of
linear equation

ASix � Siy (9)

where A is a Vandermonde matrix.

3.1 Piecewise Polynomial Interpolation
A quite natural and different approach to approximate a function
on an interval is to first split the interval into subintervals and
then approximate the function by a polynomial of fairly low
degree on each subinterval.

Given K number of landmark point (xj, yj) ∈ R2 with the
condition x1 < x2 < / < xk, the one dimensional piecewise
interpolant in terms of piecewise function can be defined as
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P(x) � Pj(x), x ∈ xj, xj+1[ ] (10)

where Pj(x) is at least continuous everywhere in [xj, xj+1].
Continuity condition should hold at every data point,

Pj(xj+1) � Pj+1(xj+1) (11)

A piecewise polynomial function is defined as

Pj(x) � ∑k
r�1

ajr x − xj( )r (12)

Hence, the piecewise polynomial interpolation problem is to
determine the coefficients ajr for all of the intervals such that the
resulting interpolant has desirable properties.

3.2 Linear Interpolation
Piecewise linear interpolation [21] is by far the most popular
interpolation technique that finds numeral application in signal
and image processing due to its faster performance.

If t is the local variable given by t � x − xj, x ∈ [xj, xj+1], then
the divided difference δj is

δj � yj+1 − yj

xj+1 − xj
; j � 1/(k − 1) (13)

The piecewise linear interpolation is then piecewise straight
lines connecting two consecutive points of the interval (xj, xj+1).
The interpolant in the interval (xj, xj+1) is then

P(x) � yj + x − xj( )yj+1 − yj

xj+1 − xj
(14)

or

P(x) � yj + tδj (15)

clearly, this equation represents a function of straight line that
passes through the landmark positions (xj, yj) and (xj+1, yj+1).

3.3 Cubic Convolution Interpolation
The cubic convolution interpolation [22–24] function is obtained
by imposing certain conditions on the interpolation kernel. The
kernel is mainly composed of piecewise cubic polynomials
defined over the unit subintervals [−2, 2].

For equally spaced data, the interpolation function can be
defined as

P(xj) � ∑ cju
x − xj

h
( ); j � 1, 2, . . . , k (16)

where cj are the coefficients to be determined and depend on the
sampled data, uj is the kernel basis function, and h is the sampling
interval. The cubic convolution interpolation is obtained by
setting certain conditions on the kernel to maximize the
accuracy. Keys [22] defined the cubic convolution
interpolation kernel in terms of piecewise cubic polynomials
over the subintervals (−2, −1), (−1, 0), (0, 1), and (1, 2).
Outside this interval, the interpolation kernel is assumed to be
zero. By imposing this condition, the number of data samples that

evaluates the interpolation function is reduced to four. Therefore,
the kernel u will have the form:

u(s) �
(a + 2)|s3| − (a + 3)|s|2 + 1, 0≤ |s|≤ 1
a|s|3 − 5a|s|2 + 8a|s| − 4a, 1≤ |s|≤ 2

0, 2≤ |s|

⎧⎪⎨⎪⎩ (17)

with u(0) � 1 and u(n) � 0 where n is a nonzero integer. As h is the
sampling interval between two nodes, the difference between the
two interpolating nodes say xj and xr will be (j—r)h. Now, if x is
substituted by xj in Equation 16, then Eq. 16 will take the form:

P(xj) � ∑ cju(j − r); j � 1, 2, . . . , k (18)

Now, if xr � xj+1, then Eq. 19 will have the form:

P(xj) � ∑ cju(j − (j + 1)); j � 1, 2, . . . , k (19)

3.4 Cubic Spline Interpolation
Among the spline functions, the cubic spline functions [25–28]
are the most preferred functions. The cubic spline functions fit
the data very smoothly. More importantly, they do not have an
oscillatory behavior that is common for higher order degree
polynomials associated with interpolation, as the cubic
Lagrange interpolation polynomial produce. A cubic spline is
defined by

Q4(x) � aj + bjx + cjx
2 + djx

3 (20)

where xj−1 ≤ x ≤ xj for j � 1, 2, . . . , K.
Clearly, the above equation contains four unknowns for each

spline, aj, bj, cj, and dj, for a total of 4K unknowns over the whole
interval.

The cubic spline interpolation must have a second order
derivative and should satisfy the continuity condition

Pj″ xj+1( ) � Pj+1″ xj+1( ) (21)

over the interval [xj, xj+1]. This requires that P(xj), P′(xj), and
P′′(xj) are continuous over the interval [xj, xj+1]. To find the
interpolating function, the coefficients aj, bj, cj, and dj must be
determined for each of the cubic function. For K number of
landmark points, there will be ( −1) cubic functions and each
cubic function requires four coefficients. Hence, there is a total of
4(K−1) unknowns. So, to get all the coefficients 4(K−1),
independent equations are required. To get these coefficients,
certain conditions need to be assumed. The first two conditions
for each spline are as follows:
1) The piecewise cubic function Q(x) must intersect each and

every landmark data points (left and right). This requires

Q(xj) � yj, j � 1, . . . , (K − 1) (22)

2) Moreover, Q(x) must be continuous on the interval [x1, xk]
which conclude that each sub-function must join at the
landmark data points, i.e.,

Qj(xj) � Qj−1(xj), j � 1, . . . , (K − 1) (23)
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These two assumptions give 2(K−1) equations. As each cubic
function has to join smoothly to its nearest neighbors, the first
and second derivatives are constrain to be continuous.
3) Q′(x) must be continuous on the interval [x1, xk] to make the

curve smooth across the interval, i.e.,

Qj′(xj) � Qj−1′ (xj), j � 1, . . . , (K − 2) (24)

4) Q”(x) will be continuous on the interval [x1, xk]. Therefore,
Qj″(xj) � Qj+1″ (xj), j � 1, . . . , (K − 3) (25)

which gives us 2(K−2) equations. Hence, we get a total of (4K−2)
equations and is therefore under-determined. In order to get a
cubic spline function, two other conditions must be imposed to
get 4K equations.

As our purpose is to get a closed contour of the lung field, the
following periodic constraints are imposed (also known as
periodic conditions).
5)

Q1′(x1) � Qk−1′ (xk) (26)

6)

Q1″(x1) � Qk−1″ (x1) (27)

3.5 Piecewise Cubic Hermite Interpolation
Piecewise cubic Hermite interpolation polynomial (PCHIP)
[29,30] is a third order polynomial which has a shape
preserving characteristic by matching only the first order
derivatives at the data points with their neighbors (before and
after) [31]. This characteristic makes it differ from the cubic
spline function.

If hj is the length of jth subinterval given by

hj � xj+1 − xj (28)

then the divided difference δj will be

δj � yj+1 − yj

hj
(29)

If ζ j is the slope of the interpolant at xj, then

ζj � P′(xk) (30)

In shape preserving PCHIP function, the idea is to restrict the
overshoot locally by determining the slope dj.

It is to be noted that, if δj and δj−1 are of opposite signs or either
of the term is zero, then xj will be a discrete local minimum or
discrete local maximum. So, we constrain the ζ j to be zero, i.e., ζ j �
0, and, if δj and δj−1 are of the same sign and are of the same
interval size, then ζ j is calculated using harmonic mean

1
ζj

� 1
2

1
δj−1

+ 1
δj

( ) (31)

However, if δj and δj−1 are of the same sign but of different
interval lengths, the δj will be a weighted harmonic mean lead by
the expression

w1 + w2

ζk
� w1

δj−1
+ w2

δj
(32)

where w1 � 2hj + hj−1 and w2 � hj + 2hj−1.

3.6 Makima Piecewise Cubic Hermite
Interpolation
The Akima interpolation [32] between the interval [xj, xj+1]
mimimizes the wiggling by selecting the derivatives as a linear
combination of nearest slopes

ζj � |δj+1 − δj|δj−1 + |δj−1 − δj−2|δj
|δj+1 − δj| + |δj−1 − δj−2| (33)

where δj � yj+1−yj

xj+1−xj is the slope of the interval [xj, xj+1].
For any landmark point xj, the Akima takes five neighbors

landmark point xj−2, xj−1, xj, xj+1, and xj+2 to calculate the Akima
derivative. However, the Akima interpolant function suffers from
two major problems. First, if lower and upper slopes become
equal, i.e., δj−2 �, δj−1, and δj � δj+1, both the numerator and
denominator become zero and hence Akima derivative will have
no solution. Second, the Akima interpolant produces overshoot
or undershoot when the data are constant for the two consecutive
nodes. To overcome these two problems, a modified Makima
interpolation was introduced [33].

To avoid these two conditions, Eq. 33 is later modified to

ζj � w1

w1 + w2
δj−1 + w2

w1 + w2
δj (34)

where

w1 � |δj+1 − δj| + |δj+1 + δj|
2

(35)

and

w2 � |δj−1 − δj−2| + |δj−1 + δj−2|
2

(36)

Clearly, ζ j � 0 when δj � δj+1 � 0, i.e., ζ j � 0 when yj � yj+1 � yj+2
and hence the conditions prevent the equation from an overshoot
or undershoot in case of constant data for more than two
consecutive nodes [34].

4 METHODS

In our method, the radiographs which are anatomically
similar in all aspects are chosen to study the performance
of the different interpolating polynomials in modeling of the
lung field region. A publicly available JSRT dataset [35] has
been used to study performance of each interpolating
polynomial.

1) JSRT dataset: this dataset contains 247 posteroanterior (PA)
chest X-ray images compiled by the Japanese Society of
Radiological Technology (JSRT). Out of the 247 chest X-ray
images, set of 154 images has lung nodules (100 malignment
cases, 54 benign cases) and set of 93 images has no lung nodules.
These images are of the size of 2048 × 2048 pixels with a gray scale
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color depth of 12 bits and a pixel spacing of 0.175 mm in the
horizontal and vertical directions.

The selected posteroanterior (PA) chest X-ray images are first
downsampled to a pixel size of 512 × 512. A negative
transformation is then applied to highlight the lung field
regions. The images are then annotated using 17 anatomical
landmark points for the left lung and 16 landmark points for the
right lung field region, as shown in Figure 1. The ground truth of
the lung field regions are prepared for the selected set of images to
compare the performance of different interpolating polynomials.
The annotation of the ground truth is done by a clinical
radiologist using the Image Segmenter application present in
the Image Processing and Computer Vision toolbox in the
MATLAB R2018b. The annotation is done by tracing the
curve around the lung field regions in the Image Segmenter
application. The landmark points defined for the left lung
region are grouped into the set of left costal edge (1L–5L), left

apical region (5L, 6L, 8L, 9L, and 10L), descending aorta/aortic
arc (11L–14L), heart’s left ventricle boundary (14L–16L) and the
left hemidiaphragm (16L, 17L and 1L) for the left lung region.
Similarly, the landmark points defined for the right lung are
grouped into the set of right coastal edge (1R–6R), right apical
region (6R, 7R, 9R, 10R, and 11R), superior vena cava (11R–13R),
heart’s right ventricle boundary (13R–15R), and right
hemidiaphragm (15R, 16R, and 1R) for the right lung field
region. Here, the landmark points 7L and 9L are used to
represent the left clavicle in combination with the landmark
points 6L and 10L. Similarly, the landmark points 8R and 10R
in combination with 7R and 11R are used to represent the right
clavicle region. These two regions, the left clavicle and the right
clavicle (each of which includes four landmark points), are
included mainly for the study of landmark based post-
processing. It may be noted here that the region above the
lung apices, region below the hemidiaphragms, and the

FIGURE 1 | Selected images from JSRT dataset, ground truth of the left and right lung field regions, and the placement of manually annotated anatomical landmark
points after negative transformation.
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FIGURE 2 | Lungs region formation: ground truth (red) and the modeled shape (green) using different interpolating polynomials with 1, 3, and 10 intermediate
semilandmark point(s) of the selected image dataset JPCLN001.
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FIGURE 3 | Lungs region formation: ground truth (red) and the modeled shape (green) using different interpolating polynomials with 1, 3, and 10 intermediate
semilandmark point(s) of the selected image dataset JPCLN007.
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FIGURE 4 | Lungs region formation: ground truth (red) and the modeled shape (green) using different interpolating polynomials with 1, 3, and 10 intermediate
semilandmark point(s) of the selected image dataset JPCLN083.
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mediastinum that encloses the heart, superior vena cava,
descending aorta, etc., are not included in the present study. A
side by side comparison of one lung region to the other gives
important information about the shape dissimilarity like lung’s
contraction or expansion that helps to analyze different lung

diseases [36,37]. Subdividing these regions into different
segments may give a better analysis of the diseases. To make
these regions independent, the lung regions can be subdivided
into three different regions, namely, the apex and medial and
lower regions, by defining few co-linear landmark points at the

FIGURE 5 | Jaccard similarity coefficients of the modeled shape with different piecewise polynomial interpolation methods of the left and right lung field regions of
the image datasets JPCLN001, JPCLN007, and JPCLN083.

FIGURE 6 | Dice similarity coefficients of the modeled shape with different piecewise polynomial interpolation methods of the left and right lung field regions of the
image datasets JPCLN001, JPCLN007, and JPCLN083.
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coastal edges. To fulfil these criteria, the landmark points 2L,
3L, 4L, and 5L that belong to the left coastal edge are made co-
linear with the landmark points 16L, 15L, 14L, and 10L,
respectively. Similarly, the landmark points 2R, 3R, 4R, 5R,
and 6R that belonging to the right coastal edge are made co-
linear with the landmark points 15R, 14R, 13R, 12R, and 11R,
respectively.

4.1 Evaluation Metrics
In order to compare the different interpolation techniques, two
different performance measures, namely, Jaccard similarity
coefficient and Dice similarity coefficient [38], are used that
evaluate the quality of delineation and interpolation.

1) Jaccard similarity coefficient (JSC): the Jaccard similarity
coefficient or Jaccard index (J) between the ground truth
shape and the interpolated shape is defined as

J � |SIS ∩ SGT|
|SIS ∪ SGT| (37)

2) Dice coefficient (DC): the Dice coefficient between the ground
truth shape and interpolated shape is defined as

D � 2
|SIS ∩ SGT|
|SIS| + |SGT| (38)

where SGT is the region enclosed by the ground truth shape and
SIS is the region enclosed by the interpolated shape. The Jaccard
coefficient and Dice coefficient between the two shape instances
give us an idea of how similar the two sets are. The JSC and DC
take a value between [0, 1]. The zero indicates that the two shape
instances do not coincide with each other, whereas one indicates
that the two shape instances completely coincide with each other.

3) Execution time: estimating the execution time often
becomes mandatory when evaluating the performance of
an algorithm. Knowledge about the execution time of
program is of utmost importance in selecting an
appropriate method that models the lung field shape
within a specified amount of time. The polynomials that
take a longer time than the specified amount of time cannot
be preferred for the lung field modeling.

5 SIMULATION RESULT

In this work, five different interpolating polynomials are
studied for the left and right lung field modeling using a set
of discrete labeled points called anatomical landmark
points. For this purpose, three similar radiographs from
the publicly available JSRT dataset are selected. We
identified and selected 17 anatomical landmark points for
the left lung region and 16 anatomical landmark points for
the right lung region in the selected set of images, as shown
in Figure 1. As the selected landmark points are not
sufficient to form the lung contour, piecewise
interpolating polynomials are used to create additional
intermediate semilandmark points between each pair of
the consecutive landmark points. Our intention is to get a
shape of highest similarity index by interpolating minimum
number of the secondary landmark points (i.e., intermediate
semilandmarks). Hence, an analysis is made to find a shape

TABLE 1 | Jaccard’s and Dice’s coefficients of different interpolation schemes with their optimality condition.

Sl.
No.

Interpolation
type

No. of intermediate
semilandmarks to
meet optimality

condition

Image dataset

JPCLN001 JPCLN007 JPCLN083

Left lung Right lung Left lung Right lung Left lung Right lung

JSC DC JSC DC JSC DC JSC DC JSC DC JSC DC

1 Linear NA 0.9396 0.9689 0.9581 0.9786 0.9528 0.9758 0.9601 0.9796 0.9685 0.9840 0.9513 0.9751
2 Cubic

Convolution
3 0.9471 0.9728 0.9645 0.9819 0.9590 0.9790 0.9728 0.9862 0.9755 0.9876 0.9635 0.9814

3 Cubic Spline ≥7 0.9400 0.9691 0.9695 0.9845 0.9493 0.9740 0.9765 0.9881 0.9683 0.9839 0.9632 0.9812
4 PCHIP 3 0.9514 0.9751 0.9694 0.9845 0.9675 0.9835 0.9742 0.9869 0.9753 0.9875 0.9702 0.9849
5 Makima 3 0.9478 0.9732 0.9671 0.9833 0.9640 0.9817 0.9729 0.9863 0.9763 0.9880 0.9666 0.9830

FIGURE 7 | Simulation time of different interpolating polynomials.
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of highest similarity index by interpolating a minimum
number of intermediate semilandmark points. For this
purpose, the piecewise interpolating polynomials are used
for obtaining 1–15 intermediate semilandmark points
between each pair of the consecutive landmark points.
Performance of each interpolating polynomial is
evaluated for intermediate semilandmarks—varying in
number from 1 to 15—formed between each pair of the
consecutive landmark points. Figure 2 shows the lung shape
modeling of the image data set JPCLN001 using selected
interpolating polynomials with linear, cubic convolution,
cubic spline, PCHIP, and Makima interpolation methods,
respectively, using one, three, and ten intermediate
semilandmark point(s). A similar attempt is also made to
represent two other sets of images in Figures 3, 4 with the
selected interpolating polynomials using one, three, and ten
secondary landmark point(s). Here, red and green contours
are used to represent ground truths and lung field
boundaries obtained using different interpolating
polynomials, respectively. Performance of each
interpolation method is evaluated, for the left and right
lung field modeling, against the number of intermediate
semilandmark points, in terms of Jaccard similarity
coefficient and Dice coefficient. Figure 5 shows the
performance of each interpolating polynomial in terms of
Jaccard similarity coefficient and Figure 6 is used to
represent their performance in terms of Dice coefficient.
A tabular form of the different interpolating polynomials for
which Jaccard’s and Dice’s coefficients remain optimal with
the minimum required condition is shown in Table 1. Here,
optimality refers to a situation in which JSC and DC attain
the best or most favorable value beyond which no such
significant change is sought. The optimality condition
refers to a condition that is required (in terms of the
minimum number of intermediate semilandmark points
between each consecutive anatomical landmark pair) for
the JSC and DC to attain the best or most favorable value.
The execution time of these interpolating polynomials is
evaluated for the three intermediate semilandmark points
and is shown and compared in Figure 7. The simulation
work is carried out using MATLAB R2018b installed under
the Fedora Linux kernel version 5.6.13-300.fc32.x86_64 in
HP ENVY 15-k004tx Notebook PC with the configuration of
1.7 GHz Intel Core i5-4210U processor having Intel HD
Graphics 4400 and 8 GB of RAM.

6 CONCLUSION

Here, we have presented an effective method of anatomical
landmark point selection and their minimization and modeling
of the lung field shape using five different interpolation
techniques, namely, linear, cubic convolution, cubic spline,
PCHIP, and Makima. Each interpolation method is applied
locally with a certain number of intermediate semilandmark
point(s) between each consecutive anatomical landmark pair.
We measured and compared the modeling performance of each

interpolation technique with the prepared ground truth in terms
of Jaccard similarity coefficient (JSC) and Dice coefficient (DC).
The modeled shape using linear interpolation method with an
execution time of 4.97954 s ensures a shape of minimum
similarity index (with an average JSC of 95.36 and 95.65%
and with an average DC of 97.62 and 97.78% for the left and
right lung fields, respectively) and has no impact of increasing
the number of intermediate semilandmark points. Therefore,
optimality condition for the linear interpolation method cannot
be defined. However, for PCHIP and Makima interpolation
methods, an incremental change in JSC and DC is observed as
the number of intermediate semilandmark points between each
consecutive anatomical landmark pair increases from one to
three intermediate semilandmark point(s). As soon as the
number of intermediate semilandmark points increases
beyond three, no significant change in JSC and DC is
observed. Hence, with a minimum of three intermediate
semilandmark points, the JSC and DC reach the optimal
value in case of PCHIP and Makima interpolation methods
with an execution time of 5.04873 and 5.07105 s, respectively.
The case with cubic convolution is no exception to this and here
also the optimal values of JSC and DC are attained with a
minimum of three intermediate semilandmark points with an
execution time of 5.05548 s irrespective of the incremental or
decremental change between one and three intermediate
semilandmark point(s). The cubic spline method, however,
does not follow the same trend and a gradual decrease or
damping is observed in JSC and DC when the number of
intermediate semilandmark points is below seven. The cubic
spline method takes at least seven intermediate semilandmark
points to produce an optimum result. From the
experimentation, it is concluded that the PCHIP
interpolation method is the most promising candidate for
shape modeling of the lung field region with an average JSC
of 96.47 and 97.13% and with an average DC of 98.20 and
98.54% for the left and right lung fields, respectively, with the
optimality condition of three intermediate semilandmark
points. The Makima interpolation method is not far behind
and it modeled the shape with an average JSC of 96.27 and
96.87% and with an average DC of 98.10 and 98.42% for the left
and right lung fields, respectively, with the optimality condition
of three intermediate semilandmark points. The cubic
convolution interpolation method takes an average JSC of
96.05 and 96.69% and average DC of 97.98 and 98.32% for
the left and right lung field modeling, respectively, with the
optimality condition of three intermediate semilandmark
points. In contrary to the above stated methods that have the
optimality condition of three intermediate semilandmark
points, the cubic spline method takes an average JSC of 95.25
and 96.97% and an average DC of 97.56 and 98.46% for the left
and right lung field modeling, respectively, with the optimality
condition of at least seven intermediate semilandmark points.
The cubic spline method remains the weakest candidate for the
lung field modeling due to longer execution time of 5.22529 s for
the three intermediate semilandmark points and the high
optimality condition of at least seven intermediate
semilandmark points.
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Remote Chemical Sensing by SERS
with Self-Assembly Plasmonic
Nanoparticle Arrays on a Fiber
Xin Zhang1, Kunyi Zhang1, Hasso von Bredow2, Christopher Metting2, George Atanasoff 2,
Robert M. Briber1 and Oded Rabin1,3*

1Department of Materials Science and Engineering, University of Maryland, College Park, MD, United States, 2Accustrata, Inc.,
Rockville, MD, United States, 3Institute for Research in Electronics and Applied Physics, University of Maryland, College Park, MD,
United States

An optical fiber was modified at the tip with a self-assembled plasmonic metamaterial that
acts as a miniature surface-enhanced Raman spectroscopy (SERS) substrate. This optical
fiber-based device co-localizes the laser probe signal and the chemical analyte at a
distance remote from the spectrometer, and returns the scattered light signal to the
spectrometer for analysis. Remote SERS chemical detection is possible in liquids and in
dried samples. Under laboratory conditions, the analyte SERS signal can be separated
from the background signal of the fiber itself and the solvent. An enhancement factor
greater than 35,000 is achieved with a monolayer of the SERS marker 4-aminothiophenol.

Keywords: surface enhancedRaman spectroscopy, remote sensing, fiber optics, gold nanoparticles, self-assembly,
optical metamaterial, fused silica fiber, enhancement factor

INTRODUCTION

Plasmonic metamaterials obtain their unique optical properties from the combined action of
plasmonic and dielectric components of sub-wavelength dimensions [1]. Plasmonic
metamaterials are useful in a variety of surface-enhanced spectroscopy techniques, enabling
detection of chemicals through their spectral signatures with lower detection limits and higher
spatial resolution compared to the standard spectroscopy techniques[2–4]. Among the most studied
surface-enhanced spectroscopy techniques is surface-enhanced Raman scattering spectroscopy
(SERS) [5,6,7]. In SERS, the plasmonic metamaterial increases the scattering cross-section of the
probedmolecule by a large factor (called the SERS enhancement factor), allowing for the possibility of
single molecule detection [8]:[9].

Remote chemical sensing by optical methods has many applications in health care, oil and gas
exploration, environmental monitoring, and law enforcement [10]:[11]. A number of these
applications allow for the installation of a plasmonic metamaterial at the detection site for signal
enhancement [12]:[13]. Of particular interest is addressing said metamaterial via an optical fiber
such that (1) optical sensing is possible even without a direct line-of-sight between the spectrometer
and the site of interest, and (2) the measurement can be performed through scattering media such as
biological tissue, smoke, and soil. Techniques for localizing a plasmonic metamaterial on the optical
fiber tip involve self-assembly methods and/or nanolithography tools [14–24].

Previously, a plasmonic metamaterial consisting of a non-close packed monolayer of metallic
nanospheres with controllable inter-particle gaps was demonstrated as a reliable and reproducible
SERS substrate [25]. That SERS substrate had been investigated using laser light propagating in free
space. Here we report on the implementation of said metamaterial as a component of an optical fiber-
based SERS spectroscopy system for remote sensing. The merits of this approach include facile and
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economic fabrication based on self-assembly techniques, and
quantitative evaluation of the SERS enhancement factor.

MATERIALS AND METHODS

The metamaterial was produced on the polished tip of an optical
fiber (Edmund Optics, 200 μm core diameter 0.22 NA VIS/NIR
fused silica fiber, polyimide coating) to demonstrate remote sensing
by sending and receiving the optical signals through the fiber. The
fiber was ∼0.5 m in length. A detailed procedure of the fabrication
of the metamaterial was reported elsewhere [26]. Briefly, the optical
fiber was equipped with SMA905 connectors and the tips were
polished. A drop of solution of the block-copolymer polystyrene-b-
poly(4-vinylpyridine) (PS-b-P4VP) in propylene glycol methyl
ether acetate was spin coated on one polished tip of the optical
fiber for 60 s at 3,000 rpm using a custom-designed holder. The
block-copolymer film was annealed in THF vapor for 3 h. The
P4VP blocks were crosslinked by exposure to 1,4-dibromobutane
(DBB) vapor for 4 h. The fiber tip was immersed in a gold
nanoparticle solution (BBI Solutions, citrate-capped, 15 nm) for
12 h, resulting in a non-closed packed monolayer of nanoparticles.
The diameter of the nanoparticles was adjusted from ∼15 to
∼32 nm by soaking the fiber tip in an electroless gold plating
solution (prepared by mixing solutions of CTAB (6 ml, 0.2 M),
HAuCl4 (0.384 ml, 0.04M), AgNO3 (0.228 ml, 0.01M), ascorbic
acid (0.96ml, 0.1 M), and deionized water (11ml)) for 8 min[25].
The metamaterial was characterized by optical microscopy
(Olympus BX60 microscope with an Olympus UMPlanFI 20X/
0.46 BD objective lens), by scanning electron microscopy (Hitachi
SU-70 Schottky FE-SEM working at 10 kV accelerating voltage)
and by atomic force microscopy (DI Nanoscope III multimode
AFM, tapping mode, TESP tip (42 N/ m)).

Raman and SERS: The measurements were carried out using a
LabRAM ARAMIS Horiba Yvon-Jobin micro-Raman
spectrometer, operating at a wavelength of 633 nm and
equipped with an Olympus BX41 microscope. The proximal
bare tip of the fiber was placed near the focal point of the
objective lens (Olympus MPlan, ×10 NA � 0.25 WD �
10.6 mm) of the Raman microscope. For SERS, the
metamaterial functionalized tip of the fiber was soaked in the
analyte solution for 15min. Measurements were taken with the
functionalized distal tip immersed in the solution in the dark, or for
quantitative determination of the enhancement factor, the tip was
soaked in a solvent to remove excess analyte, and was let dry in the
dark prior to the measurements. Reference spectra were collected
using normal Raman spectroscopy with the optical fiber. For
normal Raman spectroscopy, no metamaterials were constructed
on the optical fiber, and measurements were taken with the distal
tip of the fiber immersed in the analyte solution in the dark.

RESULTS

The SERS system consisted of the 633-nm CW laser, the
spectrometer, and the silica optical fiber modified on its distal
end with the metamaterial (Figure 1A). The laser light was

guided through a beam-splitter to a lens that focused the light
into the proximal end of the optical fiber. After traveling through
the fiber, the light coupled to the metamaterial and the surface-
enhanced Raman scattering process took place. A portion of the
Stokes-shifted (back-scattered) light was collected by the fiber and
was guided back towards the lens and the beam-splitter, making
its way to the notch filter and the detector in the spectrometer.
The structure of the functionalized distal end of the optical fiber is
shown schematically in Figure 1B. Over the polished tip of the
silica fiber is a thin (<50 nm) film of PS-b-P4VP. This polymer is
typically not involved in the Raman process. It is chosen because
the P4VP and the PS components microphase separate upon
solvent-vapor annealing and self-assemble into hexagonally-
ordered P4VP cylindrical domains in a PS matrix, serving as a
template for the nanoparticle adsorption process. Over the
polymeric film is a monolayer of gold nanoparticles of
uniform diameter (d∼32 nm) arranged in a hexagonal pattern
at the microscale. Because the center-to-center distance of the
hexagonal pattern (d+δ, δ∼8 nm) is slightly larger than the
nanoparticle diameter, nanoscale gaps are present between
pairs of adjacent nanoparticles. This metamaterial of evenly-
spaced metallic nanoscale particles and dielectric nanoscale
gaps of controlled dimensions generates strong, localized
optical fields that give rise to the enhanced Raman signal.

The SERS optical fibers were characterized during
fabrication by optical microscopy, SEM and AFM in order
to confirm and evaluate the formation of a hexagonal array of
gold nanoparticles on the polished surface at the distal end of
the fiber. The optical images in Figure 2 show that the block
copolymer film and the nanoparticle metamaterial covered
almost the entire cross-sectional area of the fiber and
displayed good uniformity, particularly at the center of the
fiber core. SEM imaging of the tip of the fiber confirmed the
presence of a layer of gold nanoparticles on the entire circular
area of the silica core, however, due to the poor electrical
conductivity of the sample the resolution and quality of the
images were compromised (Figure 3A). High-resolution height
profile images were obtained by AFM (Figure 3B), scanning the
AFM tip over a few square-microns of the fiber core in tapping
mode. The AFM images indicated that the silica surface and the
polymer film on top of it were smooth and that the gold
nanoparticles were dispersed as a monolayer over the film.
Most nanoparticles were separated from their neighbors by a
nanoscale gap (∼25 nm), and were locally arranged in
hexagonal patterns, as expected for 15 nm nanoparticles
adhering to the hydrophilic columnar domains of the (PS-b-
P4VP) polymer film[26]. Some sites were not covered by
adsorbed nanoparticles. These locations appear to have not
formed cylindrical P4VP domains normal to the surface. These
defects may be remedied by a longer annealing time and/or a
longer immersion time in the nanoparticle solution.

SERS spectra of 4-aminothiophenol (4-ATP) were collected by
immersing the functionalized optical fiber in an ethanoic solution
of the thiol. To quantify the SERS enhancement factor, the
number of molecules probed needs to be known. This was
achieved by rinsing the analyte off the fiber, such that only a
monolayer of chemisorbed thiol molecules is present on the

Frontiers in Physics | www.frontiersin.org January 2022 | Volume 9 | Article 7529432

Zhang et al. Rabin 2021 Remote Chemical Sensing

163

https://www.frontiersin.org/journals/physics
www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles


surface of the gold nanoparticles. The SERS spectrum of “dry” 4-
ATP is shown in Figure 4A. This spectrum was obtained by
subtracting the signals collected before and after exposing the
fiber to the chemical solutions. Six peaks associated with the SERS
spectrum of 4-ATP can be identified. The SERS spectra obtained
in “wet” conditions are qualitatively the same. In Figure 4B, the
reference Raman spectrum of 4-ATP obtained with the same

spectrometer using an optical fiber without the metamaterial is
shown. Here, the distal end of the fiber was immersed in a
200 mM solution of 4-ATP in 1,5-pentanediol, and the spectra
were collected with the fiber end in the liquid. The spectrum has
been baseline-corrected by subtracting the signal collected from
pure pentanediol under the same experimental conditions. In the
Raman spectrum, the two strong peaks associated with 4-ATP

FIGURE 1 | (A) Schematic of the SERS remote spectroscopy system. (B) Schematic of the structure of the metamaterial-functionalized optical fiber tip.

FIGURE 2 | Optical images of the silica core of the optical fiber at different stages of the SERS optical fiber fabrication. (A) Polished tip fiber mounted on SMA905
connector. (B) Same fiber as in (A) after spin-coating the block copolymer. (C) A different fiber with the block-copolymer film and a monolayer of gold nanoparticles. The
metamaterial structure appears uniform at the center. Irregularities are more common toward the edge of the silica core, likely due to height differences between the silica
core and the polyimide coating.

FIGURE 3 | (A) Low-magnification SEM image of the fiber mounted on the SMA905 connector, after 15 nm gold nanoparticle absorption and before electroless
plating. The arrow points at the silica core surface where the metamaterial is located. Inset: High magnification SEM image of the fiber core surface. (B) AFM topography
image of the gold nanoparticle array self-assembled on the block-copolymer film on the fiber tip. Short-range hexagonal ordering is observed. There are nanoscale gaps
between the nanoparticles.

Frontiers in Physics | www.frontiersin.org January 2022 | Volume 9 | Article 7529433

Zhang et al. Rabin 2021 Remote Chemical Sensing

164

https://www.frontiersin.org/journals/physics
www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles


can be recognized, however, four peaks of pentanediol also
remain in the spectrum due to imperfect background subtraction.

The SERS enhancement factor EF is calculated using Eq. 1
where Ni is a function of the number of molecules probed and the
signal collection efficiency of the fiber (see Supplemental Material
for calculation details), ti is the data acquisition time, and Ii is the
intensity of the peak near 1070 cm−1. The subscript i corresponds
to either the SERS experiment or the Raman experiment. The
number of molecules probed in the SERS experiment is estimated
using the known surface density of the nanospheres in the array,
the diameter of the nanospheres and the density of 4-ATP in
monolayers on gold surfaces (5 molecules/nm2). The number of
molecules probed in the Raman experiment is estimated using the
known analyte concentration in the solution.

EF � ISERS
IRaman

NRaman

NSERS

tRaman

tSERS
(1)

The SERS enhancement factor of the metamaterial-
functionalized optical fiber was determined to be ∼37,000. This
value is comparable to the SERS enhancement factors obtained for
large-area (>1 cm2) versions of the metamaterials on glass slides.

The raw data showed a strong Raman and fluorescence signal
originating from the fused silica fiber (inset in Figure 4). For the
purpose of the experiments described above, this signal remained
constant throughout the measurements, and was satisfactorily
removed using standard background subtraction techniques.

DISCUSSION

There are a number of technical considerations specific to SERS
measurements through optical fibers. First, the optical fiber can
channel photons that originate from light sources other than the
incident laser (e.g. sunlight, room lighting) back to the spectrometer.
Therefore, samples must be measured in the dark. Second, the fiber
itself is a source of fluorescence and Raman scattering. These features
must be recognized in the recorded spectra and not mistaken for

analyte signals. Therefore, the method is limited to analytes with
Raman signals that do not overlap with the Raman signals of fused
silica (420, 485, 600, and 790 cm−1). The method also necessitates
post-measurement analysis, such as background subtraction, peak
fitting and principal component analysis. The fused silica background
signal can be mitigated by employing a Raman spectrometer that
operates at a longer wavelength (e.g. 785 nm), or by using specialty
optical fibers such as hollow-core photonic crystal fibers [27]. Third,
the sensitivity of the optical fiber-based SERS measurement may be
limited by losses associated with inserting the incident laser light into
the fiber and near-field coupling the light scattered by the molecules
in the metamaterial back into the fiber. Interestingly, using
macroscopic samples of the metamaterial on quartz slides, we
have determined that more photons back-scatter inelastically
when the sample is illuminated from the quartz side than from
the air side[28]. The permittivity contrast at the interface may be
responsible for this effect, as has been previously theorized [29].
Consequently, optical fiber SERS of dry samples (i.e. in air) often
results in better sensitivity than SERS performed with solutions.

Despite the technical challenges listed above, remote detection of
SERS-active molecules through the optical fiber is practical thanks to
the tremendous enhancements in the Raman scattered light intensity
by the plasmonicmetamaterial, estimated to be of the order of 105 for
this metamaterial using a 633-nm input laser light. Through the
analysis of the spectrum in Figure 4A, it is possible to unambiguously
assign 6 SERS peaks (1070, 1140, 1180, 1390, 1435 and 1580 cm−1) to
4-ATP adsorbed on the gold nanoparticles at the fiber tip. In contrast,
only 2 Raman peaks were recorded in the spectrum collected without
the assistance of themetamaterial despite the very-high concentration
of 4-ATP in the sample, with 2 other peaks possibly masked by the
solvent Raman peaks and the baseline noise.

Optical fiber-based plasmonic sensors using the SERS effect gain
their sensitivity from the co-localization of the optical field and the
molecules at the surface of the plasmonic nanostructures. The
metamaterial-functionalized optical fiber used in this study
distinguishes itself from other optical fiber-based plasmonic
sensors. The whole diameter of the silica fiber tip surface is

FIGURE 4 | (A) SERS spectrum of 4-ATP using themetamaterial functionalized optical fiber. (B)Raman spectrum of 4-ATP using a bare optical fiber. The spectrum
contains also residual signals from the solvent: three peaks in the range 1300–1500 cm−1 and a broad peak at 2850–2940 cm−1. Inset: Raw Raman spectra of the bare
fiber in pentanediol (black) and in pentanediol with 0.2 M 4-ATP (red). In the measurements, the laser power incident on the proximal end of the fiber was 2 mW. The
acquisition time was 45 s for the SERS spectrum, and 60 s for the Raman spectrum.
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covered with the gold nanoparticle array, providing a maximal
functional surface. At the same time, the structure of the
metamaterial is sufficiently uniform that, for practical purposes,
the enhancement factor is homogenous across the device, without
local hot-spots dominating the plasmonic response. The fabrication
process can be standardized such that the enhancement factor of all
the fibers in a batch is the same, as was achieved with macroscopic
SERS substrates. This combination of a predictable SERS
enhancement factor and a large functional area is highly desirable
among SERS users. The metamaterial functionalized optical fiber is
expected to be biocompatible, and operational in aqueous
environments, where SERS-based chemical sensing benefits from
water molecules being Raman inactive and SERS inactive.
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