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Two-dimensional (2D) materials have been intensively stud-
ied in the last decade due to their extraordinary electronic
and optical properties and have been shown to be greatly
effective in optoelectronic applications. In the mean times,
metasurfaces, as a two-dimensional form of metamaterials,
have presented exceptional abilities for controlling the flow
of light. The unique and novel characteristics of both 2D
materials and the metasurfaces strongly promoted the devel-
opment of photonics, electronics, optoelectronics, device
physics, optical communication, and so on. As a matter of
course, the combination of 2D materials and metasurface
became a future research direction in optoelectronics. The
purpose of this special issue is to present some recent progress
on two-dimensional (2D) material and metasurface based
optoelectronics. A brief summary of all accepted papers is
provided below.

In the paper by B. Liu et al., they have reviewed the
two-dimensional optical metasurfaces from plasmons to
dielectrics. The review includes the progress in developing
optical metasurfaces over the past few years and looks into
the near future.

The paper posted by G. Jiang et al. fabricates a PMMA
sandwichedBi2Te3 self-assembly layer as a saturable absorber
device, which was used as a passive mode locker for ultrafast

pulse generation at the telecommunication band. Based on it,
they have demonstrated a stable mode-locked fiber laser. The
results indicate that PMMAsandwiched topological insulator
layer structure could be an improvement technology in
traditional PMMA transfer method and could be used as a
long-term stable saturable absorber for the passively mode
locking lasers.

The work reported by L. Chen et al. proposes a reverse
modulation fiber-wireless system with two jointed DSP
algorithms: the discrete Fourier transform spread (DFT-
Spread) and the averaging of the channel frequency response
(H-averaging) technology for improving the transmission
performance of 22Gbit/s 16QAM-OFDMreverse modulation
system at 60GHz by more than 15km fiber transmission
under the soft decision forward error correction (SD-FEC )
threshold 3.8×10−3.

The paper by X. Yin et al. proposes a method for rubber
identification based on terahertz time-domain spectroscopy
(THz-TDS) and support vector machine (SVM).Themethod
proposed in this paper can identify three types of rubber
quickly and nondestructively, which lays a theoretical foun-
dation for the application of terahertz spectroscopy in rubber
classification and identification and provides a new approach
for the nondestructive identification of other rubber.
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The paper by M. Wu and Y. Li demonstrates an all-
fiberized passively Q-switched erbium-doped fiber laser
(EDFL) via evanescent field interaction between molybde-
num ditelluride saturable absorber (SA) and guided mode of
the D-shaped fiber. With the help of the strong interaction
between evanescent field and the nonlinear optical material,
the all-fiberized Q-switched fiber laser can be realized, and
the high energy pulsed fiber laser can be delivered.

The paper by Y. Chen et al. numerically studies the
spatial characteristics of the optical parametric chirped-pulse
amplification (OPCPA) process when the initial pump beam
was aberrated. The walk-off effect was found to worsen the
signal beam quality in the OPCPA system when the pump
beam exhibited phase modulation. However, as the pump
intensity was modulated, the walk-off effect filtered out some
aberrations; the signal beam quality improved but at the cost
of reduced gain.

The paper by C. Tan et al. displays the theoretical and
experimental study of all-optical switching for signal lasers
based on the plasma channel induced by the control laser.
Using the plasma channel generated in the carbon disulfide
(CS2) solution, the signal light can be modulated as some
spatial distributions, which provide great potential of the
plasma channel induced by lasers as an all-optical switching
for various optoelectronic applications.

The paper by Y. Chen et al. provides a scheme to realize a
thermo-tunable and less loss isotropic negative-index meta-
materials up to terahertz regime by embedding the dielectric
spheres in a semiconductor host medium randomly. Such
reconfigurable and thermotunable metamaterials have a very
promising future for designing tunable devices such as
tunable optical cloaking, tunable spatial light modulators,
and tunable novel microwave antenna.

The paper by Y. Ye et al. theoretically investigates the opti-
cal tristability with low threshold by constructing a simple
double layer graphene structure. By tuning the dispersion
parameters of grapheme, hysteretic response characteristic
optical tristability can be flexibly manipulated.

The paper by Q. Tan et al. numerically investigates the
coupled effects of blood vessels and thermal relaxation time
on temperature and thermal lesion region in biological tissue
during high-intensity focused ultrasound (HIFU) hyperther-
mia. It also modifies the traditional Pennes bioheat equation
to thermal wave model of bioheat transfer (TWMBT) and
presents a joint physical model, which combines TWMBT for
tissue and energy transport equation for blood vessel.

The paper by X. Guo et al. proposes a switching mul-
tiple input and multiple output (MIMO) system combining
with adaptive orthogonal frequency division multiplexing
(OFDM)modulation for high-speed indoor visible light com-
munications. Experimental results confirm that data rates
are improved significantly under the condition of different
channel correlations and different locations of transmitters
and receivers, where BERs are all below the 7% preforward
error correction (pre-FEC) threshold of 3.8 × 10−3.

The paper by J. Tang et al. proposes a novel structure
consisting of graphene and optical lattice which can realize
the enhancement of reflected group delay and switch between
positive reflected group delay and negative reflected group

delay of optical pulse, making the graphene-PC structure a
good candidate for dynamic tunable optical delay device in
the THz frequencies.

The paper by H. Zhou et al. reports a radio-over-fiber
(ROF) access network with multiple high-repetitive fre-
quency mm-wave signal generation utilizing a dual-parallel
Mach-Zehnder modulator (DP-MZM) and a semiconductor
optical amplifier (SOA) for multiple base stations (BSs). This
scheme can raise the capacity of ROF system, reduce the
requirement of the repetitive frequency of the driven RF
signal, and support multiple mm-wave wireless access for
BSs.

The paper by S. Wang et al. numerically demonstrates
the tunable terahertz absorption in the interface between
graphene and dielectric Bragg reflector (DBR). It has been
found that the different wavelength absorption effect can be
altered by adjusting the dielectric constant, thickness of the
top layer, or the Fermi energy of grapheme, and the near
perfect absorption can be achieved at different frequency
bands in the structure.

The paper by X. Guo et al. proposes and experimentally
demonstrates a novel Zadoff-Chu matrix (ZCM) precoding
scheme,which can not only reduce the PAPRbut also provide
uniform signal-to-noise ratio (SNR) profile.The results show
that the PAPR of the ZCM precoding scheme is much lower
than the existing Walsh-Hadamard matrix and the OCT
precoding schemes.

The paper by X. Guo et al. investigates the performance
of the 32-quadrature amplitude modulation (32-QAM) con-
stellation shaping schemes for the first time, where two
special circular constellations, named Circular (4, 11, 17)
and Circular (1, 5, 11, 15), and a triangular constellation are
proposed based on the Shannon’s criterion, and shows that
both circular constellations achieve a better tradeoff between
noise resistance and nonlinearity resistance, leading to a
better BER performance.

We would like to express our thanks to all authors who
made this special issue possible. We hope this collection
of articles will be useful to the optoelectronics science
community and inspire further research in two-dimensional
material and metasurface directions.
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Metasurfaces, kinds of planar ultrathin metamaterials, are able to modify the polarization, phase, and amplitude of physical fields
of optical light by designed periodic subwavelength structures, attracting great interest in recent years. Based on the different type
of the material, optical metasurfaces can be separated in two categories by the materials: one is metal and the other is dielectric.
Metal metasurfaces rely on the surface plasma oscillations of subwavelength metal particles. Nevertheless, the loss caused by the
metal structures has been a trouble, especially for devices working in transmit modes. The dielectric metasurfaces are based on
the Faraday-Tyndall scattering of high-index dielectric light scattering particles. By reasonably designing the relevant parameters
of the unit structure such as the size, direction, and shape, different functions of metasurfaces can realize and bring a wide range
of applications. This article focuses on the metasurface concepts such as anomalous reflections and refractions and the working
principle of different types of metasurfaces. Here, we briefly review the progress in developing optical over past few years and look
into the near future.

1. Introduction

Optical elements are the basic unit of optical systems such as
imaging, illumination, and communications [1, 2]. They can
change the direction of light beam propagation and reshape
the wavefront by modulating the amplitude, phase, and
polarization of light.The conventional optical elements, such
as lenses, wave plates, and light modulators, are transmitted
primarily through the principles of refracting, reflection,
absorption, or diffraction of light [3]. Wavefront shaping is
realized by the gradual accumulation of phase in the propaga-
tion of components, which is closely related to the structure,
refractive index, and dielectric constant of components.
Due to the limited manipulation mechanism and material
selection of conventional optical components, it is difficult
to achieve high integration such as chip integration, ultra-
thin structure, wavelength control, and polarization control
[4]. With the development of microfabrication technologies
and computational electromagnetic fields, miniaturization

of optical device and integration of optical system have
gradually become the trend of future development. An
artificially designed new type of optical material media has
gradually attracted more and more attention of researchers.
Further studies have found that the effective combination
of medium and transform optics is expected to achieve its
complete control of electromagnetic waves and has become
a newmethod for the study of beam propagation control and
interaction laws of light and matter.

The metamaterials consist of periodical subwavelength
metals and medium structures, which are artificial
microstructures with a specific order. Due to the influence of
subwavelength structures and overall functional materials,
supermaterials exhibit extraordinary electromagnetic
properties [5]. Therefore, the ideal electromagnetic response
and device function can be obtained by adjusting the
basic unit structure of the material, thereby eliminating
the material performance constraints of the conventional
materials [6]. For the study of metamaterials, many scholars
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Figure 1: Selected functionalities of metasurfaces: (a) band pass frequency selective surface; (b) band stop frequency selective surface; (c)
high-impedance surface; (d) narrowband perfect absorber; (e) twist polarizer; (f) right-handed circular-polarization frequency selective
surface; (g) linear-to-circular polarization converter; (h) two-dimensional leaky-wave antenna with a conical-beam pattern; (i) focusing
transmit array; (j) focusing reflect array; (k)flat Luneburg lens; (l) hologram [18].

have made major breakthroughs in different applications. So
far, the metamaterials that have been obtained include
negative-refractive-index materials [7–9], magnetic
media [10], chiral materials [11–13], electromechanical
metamaterials [14, 15], and photonic crystals [16], and they
can be applied to some difficult areas of conventional optics,
such as super-resolution imaging, electromagnetic cloaks,
and all-optical devices [15]. With the deepening of research,
resonance response and the use of metal structure leads
to the existence of high loss and strong dispersion, which
brings new challenges to practical application. In addition,
micro-scale and nanoscale three-dimensional metamaterials
are expensive and difficult to manufacture [17]. As a result,
researchers have turned their attention to metasurfaces
that are compatible with modern semiconductor. They
can be easily fabricated using existing technologies such
as photolithography and nanoprinting methods. At the
same time, the ultra-thin thickness in the direction of wave
propagation can significantly reduce undesirable losses by
selecting suitable materials and metasurface structures [18].
In general, the metasurface can overcome the challenges of
large-volume metamaterials and realize optical adjustment
functions that are difficult with conventional optical devices.

In conclusion, as shown in Figure 1 the study of metasurface
has become one of the frontier in the field of metamaterials,
which has important research significance.

The metasurface reduces the dependence on the prop-
agation effect by introducing mutations in optical proper-
ties such as phase, amplitude, and polarization [3–5]. This
mutation can be realized by a two-dimensional array of
subwavelength scattering, which is an electromagnetic mod-
ulation primitive structure at the light wavelength called an
optical antenna. Some common scattering structures include
metal nanostructures, barbina structures, and high refractive
index dielectric media nanomaterials. The core feature of the
metasurface is the subwavelength distance between element
structures, which can be different geometric parameters such
as shape, size, and direction. Compared with the control
of the light path of the metamaterial, the design of the
metasurface is more focused on the wavefront control in
the control of the light beam [26]. It realizes wavefront
control by controlling the intensity and phase of each point,
which avoids the loss of light through the cell structure
multiple times, thereby strengthening the practical applica-
tion. In addition, the metasurface has many advantages over
conventional optical elements. First of all, the thickness of
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Figure 2: Schematic diagram of LSPs [19].

the metasurface is much smaller than the wavelength, so
the treatment of transmitted light and reflected light occurs
only in the structural layer where the interface is very thin.
Secondly, due to the electromagnetic scattering character-
istics, the metasurface can effectively control the optical
phase, amplitude, and polarization at the subwavelength
resolution and efficiently suppress high-order diffraction.
Then the focus of the metasurface is not the far-field optical
control, but the near-field wavefront shaping. Finally, the
magnetic response of themetasurface can achieve impedance
matching of planar optics, not just electric field responses like
conventional elements.

In recent years, the field of metasurface research has
developed rapidly and has achieved considerable research
results. In this article, we review research progress abroad and
summarize some research methods, thus presenting our own
opinions on this research field.

2. Plasmonic Metasurface

2.1. Principle. Thematasurface utilizes the phase jump intro-
duced by the resonance of incident light with subwavelength
structures. According to Huygen’s Prindple, if it controls
the amplitude and phase response of each “point source”
(subwavelength structure) about the incident wave (electric
field and magnetic field component) on the plane, the shape
of the wavefront can be adjusted at will and achieve the
devices expect performances. Similar to the case where the
oscillator displacement is often out of sync with the excitation
in the spring oscillator model, the phase jump is derived
from the phase difference between the polarization charge
displacement and the excitation field.

Plasmonic metasurfaces are generally consisted by metal
nanoparticle structures and its substrate.When incident light
reaches the metal nanoparticles, the free electrons on the
surface will oscillate collectively, and called surface plasmons
(SPs). There are two kinds of SPs, one of them produces
charge density waves but they are unable to propagate,
which became the localized surface plasmons (LSP), and the
other transmits among the interface between the metal and
dielectric, called surface plasmon polaritons (SPPs).

When light strikes the metal particles, free electrons
on the surface exhibit directional movement, and form the
electric dipole on the surface. Affected by electric dipole,
free electrons on the surface of the metal particles produce

+ + ++ + + − − −− − −

z

x

E

HＳ∙

Dielectric

Metal

Figure 3: The electric field and the distribution of electric charges
during the propagation of the SPPs inmetal and dielectric interfaces
[19].

resonance phenomenon, which strongly depends on their
natural frequency of the harmonic vibration, the shape of
geometry size, material properties, and dielectric environ-
ment surrounding metal particles [19]. Under the action of
light with similar inherent frequency, metal particles formed
the electronic collective oscillation, and the result is as shown
in Figure 2.

Many nanostructures are capable of generating LSP res-
onances, such as common spherical and ellipsoidal metal
nanoparticles, metal nanorods, andmetal nanostars. Further,
the coupling between the metal nanoparticles constituting
the polymer can also cause LSP resonance, and a strong
electric field is formed in the space between the respec-
tive units constituting the polymer. In addition, the metal
nanopore structure can also generate LSP resonances, and the
periodicmetal nanopore structure can generate both LSP and
SPPs along the metal surface. LSP can enhance local electric
field, improve the efficiency of many optical processes, and
have a wide range of applications in surface enhancement
spectroscopy and biosensing.

SPPs are electromagnetic waves transmitted along the
interface betweenmetal andmedium.They are exponentially
attenuated in the direction perpendicular to the interface
between the metal and the medium. Therefore, SPPs are
locally distributed at the interface between the metal and the
medium and spread in the subwavelength range, breaking
through the diffraction limit.Theprinciple of generating SPPs
is shown in Figure 3.
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Figure 4: Schematic representation of a nanoarray. (a)The unit (blue) at the plasmonic interface is composed of 8metallic V-shaped antennas
with a width of 40 nm and a thickness of 30 nm. The repetition period in the x direction is T, and the repetition period in the y direction is
T/8.The phase delay of cross-polarized light increases from right to left along the x axis. (b)The scanning electron microscopy images of four
antenna array cells with different cycles were produced on a single wafer.

In the field of midinfrared and optical wavelength
research, researchers have proposed ultra-thin optical surface
devices. Such new optical devices, called metasurfaces, con-
trol the polarization [5], phase, amplitude, and dispersion [17]
of light by using the scattering properties of ultra-thin wave-
length scale optical resonators at interfaces [27]. The designs
use wavelength-scale dielectric or metallic nanoparticles
to control dispersion characteristics in resonant scattering
systems or in nonresonant situations, so as to make use of
geometrical phase to control light scattering [28]. In recent
years, the development of light field modulation has been
increasing. For example, the generation and application of
vortex and vector light have always been hot research [29–34].
Plasmons have also proven that they can be applicable to opti-
cal modulation [35], just like the generation of ring-shaped
beams in carbon disulfide by using a graded-index plasmonic
lens [36]. Metamaterials and plasmons have evolved a new
revolutionary field in photonics by combining the energy and
momentumof photons into a free electron gas in the formof a
surface plasmon, which combines the properties of photonics
and electronics [37]. Surface plasmons move on the metal
surface and realize the transmission and operation of light at
nanometer scale [9].

2.1.1. Nano-Array Antenna Metasurface. For a device with a
discontinuity of phase at the interface and can be completely
light-guided, its unparalleled control of abnormal reflections
and refraction can be expressed in terms of the generalized
Snell’s law:

sin (𝜃𝑡) 𝑛𝑡 − sin (𝜃𝑖) 𝑛𝑖 =
𝜆0∇Φ
2𝜋 (1)

sin (𝜃𝑟) − sin (𝜃𝑖) =
𝑛𝑖−1𝜆0∇Φ
2𝜋

(2)

where 𝜃t, 𝜃i, and 𝜃r are the angle corresponding to
refraction, incidence, and reflection, respectively; 𝑛𝑡 and 𝑛𝑖
stand for the refractive index of the two different media on
the transmission and incident sides, respectively; 𝜆0 is the

wavelength of free space. Equations (1) and (2) show that
there is a gradient ∇Φ at the discontinuity of the interface
phase, the direction of light refraction and reflection can be
changed by using components along the interface, and it can
be implemented in an extremely thin layer. It is worth noting
that, in essence, ∇Φ is an added momentum contribution,
which can be introduced by coupling the nanoantennas at
the interface and destroying the symmetry at the interface;
therefore, the light waves will be bent to achieve momentum
conservation [38, 39]. The control of the degree of freedom
of the light by the nanoantenna array is shown in Figure 4.
Since the nanoantenna array is an ultra-thin structure, the
metasurface function can be combined with the low-loss
characteristics. This will hopefully achieve the production
of a variety of optical components, making special light
modulation and control possible.

If the interface was added to a periodic array of sub-
wavelength resonators of negligible thickness forming a
meatasurface, the reflection and transmission coefficients
will be then dramatically changed because the boundary
conditions are modified by the resonant excitation of an
effective current within the metasurface. The reflection and
transmission waves carry a phase change that can vary from
−𝜋 to 𝜋, depending on the wavelength of the incident wave
relative to the metasurface resonance. When the resonators
are anisotropic, the polarization state may be also altered.
When the phase change is uniform along the interface,
the directions of reflection and refraction are unaltered; in
contrast, one of the merits provided by meatasurfaces is that
we can create spatial phase variation with subwavelength
resolution to effectively control the direction of wave prop-
agation and the shape of wavefront [40].

The metasurface structure with symmetrical fracture V-
shaped nanoantenna array achieves a mutated phase shift
from zero to 2𝜋 on crossed polarized light, which can be
devoted to designmany planar optical elements [41]. Figure 5
shows the schematic diagram of some applications of optical
metasurface. Just like in order to realize function of the lens,
nanoantennas can be set to concentric rings. In a variety
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Figure 5: Applications of optical metasurface. (a) Metasurface acts as a chemical sensor: the molecules are attached to the metasurface,
resulting in the transfer of resonances of the nanoantennas components. This leads to anomalous reflection and transmission beam angle
changes (indicated by �𝜃𝛾 and �𝜃𝑡, respectively). (b) Schematic diagram of a superrefractive index medium consisted of 3 metasurfaces (left
panel). The right panel displays the cumulative phase transition of light passing through a common homogeneous material (green line) and
through a medium consisting of 3 metasurfaces (red polyline), the slope of every red polyline representing the effective refractive index.

of different shapes, nanoantennas are arranged in such a
way that the mutated phase shift leads to complete phase
length interference on the distance 𝑓 after wave propagation
through the interface. This ultra-thin metal lens can be
designed to generate a variety of beams, such as a nondiffrac-
tion bezier beam. Moreover, the plasmonic metasurface can
control the phase of light, which makes it also applied to 3D
optical holography [40].

2.2. Plasmonic Application

2.2.1. Optical Vortex Plates. According to the mutated phase
of the interface [42, 43], a phase plate consisting of two-
dimensional V-shaped metal plasmonic antennae [44, 45] is
designed and produced to generate an optical vortex from
cross-polarized scattered light of themodulator transmission.
Thenby controlling the geometry of the antenna and selecting
the array element group, it covers the phase more than 2𝜋
radians. The first-order or second-order vortex phase plate is
designed based on different topological charges, and different
order vortex beams are finally generated [46, 47]. Figure 6
shows a vortex phase plate model with eight groups of
plasmons and subwavelength antennametasurface structures
distributed in one azimuth.

In addition, the use of gradient metasurface can make
vortex beam generatorminiaturization [48, 49].The continu-
ousmetasurface is composed ofmulticircular chirp plasmons
surface waveguides with anisotropy and spatial heterogeneity
that can generate spin-orbit interactions of photons. The
surface plasmons waves of radial polarization are excited
by continuous superstructure. When the chirp coefficient is
zero, a vortex beam with a topological charge of 1 can be
generated by irradiating a metasurface with a wavelength of
632.8 nm of left-handed polarized light and a vortex beam
with a topological charge of 2 can be obtained by using
the analyzer to detect the crossing polarization components
in the radiation wave. When the chirp coefficient is not

zero, the topological charges of the vortex beam change
from an integer to a fraction. The use of a high refractive
index material to further fill the annular chirp waveguide can
theoretically generate vortex beams of arbitrary topological
charges (integer and fractional). Moreover, compared with
the discrete metasurface, the continuous metasurface “pixel
points” can be infinitely small, high precision phase modula-
tion can be achieved, and extremely pure vortex beam can be
obtained.

2.2.2. �ree-Dimensional Color Holography. A simple three-
dimensional color hologram can be fabricated from a thin
layer of metal with a thickness of only ten to a hundred
nanometers [50]. Since its smallest pixel size is only 200nm
× 200 nm, its projection holographic field of view can
reach 90∘ (That is the entire transmission space is imaged)
and even the evanescent wave area. Since the entire visible
light band is an achromatic structure, full-color holographic
imaging can be achieved by utilizing this structure and
introducing off-axis illumination technology. The offaxis
illumination technology introduced can eliminate the zero-
order light interference and the cross-talk between different
color images in traditional metasurface color holography,
which greatly improves the imaging SNR. Further, by using
its subwavelength-scale pixel size, a hologram without a false
image can be obtained by rationally designing a moving
related image existing in a conventional color holography
technique to a disappearing wave region. Figure 7 shows the
generation of a hologram using a metasurface holographic
plate. This holographic technology provides a more efficient
method for phase and amplitude design and reconstruction,
providing a viable solution for a wide range of applications in
the microscope, beam shaping, and entertainment industries
[51–57].

2.2.3. Hyperbolic Lens. The hyperbolic lens is a flat lens
with superconducting plane waves that can perfectly focused.
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(a) (b)

Figure 6: (a) Eight groups of V-shaped focusing structures arranged in the radial direction of the circle, arranged along the azimuth direction
with 0, 𝜋/4, 𝜋/2, 3𝜋/4, 𝜋, 5𝜋/4, 3𝜋 /2, and 7𝜋/4 phase antennas and linear spacing 𝜋/4. (b) Vortex phase mode.

(a) (b)

z = 0 m z = 10 m z = 15 m

(c)

Figure 7: (a) Place a pattern on a specific distance from the metasurface holographic plate (here we choose ten microns). (b) Create a specific
holographic template on the metasurface. (c) Metasurface holograms received at a particular location.

Eight types of V-shaped focusing structures are periodically
arranged in the radial direction of the planar circle. Each
set of V-shaped focusing structures on the ring is evenly
arranged. As shown in Figure 8(a), eight groups of V-shaped
focusing structures are arranged in the radial direction of the
circumference, and the phases are arranged from the inner
ring to the outer ring to be 0, 𝜋/4, 𝜋/2, 3𝜋/4, 𝜋, 5𝜋/4, 3𝜋/2,
and 7𝜋/4 antenna arrays and their phase linear spacing are
𝜋/4. Based on the perfect focus of the phase distribution, the
arrangement of radial V-shaped structures was calculated,
the position of each focusing structure r was determined,
and finally the number of structures etched on the ring was
obtained [58, 59]. By designing different microstructures, flat
lenses with different focal lengths can be obtained. Due to
the very thin thickness of the flat lenses, it is expected to be
applied in the field of optical integration [60]. According to
the above method, Figure 8(b) shows an ultra-thin flat lens

that generates a specific focal spherical wave based on the
metasurface structure.

3. Dielectric Metasurface

3.1. Principle. Unlike the plasmonic metasurface, the dielec-
tric metasurface is formed by the distribution interface of
high-refractive-index light scattering particles that is com-
parable to the wavelength of light [61–64]. The kind of scat-
tering effect is called Faraday-Tyndall scattering. And when
particles are cylindrical or spherical, the Helmholtz equation
can be separated by boundary conditions, which matches
the Mie scattering conditions [65]. Therefore, accurate Mie
calculations are greatly helpful for dielectric nanoparticles.
The radiation field and the internal field can be calculated by
extending the solution to the spherical vector wave function.
The analytical expression of the radiation field is generally
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Figure 8: (a) Lens model. (b) Schematic diagram of the ultra-thin flat lens producing a spherical wave of a specific focal length.

y

x

y
x

zn1

ns

k0
E0

(a)

y

x

y
x

zn1

ns

k0
E0

(b)

y

x

y

x

y
x

ED MD

z
n1

k0
E0

(c)

Figure 9: (a, b) Diagram of electric field in plasmonic resonator; (c) diagram of electric field in dielectric sphere.The plasmonic rod antennas
only stand by electrical resonances and can ignore magnetic contributions. In plasmonic particles, metal rods are formed into a split ring
resonator, which can realize strong magnetic dipole resonance [20].

compared with the experimental data, which can be fitted to
extract the contribution of every model. And the analytical
expression of the internal field stands for distribution of the
field in the medium. It reveals the physical mechanism of
efficient metasurface transmission or reflectivity.

If the spherical dielectric nanoparticles are small enough,
they will undergo significant resonance in the electromag-
netic field. In Figure 9, these resonances are mainly related
to the excitation of magnetic and electric dipole modes. In
description of Mie, the first resonance is magnetic dipole
resonance in cases where the effective wavelength is the mag-
nitude of the particle size (𝜆0/𝑛𝑠𝑝 ≈ 𝐷𝑠𝑝). Dipole magnetic
resonance in a high refractive index dielectric resonator is
virtually caused by an electric field rather than a magnetic
field. As is shown in Figure 9(c), unlike metallic plasmonic
nanoparticles, dielectric resonance is driven by displacement
currents rather than electrical conduction currents, which

greatly reduces the energy loss in resonance. It should be
noted, as shown in Figures 9(a) and 9(b), that the polarization
of the electric field in the metal cleaved ring resonator is
antiparallel in both ends of the ring and can be effectively
coupled to the cyclic displacement current.

Magnetic dipole modes also appear on aspherical geom-
etry of dielectric particles. For example, in a single-layer
cylindrical silicon resonator on a silicon-insulating substrate,
the forced separation of the electrical and magnetic dipole
resonances, as shown in Figure 10, enables the peak reflectiv-
ity in the short-wavelength infrared region to surpass 99%.
In rectangular resonators, altering the size of the geometry or
scattering makes tuning the resonant wavelength very easy
[20]. The combination of electrical and magnetic resonance
scattering properties is of great importance for achieving
efficient planar optical metasurfaces.
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Figure 10: (a) The metasurface consists of an elliptic amorphous silicon column with the same height, different diameters (Dx and Dy), and
different azimuthal angles (𝜃). The columns are located in the center of the hexagonal cell (pixel). (b) Rectangular dielectric nanoparticles
also exhibit electromagnetic field polarizability. The figure shows the electric dipole (ED) and the magnetic dipole (MD) [20].

In order to further elucidate the potential of meta-
surface, considerable “electromagnetic field” scattering, we
will introduce the study of Kerker et al here [66]. When
the relative permittivity and relative permeability of the
dielectric sphere are equal, ie, 𝜀 = 𝜇, zero backscatter and
no depolarization are present. Because 𝜀 = 𝜇 particles scatter
light and cause destructive interference in the backward
direction.The effect described above is called the first Kerker
condition [67].When considering that the nanoparticles have
a sufficiently small size until the size of particles are similar
to the wavelength of the light, as a result, the prediction of
Mie’s scattered light coefficient will be greatly simplified, and
the characteristics of the discrete field are left with only a
few coefficients [68]. This means that nanoparticles can be
considered as dipole particles; that is, only dipole conditions
contribute to the scattering field.

For a better description of the electromagnetic field and
magnetic dipole polarizability, two coefficients of the Mie
extension can be introduced:

𝛼𝑒 =
3𝑖𝜀
2𝑘3

and 𝛼𝑚 =
3𝑖
2𝜇𝑘3 𝑏1

(3)

where 𝑘 = 𝑛𝑠𝑝𝑘0.
Interference between the electric dipole and themagnetic

dipole causes the appearance of a backscattering cross sec-
tion, which can be expressed as

𝜎𝑠 (𝜋) = 4𝜋𝑘4 (
𝜀
−1𝛼𝑒

2 + 𝜇𝛼𝑚


2) [1 + cos (𝜋 − Δ𝜙𝛼)] (4)

When the dipole oscillates in phase (Δ𝜙𝛼 = 0), its min-
imum value is an overall mode comparable to the Huygens
source.

The first Kerker condition has been widely used in
the microwave and optical frequency bands of germanium,
silicon, and gallium arsenide nanospheres.

Figure 11(a) shows a schematic diagram of the forward
and backward radiation. Figure 11(b) also describes the
scatter plots corresponding to the forward and backward
radiation. In the pink/orange highlighted area of Figure 11(c),
forward/backward scattering is acquired when the electrical
andmagnetic dipoles overlap at the common/antiphase reso-
nance.This is achieved by a silicon nanodisk array embedded
in a refractive index-optimized homogeneous medium in the
Figure 11(d). In recent years, the wavelength-order nanopillar
array in Figure 11(f) and the dielectric ridge waveguide made
of amorphous silicon have been put forward as phase shift
elements. Among these elements, an efficient transmission
metasurface can be created at the midinfrared and infrared
wavelengths as the wavelength distance propagates to the
desired phase accumulation.

3.2. Dielectric Metasurface Applications. The dielectric meta-
surface is a new type of two-dimensionalmetamaterial, which
has received more and more attention due to its ability
to operate in light [62]. Compared with the phase transi-
tion induced by propagation in a conventional system, the
metasurface can introduce phase and amplitude mutations
through the optical resonator array [63]. In this respect,
the dependence of the propagation effect can be simply
released. Therefore, in the past few years, the characteristics
of some novel two-dimensional devices have been gradually
proposed and experimentally proved, such as abnormal
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Figure 11: (a) Diagram of the forward and backscattering characteristic of micron-sized dielectric particles. (b) Scattering plot of a 240 nm
germanium sphere; refractive index 𝑛𝑠𝑝 = 4 is a constant and positive value in this wavelength range. Two polarizations, parallel to the incident
electric field (TM or p-polarization) or consistent with the plane of incidence (TE or s-polarization) are all considered. (c) The interaction
of the total extinction profile 𝑄𝑒𝑥𝑡 (black curve) with the wavelength is determined by the contribution of every parameter in the expansion
of Mie [21]. The blue line corresponds to the contribution of the dipole and the red line to the contribution of the magnetic dipole, and
approximately 1.4 microns pink depends on the magnetic quadrupole moment. (d) The phase and amplitude of the scattering field can be
used as a function of wavelength of the ideal wavelength array, with electric and magnetic dipole resonance of the same intensity and width
under plane wave illumination. (e) Numerical calculation of the transmission intensity (red line) and phase (blue line) of a silicon nanorod
with a diameter of 484 nanometers and a height of 220 nanometers embedded in a homogeneous medium with the best optimal refractive
index (n = 1.66). The resonance happens at a designed wavelength of approximately 1340 nanometers with a phase coverage of 2𝜋. (f) Finite
element simulation of the near-field distribution of scattered light in a circular amorphous silicon nanopillar (radius = 75 nm, height = 750
nm) as an example. (a, f) Corresponds to [22]; (b, c) Corresponds to [23]; (d, e) Corresponds to [24] adaptation.

reflection/refraction [64], surface-wave coupling [22], and
high-resolution optical holograms [23]. Moreover, some of
the plasmonic metasurfaces functions achieved can also be
done by dielectricmetasurfaces, like vector vortex beams gen-
eration [69], Pancharatnam-Berry phase lens and dynamical
phase lens [70], etc.

3.2.1. High Impedance Metasurface. As shown in Figure 12,
high impedance metasurface is a sandwich structure
composed of subwavelength metal structure/dielectric
layer/metal bottom plate, and it can almost completely

reflect electromagnetic waves [71]. The structural elements
of high impedance metasurface are much smaller than the
working wavelength. According to the theory of equivalent
circuit model, high impedance metasurface has equivalent
inductance L and capacitance C, so the system has a specific
resonant frequency. The equivalent impedance of a highly
impedance metasurface is very high near the resonant
frequency, which means that the horizontal magnetic field
on its surface is very weak and the horizontal electric field
is very strong, just like a “magnetic conductor.” When
the electromagnetic wave frequency is far away from the
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Figure 12: High impedance metasurface structure.

resonant frequency of the high impedance metasurface,
the electromagnetic response of the system returns to the
“magnetic conductor”. These characteristics allow high
impedance metasurface to have different reflective phases
at different frequencies. At the resonance frequency of the
system, the reflection phase is 0∘, which means that even
if the antenna is infinitely close to the high-impedance
super surface, the antenna can maintain the same phase
interference and the antenna has extremely high radiation
efficiency. This characteristic of high impedance metasurface
overcomes the disadvantage of one-fourth wavelength
spacing limitation of traditional antenna baseplate, so that
the antenna system can be miniaturized. When we classify
this type of ultra-thin artificial micro-organisms in response
to the special adjustment characteristics of electromagnetic
waves on the electromagnetic surface, high-impedance
metasurfaces are an important category.

3.2.2. Dielectric Gradient Metasurface. Gradient metasur-
faces are two-dimensional optical elements capable ofmanip-
ulating light by imparting local, space-variant phase changes
on an incident electromagnetic wave. These surfaces have
thus far been constructed from nanometallic optical anten-
nas, and high diffraction efficiencies have been limited to
operation in reflection mode. Erez Hasman’s group have
proposed a series of dielectric gradient metasurface opti-
cal elements capable of also achieving high efficiencies in
transmission mode in the visible spectrum [25]. Ultrathin
gratings [72–75], lenses [76, 77], and axicons have been
realized by patterning a 100-nanometer-thick Si layer into
a dense arrangement of Si nanobeam antennas. The use
of semiconductors can broaden the general applicability of
gradient metasurfaces, as they offer facile integration with
electronics and can be realized by mature semiconductor
fabrication technologies. Figure 13 shows an example of
dielectric gradient metasurfaces optical elements (DGMOE).

3.2.3. Polarization-Controlled Metasurface. In 2007, Zhou
Lei’s research team proposed the perfect conversion of elec-
tromagnetic polarization using an anisotropic metasurface,
which has no energy loss at all and can achieve 100%
conversion efficiency [78]. As is shown in Figure 14(a), it

is a sandwich structure composed of an “I” type metal
structure/dielectric layer/metal with an ultra-thin structure
[79].

Its equivalent dielectric model consists of an air layer, an
anisotropic dielectric layer, and ametal layer.This anisotropic
hypersurface has different resonant frequencies in the x and
y directions. The system 𝜇2𝑥𝑥 → ∞ and 𝜇2𝑦𝑦 → ∞ at
the x-resonance frequency means that, for x-polarized elec-
tromagnetic waves, the super surface appears as a “magnetic
conductor” with a reflectivity of 1 and a reflection phase of 0∘.
For a y-polarized electromagnetic wave, the system response
is an “electrical conductor” with a reflectivity of 1 and a
180∘ reflection phase. This expresses that after the incident
electromagnetic wave is reflected by the metasurface, the x
component of the electric field remains unchanged, and the
y component of the electric field is reversed. Therefore, the
polarization of the reflected wave is completely controlled in
the vertical direction, achieving effective polarization conver-
sion. On the other hand, this metasurface is comparable to
an ultra-thin artificial birefringent material, so polarization
control can be achieved. Compared with the conventional
methods of polarization control, this kind of metasurface
has the advantages of high efficiency and thin thickness. In
addition, as shown in Figure 13(b), we also achieved effective
polarization rotation in the optical frequency band [80],
resulting in a perfect transmission 1/4 wave plate to achieve
perfect polarization control of line offset, ellipsometry, and
circular polarization [81].

3.2.4. Metasurface Prisms. The emergence of artificial elec-
tromagnetic specific media has triggered a series of rev-
olutionary advances in light field control. According to a
gradient-specific media system, metasurface devices operat-
ing in the microwave, terahertz, and optical bands have been
designed. The gradient of the optical parameters of various
special prisms and special prisms replaces the geometric
gradients of conventional optics, and all of these optical
controls fall into the category of volume control. With the
V-shaped antenna array, people have designed a monochro-
matic phase-shift-free ultra-thin flat lens and prism axis [82]
working in the communication band, which has opened up
a new direction for the design of high numerical aperture,
super-resolution planar prisms. Recently, we designed and
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Figure 15: Metasurface prism’s convergence effect. (a) Conventional optical device. (b) Metasurface prisms.

Figure 16: (a) All-media gradient metasurface lens. (b)-(e) High numerical aperture lenses; (f)-(g) visible light lenses.

fabricated a reflective gradient surface prism [83]. The inci-
dent plane wave’s reflection phase distribution is hyperbolic.
Experiments of Figure 15 show that the prism can focus
incident light. The gradient metasurface prism thickness is
much smaller than the wavelength (approximately 𝜆/20) and
all electromagnetic waves can be reflected and focused at the
focal point. Therefore, with nearly 100% operating efficiency,
it has important application value in the flat antenna.

3.2.5. Full Media Metasurface Lens. Metasurfaces based on
all-dielectric nanostructures can overcome the limitations
of plasmonic metasurface efficiency [20, 63–65]. Typically,
the dielectric super surface is composed of a column of
high refractive index media having a near wavelength length.
The main types of materials include Si, TiO2, GaP, and
SiN. In 2014, Brongersma et al. [1] of Stanford University
proposed the concept of an all-dielectric metasurface, which
provides an effective solution for designing efficient imaging
lenses. The designed device is mainly based on the PB phase
principle and uses silicon nanowires of sufficient depth. The
structure is shown in Figure 16(a). When the incident light

wavelength is about 500 nm, the focusing efficiency of the lens
reaches 70%. In 2015, Faraon et al. [22] of California Institute
of Technology designed a high numerical aperture lens with
a round silicon column. The lens achieves 82% focusing
efficiency at the 1550 nm communication wavelength. The
microstructure is shown in Figures 16(b)–16(e). The circular
silicon column has a high degree of rotational symmetry, so
the designed lens is polarization-independent. The height of
the silicon pillar is close to 1𝜇m, the aspect ratio is relatively
large, and the processing difficulty is also great. Although the
proposal of dielectric metasurface is expected to solve the
problem of plasmonic metasurface loss, the efficiency of the
imaging lens designed in the visible light band is still limited,
especially when the wavelength is 500 nm. In 2016, Capasso
et al. [46] used PB phase to implement high-performance
metasurface lenses in the visible region. As shown in Figures
16(f) and 16(g), the designed lens consists of a chloro-oxy
dielectric rod and a glass substrate. A low loss medium
material with smooth surface and high refractive index is
used to solve the problem of material selection in visible
band. Since this lens is based on the principle of PB phase



Advances in Condensed Matter Physics 13

modulation, its main drawback is that circular polarized light
must be used, so some additional devices are needed to deal
with the light source.

4. Conclusion

In this paper, the typical plasmonic metasurface and the
dielectric metasurface are introduced from two aspects: prin-
ciple and application. The plasmonic metasurface consists of
a periodic, subwavelength metal structure. We describe in
detail the nanoantenna array structure that constitutes the
plasmonic metasurface. By adjusting the different arrange-
ments of the V-shaped antennas in the nanoantenna array,
according to different abrupt phase shift methods, we intro-
duced the application of the plasmonic metasurface in opti-
cal scroll plates, three-dimensional color holography, and
hyperlenses. Then the advantages of dielectric metasurface
are introduced: special control of electromagnetic wave and
superiority of semiconductormaterials. Based on this feature,
the researchers achieved polarization conversion control with
100% conversion efficiency. Reflected gradient metasurface
prisms can be used to reflect all electromagnetic waves and
converge them at the focal point to achieve holographic
imaging using a metasurface. Finally, we introduced a high
numerical aperture all-media metasurface lens designed by
researchers using low-loss dielectric materials. In a word,
the plasmonic metasurface and the dielectric metasurface
have their own advantages, and their applications are also
very extensive. As a novel two-dimensional material, the
metasurface has many secrets to be explored.
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Group delay of the optical pulse reflected from the structure composed of graphene and one dimensional photonic crystal (1D PC)
is studied. It is shown that the large negative group delay in this configuration can be realized due to the excitation of the optical
Tamm state (OTS) at a graphene-dielectric interface. The reflected group delay can be enlarged negatively and can be switched
from positive to negative or vice versa. We show that the conductivity of graphene has a significant influence on reflected group
delay, making the graphene-PC structure be a good candidate for dynamic tunable optical delay device in the THz frequencies.
Furthermore, the influences of the relaxation time of graphene, the incident angel, and the dispersion characteristics of top layer
on group delay are clarified.

1. Introduction

The group delay of propagation of electromagnetic wave
traversing through a media together with delay control
techniques has attracted much attention since it offers many
potential applications for optical communication [1, 2].These
techniques can be applied to many optical devices such as
all-optical buffers, optical data storage, optical memories,
and so on [3–5]. It is common knowledge that “sublumi-
nal effect” and “superluminal effect”, which exist in high-
dispersion device and media, have been investigated both
theoretically and experimentally in a variety of structures [6–
8]. More recently, Ouchani et al. have researched possibility
of superluminal and negative delay times for electromagnetic
wave propagation in a linear and passive periodic structure
consisting of alternating isotropic and anisotropic media [9].
Wang et al. showed a tunable transition between positive and
negative group delays of light reflection from layer structures
with a graphene layer [10]. Li et al. fabricated a 24-GHz
source-degenerated tunable delay shifter with negative group
delay compensation [11]. However, the effective methods of
enhancing the group delay of optical pulse are to be improved.

Recently, graphene, an allotrope of carbon and an inter-
esting two-dimensional nanomaterial, has emerged as an
important and potential material owing to its outstanding
properties received wide attention in various fields such
as optoelectronics, materials science, and detection [12–15].
Graphene has many excellent properties in optoelectronics,
such as broadband [16], the strong interaction between light
and graphene [17], good optical transparency [18], and high
electron mobility [19]; especially, graphene conductivity can
be flexibly controlled by the external voltage [14, 20]. There-
fore, the group delay can be flexibly manipulated by tuning
external voltage. For this reason, Bragg cavities consist of
graphene and optical lattice seems to be a potential structure
for achieving and controlling tunable group delay.

OTS is a surface wave that is confined on the interface
of two different media. It has grabbed the attention of
researchers due to its strong locality to light and being easily
excited [21–25]. In this paper, we proposed a novel structure
consists of graphene and optical lattice; it can realize the
enhancement of reflected group delay and switch between
positive reflected group delay and negative reflected group
delay of optical pulse. We theoretically demonstrated that
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Figure 1: Schematic diagram of a graphene-1D PC composite
structure. The incident angel is 𝜃. The period of photonic crystal is
m = 20.

reflected group delay of optical pulse can be obtained by
exciting OTS through graphene. Moreover, group delay can
be manipulated by adjusting Fermi energy, incident angle
and relaxation time. The effects of slow light and fast light
can be continuously tuned in the THz regime. We believe
it has potential and important applications in all-optical
communication systems, especially for the design of optical
delay device.

2. The Theoretical Model and Method

Compared with semiconductor superlattice, both 1D PC
heterostructures and distributed Bragg reflector (DBR) are
befitting structures for observing OTS as we know. In this
paper, our structure is composed of monolayer graphene, top
layer, and 1D PC. The monolayer graphene, with a thickness
of 0.34 nm, is placed on the top layer. 1D PC which consists
of m = 20 cycles is placed on the bottom of the configuration.
Nowadays, the fabrication of 1D photonic crystal and the
transfer of graphene are mature technologies. It is not hard to
fabricate the proposed structure as shown in Figure 1. Hence,
this program is feasible [26, 27]. Substrate A with a thickness
of 𝑑𝑎 and substrate B with a thickness of 𝑑𝑏 compose the
DBR. The top layer, whose thickness is 𝑑𝑠, is placed between
the graphene sheet and 1D PC as shown in Figure 1. Here,
poly (4-methyl-1-pentene) (TPX) and 𝑆𝑖𝑂2 are selected for
the dielectric materials of substrate A and substrate B in the
configuration, whose refractive indices are 𝑛𝑎 = 1.46 and𝑛𝑏 = 1.9 in THz range, respectively. We take no account
of the influence of the dielectric loss and under random
phase approximation; the surface conductivity of monolayer
graphene can be regarded as the sum of 𝜎intra and 𝜎inter [28].
However, in the THz range, the conductivity of graphene can
be approximately described as [29]

𝜎 = 𝑖𝑒2𝐸𝐹𝜋ℏ2 (𝜔 + 𝑖/𝜏) , (1)

where 𝑒 is the electron charge; ℏ, EF, 𝜏 represent reduced
Planck’s constant, Fermi energy, and electron-phonon relax-
ation time, respectively.𝜔 is the angular frequency of incident
electromagnetic wave. Here, the thickness of substrate A and
substrate B in the composite structure is set as (1/4𝑛𝑎)𝜆𝑐 and(1/4𝑛𝑏)𝜆𝑐, respectively. Meanwhile, central wavelength is set
as 𝜆c = 300 𝜇m. In order to simplify the calculation, we
assume that the thickness and refractive index of top layer are
as the same as the substrate B. Besides, we choose temperature
T = 300 K and relaxation time 𝜏 = 0.5 ps. From the equation
of conductivity of graphene, we can find that Fermi energy
influences the conductivity of graphene; meanwhile Fermi
energy can be tuned by external voltage; it means that we
can flexibly tune the conductivity of graphene by tuning the
external voltage and even tune the optical properties of the
composite structure.

For the sake of calculation of the reflected group delay
properties of the composite structure, we need to calculate
the transmittance and reflectance of the composite structure.
In order to obtain the excitation condition associated with
OTS, we use themodified transfermatrixmethod to calculate
the transmittance and reflectance of the composite structure
[30]. Here, we can ignore the thickness of graphene in the
computation. Different from the traditional transfer matrix,
the transmissionmatrix for the TM-polarized at the interface
of the composite structure in the paper can be expressed as

𝐷𝑎𝑠 = 12 [
1 + 𝜂𝑇𝑀 + 𝜉𝑇𝑀 1 − 𝜂𝑇𝑀 − 𝜉𝑇𝑀
1 − 𝜂𝑇𝑀 + 𝜉𝑇𝑀 1 + 𝜂𝑇𝑀 − 𝜉𝑇𝑀] , (2)

where 𝜂𝑇𝑀 = 𝜀𝑎𝑘𝑠𝑧/𝜀𝑠𝑘𝑎𝑧, 𝜉𝑇𝑀 = 𝜎𝑘𝑠𝑧/𝜀0𝜀𝑠, 𝑘𝑎𝑧 = 𝜔 cos 𝜃/𝑐,
𝑘𝑠𝑧 = 𝑘0√𝜀𝑠 − 𝜀𝑎 sin2 𝜃, and 𝜃 and 𝜀0 represent the incident
angle of incident electromagnetic wave and the vacuum
dielectric constant, respectively. 𝜀𝑎 and 𝜀𝑠 are the dielectric
constant of air and top layer, respectively. The transmission
matrix for the TE-polarized can also be obtained similarly.
Based on the propagation matrix and transfer matrix, we can
successfully calculate the transmittance and reflectance of the
composite structure. Under the limitation of narrow spectral
pulse, the reflected group delay of the composite structure can
be written as follows [7]:

𝜏𝑟 = [𝜕𝜙𝑟𝜕𝜔 ]𝜔=𝜔
𝑐

, (3)

where 𝜔𝑐 represents carrier frequency and 𝜙𝑟 represents the
phase of reflection.

3. Results and Discussions

In the section, we will discuss the characteristics of reflected
group delay in the air-graphene-top layer 1D PC composite
structure. It is well known that OTS can be directly excited in
both the TE- and TM-polarized and occurs even at normal
incidence. For the sake of simplicity, we only discuss the TM-
polarized for OTS in this paper. In the composite structure,
the excitation ofOTS creates conditions for the large reflected
group delay. Based on the formula (3), the gradient of large
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Figure 2: (a) Reflectance R, (b) reflected phase 𝜙𝑟, and (c) reflected group delay 𝜏𝑟 as functions of frequency for different Fermi energies in
the graphene-1D PC structure. For comparison, reflectance R, reflected phase 𝜙𝑟, and reflected group delay 𝜏𝑟 without graphene is shown as
well. Other parameters are the same as before.

positive or negative corresponds to a large reflection group
delay in the relationship of reflected phase varying with the
frequency, in order to verify the characteristic of group delay
of the structure; we plotted the relation of reflectance to
reflected phase change with frequency, as shown in Figures
2(a) and 2(b). For simplicity, we assume the electromagnetic
wave incident vertically. From Figure 2(a), we can easily see
an obvious dip of reflectance at the resonance frequency
owing to the excitation of OTS [31]; the dip is caused by the
interaction of the real and imaginary parts of the reflection
coefficient. Therefore, near the frequency that excites OTS,
the reflected phase shows a remarkable monotone decrease
and the strongly monotone decrease reflected phase corre-
sponds to a large negative reflected group delay, as shown
in Figure 2(b). We have also calculated the reflected group
delay of the whole configuration according to formula (3),
as shown in Figure 2(c). We can see that the reflected group
delay reached about −40 ps at 0.942 THz when Fermi energy
is 0.6 eV. A small change of conductivity of graphene can
remarkably realize the change of value of reflected group
delay; at the moment, the Fermi energy has a great influence
on conductivity of graphene, and when the Fermi energy is
increase, the negative value of the reflected group delay will
decrease, as shown in Figure 2(c). Therefore, we can flexibly
manipulate the reflected group delay by tuning the external
voltage. It also provides an effective method to manipulate
the reflected group delay through external control in fixed
structure.

According to (1), it can be seen that the relaxation
time of graphene also have a significant influence on the
conductivity of graphene.However, the reflectance is strongly
dependent on the optical conductivity of graphene owing
to the transfer matrix, and the reflected phase and reflected
group delay are influenced by the conductivity of graphene.
Hence, the reflected group delay and the relaxation time
of graphene are highly correlated. In addition, it gives
us a new idea to manipulate the reflected group delay
through these characteristics. Figure 3 presents the reflected
group delay and reflected phase varying with the frequency
and the relaxation time. Compared with the impacts of
Fermi energy on reflected phase and reflected group delay,
the changes of relaxation time of graphene cause the fact
that the reflected phase has monotonically increased and
monotonically decreased. Therefore, it has positive reflected
group delay and negative reflected group delay. As shown in
Figure 3(a), when relaxation time is below 1 ps, the reflected
phase becomes steeper with the increase of relaxation time
near resonance frequency, and the negative reflected group
time of the composite structure approximates the maximum
near the resonance point. Particularly, when relaxation time
is above 1 ps, the curve of reflected phase is monotonically
increasing; it means that the negative reflected group delay
can be converted to the positive reflected group delay under
certain conditions. In the paper, the value of reflected group
delay can be reached about −90 ps and 80 ps.The variation of
relaxation time is hardly affecting the reflected group delay
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Figure 3: (a) Reflected phase 𝜙𝑟 and (b) reflected group delay 𝜏𝑟 as functions of frequency for different relaxation time in the graphene-1D-PC
structure. Other parameters are the same as before.
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Figure 4: (a) Reflected phase 𝜙𝑟 and (b) reflected group delay 𝜏𝑟 as functions of frequency for different incident angel in the graphene-1D-PC
structure. Other parameters are the same as before.

in fixed configuration. Notwithstanding, it also provides a
feasible method to convert the reflected group delay time
symbols.

Although OTS can be excited by normal incidence,
the excited condition of OTS has differences in different
incident angle; it also provides an idea for manipulating the
reflected group delay. We have also discussed the influence
of incident angel on reflected group delay in the graphene-
1D PC composite structure as well. The change rules of the
reflected phase and the reflected group delay under different
incident angle are shown in Figure 4. With the incidence
of angel gradual increase from zero degrees, the curve of
the reflected phase becomes steeper; thus the value of the
reflected group delay of the composite structure becomes
larger.We can see that the reflected group delay reached about−60 ps when the incidence of angel is 20 degree.

Next, we discuss the impact of dispersion characteristics
of top layer on the reflected group delay. In our composite
structure, embed the top layer to observe the change of
reflected group delay. The top layer can modulate the OTS,

and we can infer that varying the parameters of the top
layer will change the eigenfrequency of the OTS based on
the composite structure. Figure 5 shows the variation of the
reflected group delay with the thickness of the top layer
and dielectric constant of the top layer in TM polarization.
From Figure 5(a), as the thickness of top layer increases,
we can see that negative value of reflected group delay will
increase remarkably as well. Negative value of reflected group
delay can reach about −60 ps, and the negative reflected
group delay becomes relatively stable over 45 𝜇m. Besides,
we also discussed the influence of dielectric constant of top
layer, according to the formula; we can control the dielectric
constant of top layer just by adjusting the refractive index
of top layer. As shown in Figure 5(b), when the dielectric
constant of top layer increases, the negative value of reflected
group delay also increases and becomes stable. Compared
with the influence of thickness of top layer, the reflected group
delay is more sensitive to the dielectric constant of top layer.
Therefore, we can tune the thickness and dielectric constant
of top layer to control the reflected group delay better.
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Figure 5: (a) Reflected group delay 𝜏𝑟 as a function of frequency and 𝑑𝑠 for the graphene-1DPC structure. (b) Reflected group delay 𝜏𝑟 as a
function of frequency and 𝜀𝑠 for the graphene-1DPC structure. Other parameters are the same as before.

4. Conclusions

In conclusion, we proposed amethod to enhance the reflected
group delay via excite OTS in a graphene-1D PC composite
configuration. It is found that the value of the reflected
group delay has a remarkable increase in the composite
structure, the negative reflected group delay can be reached
about −80 ps under the appropriate parameters, and we can
realize a transition between negative and positive reflected
group delay through tuning the relaxation time. Moreover,
the simulation results reveal that Fermi energy, the incident
angel, and the dispersion characteristics of top layer will
influence the reflected group delay as well. It means that the
reflected group delay extremely depends on the properties of
graphene; therefore, it provides an effective and feasible way
to enhance and control the reflected group delay. We believe
that tunable negative and positive reflected group delay via
exciting OTS in a graphene-1D PC composite configuration
will be better applied to optical delay device and other optical
fields.
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In this paper, we fabricated a PMMA sandwiched Bi
2
Te
3
self-assembly layer as a saturable absorber device, which was used as

a passive mode locker for ultrafast pulse generation at the telecommunication band. Nanosheets of Bi
2
Te
3
as a bulk topological

insulator were successfully synthesized through a solvothermal treatment and self-assemble method to form a thin film at a water-
air interface. In order to transfer the Bi

2
Te
3
self-assembly layer to the optical fiber end, we design a construction of two PMMA

layers sandwiched self-assembly layer. By incorporating this saturable absorber into an erbium-doped fiber laser, femtosecond
mode-locking operationwas experimentally demonstrated.The output pulse width is about 505 fs. Our results indicate that PMMA
sandwiched topological insulator layer structure could be an improvement technology in traditional PMMA transfer method and
could be used as a long-term stable saturable absorber for the passively mode locking lasers.

1. Introduction

Topological insulator is a state of quantum matter with
insulating bulk states like an ordinary insulator and highly
conducting andmassless spin-helical surface states on its sur-
face [1–7]. These unique properties, which are derived from
the combination of spin-orbit interactions and time-reversal
symmetry, enable topological insulators as efficient saturable
absorber materials for the generation of ultrafast pulse [8,
9]. Compared with traditional saturable absorbers, such as
semiconductor saturable absorber mirrors (SESAMs) [10, 11],
single-walled carbon nanotubes (SWCNTs) [12], graphene
[13], transitional metal dichalcogenides [14, 15], black phos-
phorus [16, 17], topological insulator saturable absorber pos-
sesses many good qualities, such as low saturable absorption
threshold, large modulation depth [18, 19], short recovery
time [20, 21], and wavelength independent saturable absorp-
tion [22]. To fabricate saturable absorbers with advanced
performance, it is necessary to search for a facile and simple
transfer technique of topological insulator nanosheets onto
target substrates like optical fiber-ferrules or optical quartz
substrate.

Several methods have been proposed for the transfer of
saturable absorbers onto the optical fiber-ferrules, such as
optical deposition [23], ink jet print [24], drop cast [25],
and polymer composite [26]. Drop cast is favored for its
simple and facility. However, its coffee ring effect is difficult
to effectively restrain while drying the solute. Ink jet print
method is tedious and prone to error and requires for
precision instruments and skillful professional operators.
Optical deposition was used to deposit carbon nanotubes
and graphene onto cores of optical fiber ends. Though the
method is simple, it requires precise control of the optical
power and does not possess controllability of the deposition
layer properties.

In this paper, we present a simple approach to improve the
Bi
2
Te
3
(one kind of topological insulator) transfer method.

The Bi
2
Te
3
nanosheets were deposited on the PMMA film,

and then another PMMA film was placed onto the Bi
2
Te
3

nanosheets to isolate air and water. By this process, the stabil-
ity of Bi

2
Te
3
based saturable absorber was greatly increased.

The sandwiched structure of Bi
2
Te
3
film was placed onto

fiber end facet and introduced into fiber ring laser. Ultrafast
pulse was obtained with sandwiched structure of Bi

2
Te
3
film
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Figure 1: SEM image of Bi
2
Te
3
nanosheets.

saturable absorber. It has a pulse width of about 505 fs
and a repetition rate of 13.14 MHz. The stable mode-locking
operation lasted at least 6 hours. All these results show
that this PMMA sandwiched Bi

2
Te
3
structure is an effective

and stable saturable absorber, which could have potential
applications in ultrafast pulse generation.

2. Saturable Absorber Preparation

2.1. Synthesis of Bi
2
Te
3
Nanosheets. Bi

2
Te
3
nanosheets were

synthesized following a solvothermal method of Wang et
al. [27]. Using a typical synthesis, a stoichiometric ratio of
bismuth chloride (BiCl

3
) and sodium selenide (Na

2
TeO
3
) was

dissolved in ethylene glycol with vigorous stirring. Then the
mixture was transferred into the Teflon-lined stainless-steel
autoclave and heated to 200∘C.The autoclave wasmaintained
at the reaction temperature for 36 h and then cooled to room
temperature naturally. The black powders were collected by
filtering, washed with distilled water and ethanol, and finally
dried at 60∘C in vacuumovernight.The as-grown andwashed
powders were dispersed in ethanol solution.

2.2. Characterization of Bi
2
Te
3
Nanosheets. Scanning elec-

tronic microscope (SEM) measurements were carried out to
characterize the morphology of Bi

2
Te
3
nanosheets. The SEM

image shows that the Bi
2
Te
3
sample has a uniform size and

shape in Figure 1. The obtained products are predominantly
hexagonal-based plates, which matches well with the regular
hexagonal lattice structure of Bi

2
Te
3
.

2.3. Fabrication of Bi
2
Te
3
Based Saturable Absorber. Figure 2

shows the fabrication of Bi
2
Te
3
based saturable absorber.

The PMMA solution was spin coated onto quartz substrate
and then the Bi

2
Te
3
dispersion was also spin coated onto

the PMMA film. Thus the Bi
2
Te
3
based saturable absorber

was fabricated. To enhance the mechanical strength and
stability of the saturable absorber, another PMMA film
was placed onto the Bi

2
Te
3
nanosheets to isolate air and

water. The sandwiched structure was peeled down from the
quartz substrate. The Bi

2
Te
3
based saturable absorber was

completely made.

PMMA ＂Ｃ2４？3

Quartz substrate Quartz substrate

PMMA
PMMA

Quartz substrate

＂Ｃ2４？3 nano-sheets

PMMA

Figure 2: Fabrication of PMMA sandwiched Bi
2
Te
3
nanosheets

saturable absorber.

Figure 3: The schematic of mode-locked fiber laser.

3. Bi2Te3 Saturable Absorber Based Fiber Laser

3.1. Design of Mode-Locked Fiber Laser. To construct a
passively mode-locked ring fiber laser, the experimental con-
figuration as in Figure 3 is employed, including the standard
fiber-optic components such as wavelength division multi-
plexer (WDM), polarization controller (PC), coupler, optical
isolator, and active fiber (AF).The fiber laser has a ring cavity
configuration with a total cavity length of 15.22 m, which
comprises a piece of 1m erbium-doped fiber (EDF, LIEKKI Er
80-8/125) as AF with group velocity dispersion (GVD) of -20
ps2/km and the pigtails of fiber-optic components. All these
pigtails are standard single mode fiber (SMF-28) with GVD
of -23 ps2/km at 1550 nm. The pump, which was generated
from a 975 nm laser diode (LD) source, is coupled into the
cavity through a 980/1550 wavelength-division multiplexer
(WDM), and a 10% fiber coupler is employed to output the
pulsed laser. A polarization independent isolator (PI-ISO) is
used to force the unidirectional operation of the ring cavity,
and a polarization controller (PC) is used to fine adjust
the polarization state of circulating light and the in-cavity
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Figure 4: Single pulse mode-locking results of fiber laser.

birefringence. An optical spectrum analyzer (Ando AQ-
6317B) and an oscilloscope (Tektronix TDS3054B) combined
with a 5 GHz photo-detector (Thorlabs SIR5) are employed
to simultaneously monitor the optical spectra and temporal
profile of the output pulse. The pulse duration is measured
with a commercial second harmonic generation autocorrela-
tor.

3.2. Mode-Locking Results and Discussions. The mode-
locking operation could be self-started with a mode-locking
threshold of 63.7 mW. Figure 4 summarizes the characteris-
tics of single soliton pulse of our fiber laser at pump power
of 85.4 mW. Figure 4(a) shows that the single pulse train
with a repetition rate of 13.14 MHz, which matches well with
the cavity length, indicates that the laser operates in the
mode-locking state. The corresponding optical spectrum, as
shown in Figure 4(b), has obvious Kelly sidebands spectral
indicating that the fiber laser operates in soliton regime. It
has a central wavelength of 1570.45 nm and a 3 dB bandwidth

of 5.35 nm. Correspondingly, as shown in Figure 4(d), the
measured autocorrelation (AC) trace can be well fitted by
hyperbolic secant function with a full width at half maximum
(FWHM) of 756 fs, showing that the real pulse width is
about 505 fs.The time-bandwidth product is 0.328, indicating
that the obtained soliton pulse is almost transform limited.
Figure 4(d) is corresponding measured RF spectrum with
resolution bandwidth (RBW) of 10 Hz; the signal-to-noise
ratio (SNR) of our fiber laser is up to 67.7 dB indicating that
our fiber laser operates in a relatively stable regime.Moreover,
as can be seen in long scale RF spectrum (the insert),
there is not any excrescent frequency components except the
fundamental and harmonic frequency components, further
confirming the stability of our fiber laser and single soliton
operation.

To investigate the long-term stability of the single soliton
operation, we recorded the output spectra every hour over 6 h
with fixed experimental setup, such as pump power of 90mW,
as shown in Figure 5. Neither the central wavelength drift
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Figure 5: Long-term stability of optical spectra.

nor new wavelength component was observed during our
measurement and always exhibits the same profiles, showing
excellent repeatability and superimposability. All these results
confirm the fiber laser possesses a reasonably good stability
that is suitable for practical applications.

During the entire measurement, neither the central
wavelength drifting nor new wavelength components were
observed, revealing that the mode-locked fiber laser shows
long-term stability, which benefits from the PMMA sand-
wiched Bi

2
Te
3
nanosheets saturable absorber.There aremany

other advantages to this novel PMMA-TI-PMMA structure.
First, the spin coated layer spontaneously generated at the
interface between the solution and air can remain very
uniform. Second, the spin coated layer can be effectively
protected by double PMMA layers, and the original mor-
phology will be automatically kept while being transferred
and installed. Third, the saturable absorber device can be
effectively protected from oxidation, since it is isolated from
air and water due to the double PMMA sandwich structure.
Also, this mode-locked result shows no distinct different
with previous reports [28–30], whichmeans that this transfer
process has no adverse effect to the Bi

2
Te
3
based saturable

absorber. All of these results lead to a conclusion: the PMMA
sandwiched structure could protect well the Bi

2
Te
3
based

saturable absorber and ensure no recede of the performance
of saturable absorber.

4. Conclusions

Here, we fabricated a PMMA sandwiched Bi
2
Te
3
nanosheets

structure process. Based on this PMMA sandwiched Bi
2
Te
3

nanosheets saturable absorber, we have demonstrated stable
mode-locked fiber laser. Ultrafast pulse with a pulse width
about 505 fs was obtained from the mode-locked fiber
laser. These results suggest that the PMMA sandwiched
Bi
2
Te
3
nanosheets structure is a good saturable absorber

candidate for ultrafast pulse generation. Also this technique
could be developed to fabricate other stable two-dimensional
materials based devices.
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In this paper, we propose a reverse modulation fiber-wireless system with two jointed DSP algorithms. The signal in the system is
OFDM modulated millimeter wave (mm-wave) at 60GHz. In order to improve transmission of this system, the discrete Fourier
transform spread (DFT-Spread) technology and the averaging of the channel frequency response (H-averaging) technology are
applied. The DFT-Spread technology helps to reduce the peak-to-average power ratio (PAPR) of the OFDM signal, and the H-
averaging technology helps to optimize channel estimation.This is the first time that the two kinds of technologywere used together
in this reverse modulation system. According to the simulation, the 22Gbit/s 16QAM-OFDM at 60GHz can be generated and
transmitted for 90km fiber transmission under the soft decision forward error correction (SD-FEC) threshold 3.8×10-3. The results
show that the two jointed DSP algorithms can improve the reverse modulation system transmission performance obviously.

1. Introduction

In recent years, data flow of mobile Internet has increased
quickly. Wireless and broadband communications have been
the interests of the information industry. Radio-over-Fiber
(RoF) technology takes advantages of the optical commu-
nication and the wireless communication to realize ultraw-
ideband signal wireless access [1–4]. Because of high spec-
trum efficiency and anti-interference ability, the orthogo-
nal frequency division multiplexing (OFDM) technology is
intensively studied among researchers. It is widely accepted
that OFDM technology in RoF system helps millimeter wave
signal to resist the dispersion effect in optical link and
multipath fading during the wireless transmission. It is also
considered as an effective solution in the future wireless
access [5–7]. Many countries have opened the frequency
spectrum resources around 60GHz for free, which attracts
many companies and teams to undertake research [8–10]. To
solve the problems which limit the performance of the RoF
system, a novel reverse modulation system which is energy
efficient, dispersion free, and data format compatible has been
proposed [11].

The reverse modulation system with OFDM signal
transmission has got more and more attention and studies
since it was proposed [12, 13]. However, there are still many
problems that need to be solved.ThehighPAPRwill influence
some devices such as the amplifier in mm-wave system.
Therefore, the PAPR needs to be reduced to enhance the
transmission quality. Besides, the OFDM signal in reverse
modulation system will be interfered by noises caused by
optical channel and wireless channel, so it is vital to estimate
the channel estimation correctly. When it comes to the
aforementioned problems, digital signal processing could be
taken into consideration.

This paper proposed an OFDM modulated mm-wave
at 60GHz reverse modulation system based on cascaded
advanced digital signal processing algorithms. The H-
averaging is used in the system to optimize channel esti-
mation and the DFT-Spread is used to reduce the PAPR.
Simulation results show that the performance of the reverse
modulation system has been significantly improved with
application of the H-averaging technology and the DFT-
Spread technology.This is the first time that the two advanced
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Figure 1: Principle of parallel Mach-Zehnder modulator.

digital signal processing algorithms have been cascaded in the
reverse modulation system.

2. Principle of Reverse Modulation System
with Jointed DSP Algorithms

The tandem SSB (TSSB) system is intensively studied [14,
15] for its frequency doubling effect in the optical domain.
Compared to the TSSB, the reverse modulation system can
eliminate the electrical mixer whose imperfect features such
as nonlinearity, bandwidth limitation, and conversion loss
will limit system performance seriously. Furthermore, the
reverse modulation system is energy efficient and dispersion
robust [12]. The reverse modulation system is based on a
parallel Mach-Zehnder modulator (P-MZM) which is shown
in Figure 1. The lightwave is split into two paths: MZ-a at the
up path and MZ-b at the down path. The MZ-a is driven by
the baseband data and its optical spectrum is illustrated in
Figure 1(a). The MZ-b is driven by electrical LO to generate
optical millimeter wave, and its DC-bias is driven at the
top point of its transfer curve. Figure 1(b) is the optical
spectrum of signal fromMZ-b.Then optical signals from two
branches are coupled inMZ-c at the end of P-MZM and their
schematic optical spectra are illustrated in Figures 1(c)-1(e).
By adjusting the bias voltage of MZ-c, the phase difference
between the two optical signals is changed. As shown in
Figure 1(e), when the phase difference is set to be 180∘, the
optical direct current component will be suppressed due to
the interference between the two optical signals. The data is
carried by the alternative current component which means
that the modulation power efficiency will be improved when
the phase difference is close to 180∘. Thus, the modulation

power efficiency can be changed by the MZ-c and be max
when the phase difference is 180∘.

One major drawback of the OFDM technology is that the
modulated signal has a high PAPR. When the instantaneous
power of the OFDM signal is too large, the gain of the
amplifier in the system tends to be saturated at that time.
Nonlinear distortion may be caused because the OFDM
signal is clipped. In the RoF systems especially the reverse
modulation system, nonlinearity also exists in the fiber trans-
mission, so reducing the impact of the PAPR is a challenge for
the designed system.TheDFT-Spread technology can be used
to reduce the PAPR of the OFDM signal, so that multicarrier
modulated OFDM signal can show the characteristics of
single-carrier modulated signals [16]. Figure 2 shows the
principle of the DFT-Spread OFDM signal generation and
recovery. Compared with the conventional OFDM signal,
the DFT-Spread scheme performs the DFT of the 𝐾 point
and zero symbols inserted before the IDFT. The data expand
into a new sequence of 𝑁 points after the zero symbols
inserted and go through the IDFT. Other processes are the
same as the conventional OFDM modulation. In addition,
one more IDFT process is performed when OFDM signal
demodulation is performed at the demodulation.

In the reverse modulation system, receiving noise created
by detector through photon-electrical conversion greatly
affects the system performance. However, the H-averaging
technology can improve the accuracy of channel estimation
by suppressing receiving noise [17]. In OFDM systems, train-
ing sequence is often used to estimate the frequency response
of the channel.TheH-averaging is that, in a training sequence
period, the channel response 𝐻k of the 𝑘-th subcarrier is
known to be adjacent to the first 𝑚 subcarriers and the last
𝑚 subcarriers. The channel response value is averaged, and
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Figure 2: Principle of the DFT-Spread OFDM signal generation and recovery.

the calculated optimal channel response value for the 𝑘-th
subcarrier is as follows.

𝐻𝐼𝑆𝐹𝐴 =
∑𝑘+𝑚
𝑘=𝑘−𝑚
𝐻𝑘

min (𝑘max, 𝑘 + 𝑚) −max (𝑘min, 𝑘 − 𝑚) + 1
(1)

The 𝑘max and 𝑘


min represent the largest and the smallest
subcarrier numbers, respectively. When the subcarrier index
is beyond the range between the minimum and maximum
subcarrier numbers, the value of the channel response is 0.
The optimized channel response value can be used to recover
the received signal. The number of averaged subcarriers used
in calculating the channel response for each subcarrier is
called tap size, which affects the performance of H-averaging
technology.The average number of subcarrier samples will be
larger when the tap size increases, which is more conducive
to suppress random noise. However, if the number is too
large, the correlation between the subcarrier samples may
be weakened, so the accuracy of channel estimation may be
affected.Therefore, choosing the optimal tap size needs to get
a balance between the suppression of random noise and the
correlation between subcarriers.

3. Simulation Results

In this section, the simulation platform will be set up to verify
the designed system and also to investigate the performance
influenced by the two jointedDSP algorithms.The simulation
setup will be described with key parameters. Results from
simulations will be described and analyzed. The simulation
system diagram is shown in Figure 3. The modulation and
demodulation process of the baseband OFDM signal is per-
formed offline in the Matlab software. The data transmitted
in this simulation is firstly mapped into the 16QAM format.
Each OFDM symbol includes 200 data subcarriers which
carry data information. 56 null subcarriers are inserted for
the guard interval, and the cyclic prefix of 32 subcarriers is
provided to reduce intercarrier interference and intersymbol
interference, so there are a total of 288 subcarriers per symbol

period. Then the digital OFDM baseband signal becomes
an electrical signal through a digital-to-analog converter
(DAC) in the system, and a low pass filter (LPF) removes
middle and high order band and noise. The lightwave with a
center frequency of 193.1THz is generated from a distributed
feedback (DFB) laser. The power of the lightwave is 10dBm
and the linewidth is 10MHz. With bandwidth of 8GHz, the
electrical OFDM baseband signal is sent into the MZM-a,
and the MZM-a works in the linear region. The local radio
frequency at 30GHz is sent into the MZM-b to drive the
DC offset at the highest point of its modulation curve, and
the odd numbered sideband is suppressed.The optical signal
is coupled in the phase MZM-c after coming out of the
MZM-a and MZM-b, and the modulation power efficiency
is controlled by adjusting the phase deviation in the MZM-c.
The output signal is amplified by an optical amplifier before
being transmitted into a standard single-mode fiber (SSMF).
In all the simulation test examples, the power of the signal
before entering the fiber is 0 dBm. An optical amplifier is
thenused to compensate for the loss of the signal after passing
through the optical link. A rectangular optical bandpass filter
is used to filter out unwanted sidebands. After filtering, the
light signal is then detected by a photo detector (PD). The
detected electrical signal goes through a rectangular band
pass filter (EBPF) with a center frequency of 60GHz and a
bandwidth of 16 GHz. The test examples all use an electrical
amplifier (EA) to amplify the power to -14dBm. Then, the
generated 60GHz millimeter wave electrical signal and a
signal with frequency at 60GHz from local oscillator are
downconverted in an electric mixer. A LPF with bandwidth
of 8GHz is used to obtain the OFDM baseband signal. The
obtained OFDM baseband signal then passes through an
analog-to-digital converter (ADC) into the Matlab software
for further processing to test the performance of the system.

The conventional OFDM signal and the DFT-Spread
OFDM signal are shown in Figure 4. Figures 4(a) and
4(b) show that the power of the DFT-Spread signal is
more evenly spread comparing to that of the conventional
OFDM signal. Figures 4(c) and 4(d) show the demodulation
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constellation of the received conventional OFDM and DFT-
Spread OFDM signal after 65km fiber transmission. We
can see that the received constellation of DFT-Spread signal
converges more. Compared to the conventional OFDM,
DFT-S OFDM scheme contains one more DFT operation
in the signal modulation and one more IDFT in the signal
demodulation. DFT-Spread technique can make the OFDM
signal with multicarrier modulation have the characteristic
of single-carrier signal, and mitigate the fiber nonlinearity.
The transmission quality of DFT-Spread OFDM signal in the
system is obviously better than that of conventional OFDM
signal.

Figure 5 shows the channel frequency responses of the
subcarriers in OFDM signal. A training sequence used for
channel estimation is inserted at the front of data frames
in every 100 OFDM symbols. The channel response curves

obtained by training sequences in different frames are dif-
ferent. However, in every 100 OFDM frames, we assume
the channel responses of the OFDM frames are the same
as the channel responses of the adjacent training sequence.
The result shows the channel responses of the following
100 OFDM frames. By suppressing the noise, the frequency
response curves with the H-averaging are relatively flat
compared to the curves without the H-averaging. There is a
tradeoff in choosing the tap size. The tap size should be large
for noise suppressionwhile the taps number should not be too
large for channel estimation accuracy. The BER measured in
the system is the minimum when the optimal tap size is 4.

We obtain the bit error rate (BER) curves versus length
of transmitted single-mode fiber in Figure 6. The mm-
wave at 60GHz is generated in the system. The transmitted
OFDM signal carried by the mm-wave has 8GHz bandwidth,
and the total rate is 22Gbit/s. In the simulation, the phase
difference between the optical signals is adjusted to be 180∘,
so that the modulation power efficiency is the maximum.
The optimal tap size used in the H-averaging technology is
4. In the simulation, 22Gbit/s 16QAM DFT-Spread OFDM
signal was successfully transmitted for 90km fiber when BER
is controlled at the SD-FEC threshold where the redundancy
is 7% (the bit error rate is 3.8×10-3). The result shows that
the system with the DFT-Spread technology can transmit the
DFT-Spread OFDM signal over about 10km fiber distance
more than the conventional OFDM signal. By reducing the
PAPR and suppressing the in-band noise, the system with
two jointedDSP algorithms can transmit the signal overmore
than 15km fiber distance compared to the systemwithout any
DSP algorithms.

4. Conclusions

This paper proposed a reverse modulation fiber-wireless
system with two jointed DSP algorithms. The DFT-Spread
and the H-averaging technology are applied for improving
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the transmission performance. In the simulation, the mm-
wave at 60GHz carrying 16QAM-OFDM signal with 22Gb/s
rate is generated and transmitted in the optical link. The BER
of the generated signal after 90km optical link can be con-
trolled within the SD-FEC threshold. The results show that
DFT-Spread and the H-averaging technology can improve
the reverse modulation system transmission performance by
more than 15km fiber transmission at the SD-FEC threshold
3.8×10-3.
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A method is proposed for rubber identification based on terahertz time-domain spectroscopy (THz-TDS) and support vector
machine (SVM). In order to improve the accuracy, the cuckoo search algorithm (CS) is used to optimize the penalty factor
C and kernel function parameter g of SVM. The SVM model optimized by the cuckoo search algorithm is abbreviated as CS-
SVM. Principal component analysis (PCA) is applied to decrease the dimension of the spectral data. The top ten principal
component factors, whose accumulated variance contribution rate reaches 93.93%, are extracted from the original spectra data
and then are applied to CS-SVM. The identification rate of testing sets for CS-SVM is 100%, which is significantly higher than
96.67% identification rate of testing sets for PSO-SVM and Grid search. Experimental results show that CS-SVM can accomplish
nondestructive identification for different rubber. This method lays a theoretical foundation for the application of terahertz
spectroscopy in rubber classification and identification.

1. Introduction

Natural rubber (NR), isobutylene isoprene rubber (IIR), and
styrene-butadiene rubber (SBR) are the main materials of
tires. With the continuous development of the automotive
industry, their consumption has increased rapidly. The qual-
ity of the tire is closely related to the type and quality
of the rubber material, so it is important to quickly and
accurately detect the type and composition of the rubber [1,
2]. Traditional rubber identificationmethods include Fourier
infrared spectroscopy [3], scanning electron microscopy [4],
X-ray spectrometry [5], and ultraviolet visible spectrometry
[6]. They have problems such as complicated detection
process, long consumption time, environmental pollution
caused by improper treatment of chemical reagents, the
destruction of the structure caused by X-ray, and the poor
penetration of infrared light. The terahertz (THz) spectrum
is a far-infrared spectrum with fingerprint characteristics
[7]. Because different materials have different characteristic
responses to THz radiation, their type and composition

can be identified by the characteristic spectrum [8]. Rubber
is a polymer compound with a molecular weight between
100,000 and 1,000,000. Its macromolecular vibration and
rotational energy levels are in the terahertz band, showing
strong absorption and resonance. Compared with the X-
ray, the THz photon energy is lower and does not damage
the structure of rubber. Compared with the infrared light,
the THz light wave has stronger penetration force to rubber
and can more effectively identify the microstructure and
fretting characteristics of rubber. Hirakawa et al. [9] have
studied the rubber compounds by THz-TDS in the detec-
tion of rubber, and it has been observed that the carbon
blacks in the samples are easily detectable below 1.5 THz
based on THz absorption. Komatsu et al. [10] used THz
spectroscopy to detect the content and distribution of the
rubber additive talc and magnesium hydroxide added to
Ethylene Propylene Diene Monomer (EPDM). Miao Qing
et al. [11] used THz-TDS to investigate the optical and
spectral properties of three types of rubber in 0.2 to 1.8
THz.
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This paper focuses on the identification of natural rub-
ber (NR), isobutylene isoprene rubber (IIR), and styrene-
butadiene rubber (SBR). The spectra of three types of rub-
ber have been investigated in time and frequency domain,
where some obvious characteristic absorption peaks can be
observed in 0.3 ∼ 1.6THz.

2. Experimental

2.1. Experimental Apparatus. The experimental apparatus
consists of Z-3 terahertz time-domain spectroscopy (THz-
TDS) system (ZOMEGA, USA) and ultrafast femtosecond
fiber laser (TOPTICA Photonics AG, Germany). Ultrafast
femtosecond laser generates laser pulses at around 800nm
of 100fs duration at a central wavelength with a repetition
frequency of 80MHz. The laser beam is divided into a pump
beam and a probe beam by a beam splitter (CBS) [12].
The schematic diagram of the THz-TDS system is shown in
Figure 1. For the system in the frequency range of 0.1∼3.0
THz, spectral resolution is less than 5GHz, signal-to-noise
ratio is greater than 70 dB, and spectral data acquisition time
is about 1min.

In order to decrease the strong absorption of moisture to
the THz wave, the experiment was conducted in a particular
environment, where dry air was continuously injected to
make the relative humidity below 3%, and the temperature
was kept at room temperature.

2.2. Samples. In this paper, there are three types of rubber to
be identified, which are IIR, SBR, and NR. These three types
of rubber look similar and are difficult to distinguish. Five
experimental samples were made for each type of rubber.The
sample was in the form of a disk having a thickness of about
1mmand a diameter of about 12mm.The inside of the sample
was uniform and the upper and lower surfaces are parallel
to each other. Considering the strong absorption of moisture
to the THz wave, all the experimental samples were dried in
a vacuum oven at a constant temperature of 50∘C for 2 to 3
hours to reduce the moisture content before the experiment.
During the experiment, each sample was measured 12 times,
and the front and back sides were measured 6 times each.
Therefore, there are 60 sets of data for each type of rubber.
In order to eliminate coarse errors, any two of the 60 sets of
data were averaged to obtain 30 sets of data for each type of
rubber, and 90 sets of data were obtained for the three types
of rubber.

3. Theory and Algorithm

3.1. Spectral Parameter Extraction. The reference signals Eref
(𝜔) and the sample signals Esam (𝜔) in frequency domain
are obtained from reference signal (air) and the sample
signal in time domain by fast Fourier transform. Absorbance,
a dimensionless relative amount that indicates material’s
absorption levels, is used as an optical parameter for spectral

analysis to reduce the error caused by experimental sample
thickness [13]. Absorbance could be calculated as follows:

Absorbance = −lg[𝐸𝑠𝑎𝑚 (𝜔)2𝐸𝑟𝑒𝑓 (𝜔)2 ] (1)

In the above formulas (1), Absorbance is the absorbance
and 𝜔 is the vibration angular frequency of the THz wave.

3.2. Support Vector Machine. Support vector machine
(SVM), an algorithm of learning machine based on statistical
learning theory, is first proposed by Vapnik [14, 15]. SVM
based on Vapnik-Chervonenkis (VC) theory and structural
risk minimization (SRM) principle realizes the empirical
risk minimization (ERM) and the confidence interval
minimization, aiming to achieve the best generalization
ability [16]. To improve the generalization ability of learning
machine, the nonlinearly samples are mapped into a higher
dimensional space by kernel function and the optimal
hyperplane is set up to make it linearly separable [17, 18].

SVM classification principle is to construct the classifi-
cation hyperplane in the feature space and use 𝜔𝑇𝑥 + 𝑏 =±1 to denote the two parallel hyperplanes of the classification
function [19]. The classification interval is 2/‖𝜔‖. As the
classification interval reaches the maximum, ‖𝜔‖ should be
the smallest. For the nonlinear problem, it can be converted
into a linear problem using the kernel function. At the
same time, the optimal classifier is obtained in the higher
dimensional space. The solution of the optimal classifier can
be transformed into a dual problem, where the objective
function is as follows:

min 𝐻(𝛼) = 12
𝑛∑
𝑖,𝑗=1

𝛼𝑖𝛼𝑗𝑦𝑖𝑦𝑗𝑘 (𝑥𝑖, 𝑥𝑗) − 𝑛∑
𝑖=1

𝛼𝑖
𝑠.𝑡. 𝛼𝑖 ≥ 0,

𝑛∑
𝑖=1

𝑦𝑖𝛼𝑖 = 0,
(𝑖 = 1, 2, . . . , 𝑛)

(2)

After solving the dual problem, the optimal classification
function is as follows:

𝑓 (𝑥) = sgn[ 𝑛∑
𝑖=1

𝛼∗𝑖 𝑦𝑖𝑘 (𝑥𝑖, 𝑥) + 𝑏∗] (3)

where 𝑘(𝑥𝑖, 𝑥) = Φ(𝑥𝑖)Φ(𝑥𝑗) is the kernel functions satisfying
Mercer conditions and b is classification threshold.

3.3. CS-SVM Algorithm. Cuckoo search (CS) is a novel
heuristic global optimization algorithm proposed by YANG
Xinshe and DEB Suash [20]. It is based on the simulation of
the behavior of the cuckoo bird’s nest to find eggs. Compared
with other algorithms, CS can obtain a globally optimal
solution by using fewer parameters. It has been widely
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concerned with and applied in the engineering optimization
issues [21, 22]. The flowchart of CS-SVM algorithm is shown
in Figure 2.

4. Results and Discussion

4.1. Spectral Analysis. Experimental data of three types of
rubber (IIR, SBR, and NR) were processed by MATLAB and
imported into Origin software. Figure 3(a) shows the THz

spectrum of the three types of rubber in time domain. Com-
pared with the reference signal (air), all the three spectrum
curves of the samples have some amplitude attenuation and
time delay, and the curves are different from each other. The
amplitude attenuation is caused by scattering and absorption
of the sample surface, and the time delay is caused by sample
thickness and refractive index.

The frequency-domain spectra are transformed from the
corresponding time-domain spectra by using FFT showed
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in Figure 3(b). The spectra of three types of rubber have
a certain degree of attenuation compared to the reference
signal because some THz waves are absorbed by this rubber
in varying degrees. However, the intensity and position of the
absorption peaks are different. NR spectrum shows obvious
peak at 0.31THz and 0.43THz, and the peak is higher than
that of IIR and SBR.

Owing to the low signal-to-noise ratio over 1.4 THz for
the spectral instrument, the effective spectral range is 0.3 ∼
1.4THz. Figure 4 shows the absorption spectra of three types
of rubber in 0.3 ∼ 1.4THz. IIR, SBR, and NR have obvious
absorption peaks in 1.0∼1.4THz, which are the nonlinear
absorption of rubber to terahertz radiation, similar to that of

two-dimensional materials to optical bands and microwaves
[23]. The positions of these absorption peaks are shown in
Table 1. The results show that the spectra of the three types of
rubber are not significantly different and hard to distinguish
directly.

4.2. Principal Component Analysis. In order to eliminate data
redundancy caused by excessive data dimension, the PCA is
utilized to reduce the dimension of absorption spectra. The
absorption spectra matrix is reduced from 90 rows and 99
columns to 90 rows and 10 columns, and the top ten principal
component factors are selected. Their cumulative variance
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contribution rate reaches 93.93%, and it means that the
main information of original data is retained. The variance
contribution rate and cumulative variance contribution rate
of principal component are shown in Table 2.

The two-dimensional score of the first three principal
components of three types of rubber is shown in Figure 5.
In Figure 5(a), the clustering effect of three types of rubber
is excellent, so they can be classified and identified. In
Figure 5(b), the clustering effect of IIR is better than that
of SBR and NR, so it is easy to identify in the score of the
first principal component and the third principal component.
However, the clustering effect of SBR and NR is relatively
poor and difficult to identify. The three-dimensional score
of the first three principal components of three types of
rubber is shown in Figure 6. The clustering effect of three

types of rubber is good, so they can be identified. Therefore,
the principal component can effectively extract the sample
classification characteristics. Then, a mathematical model
was established to get a more accurate classification result
using CS algorithm and SVM.

4.3. Cuckoo Algorithm Modeling. The spectral data of three
types of rubber, dimensionality of which is reduced by
the principal component, are divided into two data sets: a
training set and a testing set.There are 30 sets of data for each
type of rubber, 20 of which are used as training sets and the
remaining 10 sets of data are used as testing sets. The labels
for IIR, SBR, and NR are defined as 1, 2, and 3, as showed in
Table 3.
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Table 1: The THz absorption peak of different rubber.

Rubber name Peak 1/THz Peak 2/THz Peak 3/THz Peak 4/THz
IIR 1.05 1.17 1.30 none
SBR 0.96 1.09 1.26 none
NR 1.04 1.16 1.25 1.36

Table 2: Variance contribution rate and cumulative variance contribution rate of principal component.

Component Variance/% Cumulative rate/%
PC1 32.08 32.08
PC2 24.45 56.53
PC3 17.90 74.43
PC4 6.84 81.27
PC5 4.45 85.72
PC6 2.58 88.30
PC7 1.87 90.17
PC8 1.50 91.67
PC9 1.14 92.81
PC10 1.12 93.93

Table 3: Data classification and sample label of three types of rubber.

Rubber name Number of train data Number of test data Sample label
IIR 20 10 1
SBR 20 10 2
NR 20 10 3

Table 4: Identification rate and time of three types of models.

Identification model Identification rate of training sets /% Identification rateof testing sets /% Identification time /s
CS-SVM 100 100 0.81
Grid search 100 96.67 0.91
PSO-SVM 100 96.67 3.26

The experimental data with the label is added into the
CS algorithm predictionmodel to extract the top 10 principal
component data sets with the highest contribution rate as the
new feature identification data.The identification rates of the
training sets and the testing sets are obtained, respectively,
and compared with the identification rate of PSO-SVM and
Grid search model [24, 25]. The results are shown in Table 4.
The identification rates of the training sets for three models
were 100%.The identification rates of the testing sets for CS-
SVM, PSO-SVM, and Grid search model are 100%, 96.67%,
and 96.67%, respectively, and the identification times are
0.81s, 0.91s, and 3.26s, respectively. Experimental results show
that CS-SVM is superior to the other two classification and
identification models.

The identification results of CS-SVM, PSO-SVM, and
Grid search for 30 testing sets of three types of rubber are
shown in Figure 7. 30 testing sets of three types of rubber
are completely classified and identified using the CS-SVM
model, as shown in Figure 7(a). However, the Grid search and

the PSO-SVMmodel cannot completely classify and identify
30 testing sets, as shown in Figures 7(b) and 7(c). Therefore,
compared with Grid search and PSO-SVM, CS-SVM has a
short identification time and a higher identification rate for
three types of rubber.

5. Conclusions

Time-domain spectra, frequency-domain spectra, and
absorbance of three types of rubber are obtained by THz-
TDS. PCA is used to reduce the dimension of the spectral
feature data, and the top ten principal components with
cumulative variance contribution rate of 93.93% are extracted
to establish three classification and identificationmodels.The
identification rates of the training sets and the testing sets for
CS-SVM are 100%, and the identification time is 0.81s. CS-
SVM is better than PSO-SVM and Grid search in testing sets
identification rate and time. Experimental results show that
the method proposed in this paper can identify three types
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Figure 7: Classification and identification for 30 testing sets of three types of rubber.

of rubber quickly and nondestructively. It lays a theoretical
foundation for the application of terahertz spectroscopy
in rubber classification and identification and provides a
new approach for the nondestructive identification of other
rubber.
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We demonstrate an all-fiberized passively Q-switched erbium-doped fiber laser (EDFL) via evanescent field interaction between
molybdenum ditelluride saturable absorber (SA) and guidedmode of the D-shaped fiber. By integrating the few-layermolybdenum
ditelluride prepared by CVD method onto the side-polished fiber, the SA can be realized by the strong interaction between the
evanescentfield of thewaveguide and the nonlinear optical material.The proposed passively Q-switchedEDFL could deliver output
pulses at 1566nm wavelength with pulse width of 5.03 𝜇s, a repetition rate of 13.9 kHz, a pulse energy of 150.6 nJ, and an output
power of 2.1mW when pumped by a 980 nm laser diode of 180mW.

1. Introduction

Passively Q-switched fiber lasers have been extensively used
in optical communication, optical sensing, industrial pro-
cessing, etc., for the high beam quality, high stability, high
energy, and the compact setups [1–5]. The saturable absorber
(SA) is indispensable for the passively Q-switched fiber laser
for the quality factor Q of the optical cavity can bemodulated
by the intensity-dependent nonlinearity of SAs [1, 2]. Inspired
by the requirements of the compact, cost-effective, stable
Q-switched fiber laser, the researchers from optics, optical
material, and some other research community have paid
much attention on the fields. As we know, the semiconductor
saturable absorber mirrors (SESAMs) have been commer-
cialized for the precise control of the absorption wavelength,
saturation threshold, modulation depth, and relaxation time.
However, SESAMs suffer from the limited bandwidth and
complicated preparation procedures [5].With the emergence
of the low-dimensional materials [6–15], especially the two-
dimensional (2D) nanomaterials [3, 4], their unique char-
acteristics, such as the ultrafast recovery time, high damage
threshold, and broadband nonlinear optical response, have
provided an ideal platform to improve the laser perfor-
mance. With the remarkable progress of graphene, other 2D

materials, such as transition metal dichalcogenides (TMDs)
[8–11], topological insulators [12, 13], and black phospho-
rus [16, 17], have also attracted growing research attention
resulting from their excellent physical/chemical properties.
However, graphene possesses a relatively low modulation
depth, and topological insulators are limited to complex
preparation processes, and black phosphorus is prone to
oxidation and humidity. In contrast to them, TMDs have
outstanding layer-dependent semiconducting and nonlinear
optical properties.

TMDs, characterized by the chemical formula MX
2
,

where M is a transition metal (commonly Mo, W) and
X is a group VI element (S, Se, and Te), are a family of
highly anisotropic layered semiconductor materials. For the
TMD monolayer, it is composed of two hexagonal planes
of X atoms and an intermediate hexagonal plane of M
atoms coordinated by covalent bonds with the X atoms in
a trigonal prismatic arrangement [8, 18]. With the technical
evolution, the nonlinear optical performance of TMDs, such
as MoS

2
, WS
2
, MoSe

2
, and WSe

2
, has been investigated.

Compared to other TMDs, telluridematerial has not attracted
adequate attentions. In addition, it is found that MoTe

2
, in

contrast to MoS
2
and MoSe

2
, has smaller bandgap, which

implied it can exhibit broadband absorption. Most recently,
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Figure 1: Raman spectra of the few-layer MoTe
2
, and the inset shows its SEM image.

Mao et al. reported the nonlinear optical properties of
few-layer MoTe

2
fabricated by a liquid exfoliation method

and achieved soliton mode-locking operations in an EDFL
[18]. Wang et. al. realized the high energy soliton pulse
output with magnetron-sputtering-deposition-grown MoTe

2

saturable absorber [19]. Liu et. al. have implemented aMoTe
2
-

based passively Q-switched EDFL via magnetron sputtering
technique [20]. Yan et. al. have also investigated the nonlinear
optical performance of MoTe

2
around 3 𝜇m in a solid-state

laser system [21]. However, the material quality and laser
energy based on MoTe

2
still need improvement.

In this contribution, we have prepared the few-layer
MoTe

2
via the chemical vapor deposition method and fab-

ricated an all-fiberized SA by transferring the MoTe
2
onto

the D-shaped fiber. With the help of the strong interaction
between evanescent field and the nonlinear optical material,
the all-fiberized Q-switched fiber laser can be realized, and
the high energy pulsed fiber laser can be delivered.

2. Materials Preparation
and Characterizations

The MoTe
2
has been prepared via the chemical vapor depo-

sition method. The quartz boat containing 5mg Te powders
is placed upstream of the tube with a distance of 14 cm from
the heating center, while the second boat containing 0.5mg
MoO
3
powders is placed on the heating center of the tube.

The substrate is placed above the second boat and faced
up. The mixed gas of H

2
/Ar (95% Ar) is flowing with 100

sccm for 30min as the cleaning gas before heating and with
30-100 sccm as the carrier gas during the heating process.
The pressure is in atmospheric environment. The furnace
is heated to 720∘C in 20min and then maintained at given
temperature for 30min before it is naturally cooled. Then the
few-layer MoTe

2
can be prepared.

The Raman spectra of prepared MoTe
2
show the few-

layer nature of the material, which agree well with the earlier
finding [22]. As shown in the inset of Figure 1, the scanning
electron microscope (SEM) images suggest the 2D nature of
the MoTe

2
. With the grownMoTe

2
, we have characterized its

nonlinear absorption performance via the Z-scan technique
with a 1560 nm mode-locked fiber laser whose repetition
rate is ∼20MHz and pulse width is ∼1.5 ps. Figure 2(a)
shows the typical open-aperture curve of the MoTe

2
sample,

which manifests that the material can exhibit nonlinear
saturable absorption characteristics. In addition, we have
given the relationship between incident intensity and the
nonlinear transmittance, as shown in Figure 2(b), by fitting
the experimental results with the following equation [11]:

𝛼 (𝐼n) =
𝛼s
1 + 𝐼
𝑛
/𝐼s
+ 𝛼ns (1)

where 𝛼(𝐼n) is the absorption coefficient, 𝛼s is the saturable
loss, 𝛼ns is nonsaturable absorbance, and I and 𝐼s are input
and the saturation intensities, respectively. The fitted modu-
lation depth and saturable intensity are 3% and 6 MW/cm2,
respectively.

3. Experimental Results and Discussions

To validate the nonlinear optical response of the MoTe
2
,

we have fabricated a fiberized SA by integrating the MoTe
2

onto the D-shaped fiber. Moreover, we followed the methods
of Du et al. [11] to design and build an EDFL with a ring
cavity configuration modulated by the MoTe

2
SA, as shown

in Figure 3. In the experimental setup, the overall cavity
length is about 8.6m, which consists of a piece of high
concentration erbium doped fiber (LIEKKI Er80-8/125) with
length about 0.8 m,which is pumped by a commercial 980 nm
laser diode (LD), a polarization independent isolator (PI-
ISO) to guarantee the unidirectional laser operation, an
intracavity polarization controller (PC) to tune the cavity
birefringence, and some other single mode fiber (SMF-28)
optical components. We adopted a 980/1550 WDM coupler
to introduce the 980 nm pump laser into the fiber ring cavity.
Different from the work with transmission-type SA [11],
we introduced a MoTe

2
SA via evanescent field interaction

between guided wave and the MoTe
2
, which can make the

whole laser setup compact in an all-fiberizedway. In addition,
the evanescent field interaction can improve the interaction
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Figure 2:The experimental data of the nonlinear transmittance of the MoTe
2
.
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Figure 3:The experimental setup of the Q-switched fiber laser based on MoTe
2
.

length and alleviate thematerial damage. Tomonitor the laser
performance, an optical spectrumanalyser (AndoAQ-6317B)
and a real-time oscilloscope with a bandwidth of 4GHz
(Agilent DSO9404A) together with a photodetector (MC
PD-12D) have been employed to simultaneously monitor
the optical spectrum and the temporal evolution of the
output pulse train. In addition, the output power of the Q-
switched fiber laser wasmeasured with a powermeter (Ando,
AQ2140).

In this experiment, the self-startedQ-switching operation
can be obtained by increasing the pump power up to around
60mW. Figure 4 summarizes the typical operation character-
istics of the Q-switching state at a pump power of 180mW.
Figure 4(a) shows the optical spectrum centered at 1566 nm
delivered from the Q-switched fiber laser. Figure 4(b) shows
the typical Q-switched pulse train with a repetition rate of
13.9 kHz. It can be seen that no peak intensitymodulation had
been observed on the pulse train, illustrating the high stability
of Q-switching operation. The inset of Figure 4(b) shows the
profile of the Q-switched pulse with a symmetric Gaussian-
like shapewith a full width at half maximum (FWHM)of 5.03
𝜇s.

We have also investigated the power-dependent pulse
duration, repetition rate, output power, and the pulse energy
of the Q-switched fiber laser. Figure 5(a) presents the evo-
lution curves of the repetition rate and pulse duration with
the pump power. It shows typical features of the Q-switching
operation. By increasing the pump power, the repetition
rate will linearly increase from 4.9 kHz to 13.9 kHz, while
the pulse duration varied in the range of 32.0 𝜇s to 5.03
𝜇s. Figure 5(b) shows the relationship between the average
output power and the pulse energy with the pump power.
The average output power increased almost linearly with the
pump power. Moreover, at the maximum pump power of
180mW, the maximum obtained pulse energy is up to 150.6
nJ, which is higher than or comparable to that of the Q-switch
pulses obtained in the Er-doped fiber lasers with other SAs,
such as CNTs, graphene, and TI, and higher than that of the
reported results based on MoTe

2
SA [17–19]. The improved

pulse energy can result from the effective interaction between
the evanescent field of the fiber and the few-layer MoTe

2
,

which can provide a good platform to alleviate the damage
threshold and tune the linear or nonlinear interaction with
an all-fiberized configuration. Although the microfiber can
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Figure 5: (a)The relationship between pulse duration and repetition rate with pump power. (b)The trend curves of output power and pulse
energy with the pump power.

have strong evanescent field to interact with the material
[19, 20], the waveguide will be easy to introduce large loss and
strong nonlinearity for the small core size. However, the D-
shaped fiber can provide a robust platform for the evanescent
field interactions between light field propagating along the D-
shaped fiber and the few-layer MoTe

2
.

4. Conclusions

We have successfully demonstrated an all-fiberized passively
Q-switched EDFL by using an evanescent field interaction
based MoTe

2
. The MoTe

2
has been prepared via chemical

vapor deposition method and then integrated with D-shaped
fiber to act as the nonlinear optical modulators. Maximum
output pulse energy of 150.6 nJ has been obtained at a
repetition rate of 13.9 kHz from the laser cavity under the
input pump power of 180mW at 980 nm. The experimental
results can not only broaden the nonlinear application of

MoTe
2
, but provide an inroad for other TMDs nonlinear

materials and their hybrid systems.
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In this paper, the spatial characteristics of the optical parametric chirped-pulse amplification (OPCPA) process were numerically
studied when initial pump beam was aberrated. Numerical results showed that the spatial walk-off effect transferred phase
modulation partly to the signal beam as the pump phase wasmodulated. Moreover, themodulation amplitude became increasingly
severe as the nonlinear length extended. In the absence of phase aberration in the initial input signal, the induced phase aberration
in the output signal was assumed as the differential form of the pump beam phase. As the pump beam intensity was modulated,
the spatial walk-off effect reduced the influence of pump beam noise on beam quality and the angular spectrum but reduced signal
gain simultaneously; thus, it may do more harm than good in the OPCPA process. In the case of a non-diffraction-limited pump
beam, the greater the beam quality factor𝑀2𝑝, the lower the conversion efficiency of the output signal in the OPCPA process.These
results have important guiding significance for optimized design of an OPCPA system for high power laser.

1. Introduction

High-energy ultrashort solid lasers have comprised a devel-
opment trend in laser optics in recent decades. In 1986,
Strikland et al. suggested the idea of chirped-pulse ampli-
fication (CPA) [1], which dramatically reduced the possi-
bility of nonlinear damage to the laser medium and fully
leverages gain bandwidth during amplification [2, 3]. Optical
parametric amplification (OPA) is an efficient approach of
generating tunable pulses from a fixed laser source [4–
6], including large energy fiber laser sources [7, 8]. The
integration of OPA and CPA into optical parametric chirped-
pulse amplification (OPCPA) has rapidly extended the peak
power of amplified ultra-short laser pulses to the petawatt
level due to unique features of efficient conversion, high gain,
and broad bandwidth [9–13].

In strong-field physics applications, laser beam quality
and pulse contrast are key issues in OPCPA laser systems
[14]. To date, the pulse contrast of OPCPA systems has
been studied extensively [15, 16], and various methods have

been proposed to increase pulse contrast on a picosecond
timescale [17–20]. However, less attention has been paid to
beam quality in the OPCPA process, as the OPCPA technique
was normally considered capable of ensuring the optical
quality of an amplified signal field [16, 21]. This might not
be a problem for most low-energy OPCPA systems where
the pump laser sources are diffraction-limited or in a type 0
(𝑒𝑝 → 𝑒𝑠 + 𝑒𝑖) quasi-phase-matching OPA process without
spatial walk-off between interacting waves [22, 23]. However,
circumstances are quite different for high-energy OPCPA
systems where high-energy pump lasers are typically far
below the diffraction limit [24, 25]. Meanwhile, the spatial
walk-off effect is always present due to the adoption of
birefringent nonlinear crystals.

Several articles have considered beam quality in OPCPA
systems [26, 27], mainly by examining the influences of
the pump beam-profile and dephasing on OPA gain and
signal beam quality. A theoretical model was developed
for dephasing effects due to angular deviation from ideal
phase matching, and the impact of the angular content of
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the beam on small signal gain and conversion efficiency
in a strongly depleted regime was evaluated numerically
[26]. In this paper, the spatial characteristics of the OPCPA
process pumped by a spatially aberrated beam are studied
theoretically and numerically. Three typical types of spa-
tially aberrated pump beams are discussed, including the
phase-modulated pump beam, intensity-modulated pump
beam, and non-diffraction-limited pump beam. In the spatial
domain, the nonlinear process of OPCPA is identical to that
of OPA; thus, most parts of this paper do not differentiate
explicitly between OPA and OPCPA.

2. Numerical Model

In this paper, the type I phase-matching OPA process is
simulated by nonlinear coupled-wave equations in the spatial
domain, implying that all temporal effects in the time domain
are ignored. The equations governing the evolution of the
envelopes Ep, Es, and Ei of the pump, signal, and idler pulses
[28, 29], respectively, are
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where Ej(z, x) is normalized to the input pump field E0. For
the sake of simplicity, a one-dimensional transverse model
is used in simulations; diffraction effects are ignored due to
the large beam aperture. A Gaussian pump beam is assumed
throughout the paper, although different beam shapes may
be involved. The spatial variable x is normalized to the
radius of the pump beam waist w; Δk = ks + ki - kp is the
wave-vector mismatch among the three waves, where wave
vector kj = n𝜔j/c. The nonlinear length is defined by 𝐿𝑁𝐿 =
𝑛𝜆𝑝/(𝜋𝜒

(2)𝐸0) as a measure of the pump intensity. The pump
beam is considered as the reference beam, thus, walk-off
terms only appear in (1) and (2).The signal walk-off length Lsp
is defined as Lsp = w/𝜌, where 𝜌 is the walk-off angle, and Lip
= Lsp in the type-I collinear configuration. The ratio of Lsp to
crystal length L indicates the practical walk-off magnitude of
the OPA process in the nonlinear crystal. In the calculations,
the initial signal wave is assumed to be a Gaussian beam
with phase uniformity, and Δk is set to zero because it
primarily affects signal gain and conversion efficiency, which
has been thoroughly discussed [22]. Investigation of thewalk-
off effect in isolation can explicitly clarify its impact on

the output signal beam. The standard split-step method and
Runge-Kutta algorithm were adopted to solve the nonlinear
equations numerically [29–31].

3. Analyses and Discussions

3.1. Pump Beam with Phase Modulation. First, the OPCPA
process pumped by a phase-modulated beam is investi-
gated. For simplicity, the pump beam is assumed to include
sinusoidal phase modulation as 𝐸(𝑥, 0) = 𝐸0exp(−𝑥

2 +
𝑖 𝑎 sin2(𝑛𝜋𝑥)), where parameters a and n correspond to the
modulation amplitude and spatial frequency, respectively.
The angular spectrum distributions of the signal beam and
idler beam are displayed in Figure 1 under small-signal
conditions. The insets in the top right corner are the local
enlarged figure. As shown in Figure 1, the angular spectrum
of the signal beam remain basically unchanged as the walk-
off effect is not considered (the dotted line in Figure 1(a)).
The phase modulation of the pump beam leads to angular
spectrum aberration of the idler beam (the dotted line in
Figure 1(b)). However, the angular spectrum of the signal
beam become aberrated as the spatial walk-off effect is taken
into account (the solid and dashed lines in Figure 1(a)).
Additionally, the greater parameter a, the worse the angular
spectrum aberration in the output signal beam, and the
aberration of the idler beam is weakened accordingly. With
regard to saturation amplification, the spatial characteristics
of OPA are similar to those of the small signal.

Figure 2 shows the transverse distribution of the signal
phase and its evolution in the crystal. As the pump phase is
modulated by a sinusoidal phase, a sinusoidally modulated
phase is observed in the output signal. The modulation
amplitude increases in line with crystal length, as explained
when analyzing the phase transfer mechanism of OPA. On
account of spatial walk-off, the pump beam and idler beam
are staggered in space, and their phases deviate. Their phase
differences therefore become disordered, and the signal beam
will partially undertake the distortion originated from the
pump beam. Meanwhile, the greater the crystal length (or
nonlinear length), the clearer the walk-off of the pump beam
and idler beam. Moreover, the modulated amplitude of the
signal phase became increasingly intense (see the phase
curve in the position of z = 5 mm). One consequence of
phasemodulation is angular spectrum aberration, which also
describes the phenomenon in the insets of Figure 1.

Figures 1 and 2 illustrate that the output signal inherited
the aberration of the pump beam as its phase is modulated
in the presence of spatial walk-off.Therefore, high-frequency
modulation in the pump phase should be suppressed asmuch
as possible to obtain a good-quality signal beam in the OPA
process.

Figure 3 depicts the phase of the output signal when
the pump phase Φ(x) is equal to x2 and x3, respectively.
The shape in Figure 3(a) is approximately linear, whereas
that in Figure 3(b) is approximately parabolic. Therefore, the
induced phase of the signal is essentially the differential of the
pump phase.

Next, the physical process of OPA is analyzed to explain
the above phenomena. The phases of the signal (Φs), pump
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Figure 1: Angular spectrumof output signal beam (a) and idler beam (b) when pump phase is modulated. Dotted line: spatial walk-off effect
not considered, a = 0.5. Dashed (solid) line: spatial walk-off effect considered, a = 0.2 (0.5). E0 = 10−6 (small-signal condition); crystal length
L is 10 mm; LNL = 0.23L; Lsp = 5L; n = 4.
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Figure 2: Evolution of signal phase in the transverse direction of
nonlinear crystal under saturation amplification conditions (E0 =
10−2; LNL = 0.23L, Lsp = 5L, a = 0.5, n = 4, L = 5 mm).

(Φp), and idler (Φi) are known to be fulfilled by the following
relationship without walk-off effect and when the phase-
matching condition is satisfied:

Φ𝑠 = Φ𝑠 (0) (4)

Φ𝑖 =
𝜋

2
+ Φ𝑝 − Φ𝑠 (5)

Equations (4) and (5) show that the phase of the output
signal is independent of the pumpphase, whereas the phase of
the idler beam is related to the difference between Φs andΦp
as the walk-off effect is neglected.Therefore, phase aberration
in the pump beam will be transferred to the idler beam as
the walk-off effect is ignored, as demonstrated by the dotted
line in Figure 1(b). Supposing the phase of the initial signal
is uniform, then the idler phase is consistent with that of the

pump beam, denoted as Φp(x)+𝜋/2 and Φp(x), respectively.
However, the pump beam and idler beamwill no longer coin-
cide in space if the walk-off effect occurs, resulting in some
offsets. Similarly, if their phases are assumed to be Φp(x) and
𝜋/2+Φp(x+Δx), respectively, then the phase expression of the
generated signal is Φs=𝜋/2+Φp(x)-(𝜋/2+Φp(x+Δx))=Φp(x)-
Φp(x+Δx), representing the differential form of the pump
phase and explaining the phenomena in Figure 3. The above
theoretical results are helpful in precompensating or pre-
filtering phase aberration during the pulse-shaping process.

3.2. Pump Beam with Intensity Modulation. The spatial char-
acteristics of the output signal are then analyzed as the pump
amplitude is modulated. Given the amplified spontaneous
emission, the pump beam usually generates noise. Therefore,
it is necessary to discuss the effect of pump noise on the beam
quality of the output signal.

The intensity modulation of the pump beam (namely the
noise expression) is assumed to be 0.1E0sin

2(4𝜋x), and the
near-field distribution and angular spectrum of the output
signal is obtained by numerical calculation as shown in
Figures 4(a) and 4(b), respectively. Figure 4(a) indicates that
the disturbance of the pump beam could be partially trans-
ferred to the signal beam, and the degree of noise transfer
is weakened when the spatial walk-off effect is considered
(the solid line in Figure 4(a)). The OPA gain is known to
be related to pump intensity; therefore, the output signal is
highly sensitive to the disturbance of pump intensity. When
considering the walk-off effect, the sidelobes of the pump
spectrum caused by its intensity modulation are not met the
phase-matching condition, and these spatial frequency com-
ponents are accordingly suppressed during the OPA process.
Therefore, the beam quality of the output signal is somewhat
better than that without walk-off effect. However, the gain
of the signal beam clearly declines, as confirmed by the
numerical simulation. The spatial walk-off effect is therefore
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Figure 3: Phase curve of output signal when pump phaseΦ(x) equals x2 (a) and x3 (b) (Lsp = 5L, LNL = 0.23L, L = 10 mm, E0 = 10−6).
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Figure 4: Near-field distribution (a, c) and angular spectrum (b, d) of the output signal when pump amplitude is modulated. Solid line:
walk-off effect considered. Dashed line: no walk-off effect. (a) and (c) are stimulated under small-signal conditions (E0 = 10−6, L = 10mm). (b)
and (d) are calculated under saturation amplification conditions (E0 = 10−2, L = 5 mm). Other parameters are the same as those in Figure 1.

found to reduce the influence of pump noise on the near-
field distribution and angular spectrum of the signal beam,
which appears to benefit the OPA process. However, it also
reduces the gain of the signal beam, which is not desirable.
Therefore, the pump noise does more harm than good to the

OPA process. In addition, the degree of fluctuation in the
signal beam during saturation amplification (the dashed line
in Figure 4(c)) is lower than the performance under small-
signal conditions (the dashed line in Figure 4(a)), as the gain
is more stable during the saturation amplification process.
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Figure 5: (a) Relationship between the signal gain and crystal length under different𝑀2𝑝 factors; (b) angular spectrum of pump beam (solid
line) as the signal gain reaches the peak value; the dashed line is the initial angular spectrum of input pump beam, where𝑀2𝑝 = 5, LNL = 0.1L,
𝐿 sp = 5L, L = 20 mm, E0 = 10−6.

3.3. Pump Beam Is Non-Diffraction-Limited. In this section,
the influence of pump beam equality on signal gain is
discussed as the pump beam is non-diffraction-limited. The
pump beam is assumed to be a one-dimensional Gaussian
beamwith a slow varying phase,Ep (0, x) =E0 exp[-x

2+iΦ(x)],
where Φ(x) = 𝛼 exp[-(x/2.5)2]+𝛽 exp[-(x/2.5)4] and a and
b are constants. From the perspective of beam quality, this
expression describes the characteristics of typical high power
lasers after spatial filtering [32]. Three pump beams are
considered in this study, namely, 𝛼 = 0, 𝛽 = 0; 𝛼 = 94.0, 𝛽 =
94.7; and𝛼= 177.0,𝛽= 174.7, with corresponding beamquality
factors𝑀2𝑝 of 1, 5, and 20.

Figure 5(a) shows the relationship between signal gain
and crystal length under different𝑀2𝑝 factors.The entire pro-
cess of small-signal amplification, saturation amplification,
and back conversion are numerically simulated. The signal
gain is nearly zero within a large length (z<10 mm) at first
in the case of small-signal amplification; it then rises rapidly,
indicating saturation amplification, and finally decreases
rapidly after reaching the peak, denoting a backconversion
process. In addition, the shapes of the gain curves are similar
under different𝑀2𝑝 factors, and the crystal lengths at which
the signal gain reaches the peak value are almost the same.
The only difference is that a larger𝑀2𝑝 factor leads to a lower
signal gain peak. The formation of the three processes is
related to energy consumption of the pump beam, and the
signal gain originates from the pump energy. Initially, no
pump energy loss occurs under small-signal amplification.
Then, in the saturation amplification process, pump energy is
quickly consumed. As the signal gain peaks, the pump energy
is mostly consumed, as shown by the solid line in Figure 5(b).
Next, some frequency components do not satisfy the phase-
matching condition due to the spatial walk-off effect, and
backconversion hence occurs with an increase in crystal
length. The greater 𝑀2𝑝 factor is, the more the frequency
components fail not to satisfy the phase-matching condition,

which is analogous to a reduction in pump intensity. As signal
gain is closely related to pump intensity, the peak value of
signal gain under the pump beam with a large 𝑀2𝑝 factor
is small, as shown by the dashed line in Figure 5(a). In
addition, the divergence of the pump beam is assumed to
be centrosymmetric, so the gain curves are similar under
different 𝑀2𝑝 factors. The poorer the pump beam quality is,
the lower the signal gain is. Therefore, the quality of the
pump beam should be optimized to minimize divergence or
convergence before initiating the OPA process.

4. Conclusions

The spatial characteristics of the OPCPA process were ana-
lyzed in detail. In the numerical simulation, some effects were
considered such as the walk-off effect, phase modulation,
amplitude modulation of the pump beam, and pump beam
quality. The walk-off effect was found to worsen signal beam
quality in the OPCPA systemwhen the pump beam exhibited
phase modulation. However, as the pump intensity was
modulated, the walk-off effect filtered out some aberrations;
the signal beam quality improved but at the cost of reduced
gain. In addition, the divergence or convergence of pump
beam also compromised OPCPA gain. Therefore, it is highly
important to select appropriate system parameters when
designing the OPCPA system, such as a minimum walk-off
angle, suitable crystal length, and good pump beam quality.

Data Availability

Figure 1 is the angular spectrum of output signal beam and
idler beam as the pump phase is modulated. Figure 2 is
the evolution of signal phase in the transverse direction of
nonlinear crystal. Figure 3 is the phase curve of output signal
as pump phase Φ(x) equals x2 and x3. Figure 4 is the near
field distribution and the angular spectrum of the output
signal as the pump amplitude is modulated. Figure 5(a) is the
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relationship between the signal gain and crystal length under
different factors; Figure 5(b) is the angular spectrum of pump
beam. The experimental data used to support the findings of
this study are all included within the article.
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We display a theoretical and experimental study of all-optical switching for signal lasers based on the plasma channel induced by
the control laser. Using the plasma channel generated in the carbon disulfide (CS2) solution, the signal light can be modulated
as some spatial distributions including unchanging, ring-shaped beam, and other intensity profiles. The modulation on the signal
light can be conveniently adjusted by changing the control light’s incident intensity distribution. We can infer the dark spot shape
in the modulated signal laser through the intensity profile of control laser beam.These results provide the great potential of plasma
channel induced by lasers as an all-optical switching for various optoelectronic applications.

1. Introduction

All-optical switching is one of the important components of
all-optical signal processing, which aims towards high-speed
optical communications [1, 2] and high-performance optical
computing [3–5]. Owing to special properties of controlling
light propagation, photonic crystals are thought to have
promising future in all-optical switching. Two photonic
crystal (PC) cavities, metallic PC, and electromagnetically
induced transparency in PC nanocavities [6, 7] are reported
to use for all-optical switching. Thanks to strong localized
field enhancement effect, high localization, and the break-
through of the diffraction limit, surface plasmon is chosen
to realize ultrafast all-optical switching with few energy
consumption. In the 2016, Chai et al. successfully designed
an ultrafast all-optical switch using plasma-photon-hybrid
nanostructures-coated multicomponent nanocomposite [8].
Neira et al. propose a general, easy-to-implement scheme for
all-optical switch using epsilon-near-zero (ENZ) materials
[9, 10]. Microring resonators are also generally considered
as an ideal platform for demonstrating all-optical switching
[11, 12]. Various structures in metamaterials also provide
ideas for achieving all-optical switching with high perfor-
mance. In designs of switchable devices, ultrafast all-optical
switching has been achieved based on silicon, crystalline
Ge, gallium arsenide, and ErAs/GaAs superlattices [13–16].

Using phase-change materials (such as vanadium dioxide,
germanium antimony telluride and Ge2Sb2Te5), the high-
speed all-optical modulation on the signal laser is reported
[17–19]. Ellis et al. explore two mechanisms for all-optical
switching in ferromagnets [20], modeling ultrafast all-optical
switching in synthetic ferrimagnets is then demonstrated
by Gerlach et al. [21]. Graphene, topological insulators,
transition metal dichalcogenide, and other 2Dmaterials [22–
24] are proved to be superb candidates for creating novel
ultrafast all-optical switching devices.

When laser pulses propagate in a nonlinear media,
plasma channels are generated by ionization. The electron
density distribution and refractive index distribution of the
plasma are nonuniform. According to Fermat’s principle, the
beam changes its direction of propagation in the plasma
channel. Previously, we used the plasma channel to plasma
optical modulation for laser beams [25, 26]. Naturally, an
idea is shown that this plasma can be an excellent nonlinear
medium for realizing all-optical switching.

In this paper, firstly, we theoretically investigate all-optical
switching for signal lasers based on the plasma channel.
Then, the dynamic experiment is performed by keeping the
control light and signal light copropagating through CS2. We
observe the modulation on the signal laser beam induced
by plasma channel in CS2. It is uncovered that the signal
light can be modulated as some spatial intensity distribution
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(unchanging, ring-shaped beam, and other intensity profiles)
by changing the incident intensity of the control light,
and the corresponding mechanism is discussed. Theoretical
analysis and experimental results are consistent, which fully
illustrated that this all-optical switching induced by plasma
channel is reasonable.

2. Theoretical Analysis

We consider the propagation of a linearly polarized laser in
a preformed plasma channel. The effect of the relativistic
nonlinearity and the ponderomotive nonlinearity on the
beam is neglected. The normalized equation for describing
the propagation of laser beams is given by [27]

{∇2⊥ + 2𝑖𝑘 𝜕𝜕𝑧+ (1 − 𝛽2𝑔) 𝜕
2

𝜕𝜁2}𝜓 (→𝑟 , 𝑧, 𝜁)

= 𝜔2𝑝 (→𝑟 )𝑐2 𝜓 (→𝑟 , 𝑧, 𝜁)
(1)

where 𝛽𝑔, 𝜓(→𝑟 , 𝑧, 𝑡), and 𝜔𝑝(→𝑟 ) are the normalized group
velocity, normalized electric field amplitude, and plasma
frequency, respectively.

The modified approximate solution of amplitude can
be derived by Wentzel-Kramers-Brillouin-Jeffreys (WKBJ)
approximation [25].

𝐴 (𝑥, 𝑦, 𝑧) = 𝐴 (𝑥, 𝑦, 0) exp[−1𝑘 ∫
𝑧

0

(𝜕𝐴 (𝑥, 𝑦, 0)𝜕𝑥
𝜕𝜑 (𝑥, 𝑦, 𝑧)

𝜕𝑥 + 𝜕𝐴 (𝑥, 𝑦, 0)𝜕𝑦
𝜕𝜑 (𝑥, 𝑦, 𝑧)

𝜕𝑦 )𝑑𝑧]

× exp[− 12𝑘 ∫
𝑧

0

(𝜕2𝜑 (𝑥, 𝑦, 𝑧)𝜕𝑥2 + 𝜕2𝜑 (𝑥, 𝑦, 𝑧)𝜕𝑦2 )𝑑𝑧]
(2)

We consider the propagation of the signal laser beam
with a Gaussian profile 𝐴 signal(𝑥, 𝑦, 0) = 𝐴0 exp[−(𝑥2 +𝑦2)/2𝑤2]. The control laser also has a Gaussian intensity
distribution 𝐴control(𝑥, 𝑦, 0) = 𝐴0 exp[−(D1𝑥2 +D2𝑦2)/2𝑤2],
where 𝐴0 and 𝑤 are the initial axial amplitude and beam
width, respectively. D1 and D2 are constants, the control laser
has different spatial distribution under different D1 and D2.
Atomic ionization degree is proportional to the light intensity
of laser beams. Resulting in a plasma channel with a Gaussian
electron density distribution and refractive index generated.
The electron density in the plasma channel can be expressed
as

𝑛𝑒 (𝑥, 𝑦, z) = 𝑛0 exp [−D1𝑥2 +D2𝑦22𝜎2 ] (3)

where z, n0, and 𝜎 are the propagation distance, initial axial
electron density, and plasma channel width, respectively.

So, the approximate solution of amplitude equation (2) is
given by

𝐴 (𝑥, 𝑦, 𝑧) = 𝐴0 exp[−𝑥2 + 𝑦22𝑤2 + 𝑛0𝑛𝑐
⋅ (D1𝑥2 +D2𝑦2) 𝑧22𝑤2𝜎2
⋅ exp(−D1𝑥2 +D2𝑦22𝜎2 − 𝑥2 + 𝑦22𝑤2 )]

× exp{𝑧2𝑛04𝑛𝑐 [−
2𝜎2 exp(−D1𝑥

2 +D2𝑦22𝜎2 )

+ D1𝑥2 +D2𝑦2𝜎4 exp(−D1𝑥2 +D2𝑦22𝜎2 )]}
(4)

where 𝑛c is the critical plasma density.
Figure 1(a) shows spatial intensity distribution of some

control laser beams with D1=1, 𝑤=0.8 mm (half-width,
at 1/e-intensity point). Figure 1(b) shows spatial intensity
profiles of some signal laser beams. When D1=0 and D2=0,
the intensity of control laser in different spatial area is a
constant. Resulting in a plasma channel with a constant
electron density and refractive index generated. The signal
beam is not deflected when it propagates in the plasma. So,
it is easy from Figure 1(b) to see that the signal laser keep
its initial intensity profile [D1=0, D2=0]. When the control
laser propagates in a nonlinear media, the plasma channel is
generated by ionization. The width, length, and initial axial
electron density of the plasma are set as 0.3 mm, 5 mm, and
0.02n𝑐, respectively. Based on the plasma optical modulation
effect [25, 26], the signal laser ismodulated into a ring-shaped
beam by the plasma excited by the control laser [D2=1]. As
D2=2, the spatial distribution of control laser is an ellipse in
shape. The dark spot in the modulated signal beam is also
an ellipse in shape, the major axis of the ellipse is in the
X direction. As D2 increases continuously, the major axis is
far longer than its minor axis. Figure 2 vividly displays the
corresponding cross line (x=0) of (a) control lasers and (b)
signal lasers when D2 is tuned. As is shown in Figure 2, the
beam width of control laser decreases with the increase of
D2. The light intensity of dark spot in the modulated signal
laser decreases as D2 increases. Themodulation on the signal
laser can be conveniently adjusted by D2. We can infer the
dark spot shape through the intensity profile of control laser
beam.
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(a)

(b)

Figure 1: (a) Spatial distribution of control laser beams with D1=1, D2=1, 2, 8, 32, and 128. (b) Spatial intensity profile of signal laser beams
under different control beams in Figure 1(a).
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Figure 2:The corresponding cross line (x=0) of (a) control lasers and (b) signal lasers when D2 is tuned.

Figure 3(a) shows spatial distribution of some control
laser beamswithD2=1. Figure 3(b) displays the spatial profiles
of signal laser beams under different control beams. When
D1=2, the dark spot of modulated signal beam is an ellipse
in shape, its major axis is changed into Y direction. Continue
to increase D1, the modulation area in the modulated signal
beam increases. The energy of modulated signal laser is
concentrated in the central region. These results demonstrate
that the signal light can be modulated to realize some
spatial distributions by changing the control light incident
intensity distribution. It confirms the realization of some
optical switching including unchanging, ring-shaped beam,
and other intensity profiles.

3. Experimental Results

Experimental setup is illustrated schematically in Figure 4.
All-optical switching based on the plasma channel is

performed by using a femtosecond pulse laser, which is
generated from an optical parametric amplifier (Libra-S,
Coherent). The laser beam is pumped by a Ti:sapphire with
the pulse repetition rate of 1 kHz. The Libra-S laser regener-
ative amplifier system contains all of the elements necessary
to amplify ultrashort pulses to the mJ level. Elements include
seed laser Vitesse, pump laser Evolution-15, optical pulse
stretcher, regenerative amplifier, and optical pulse compres-
sor. Also provided with the Libra-S is the Synchronization
andDelayGenerator that controls the precise timing required
for regenerative amplification. Femtosecond laser pulses
(control laser) are used to produce plasma channels. We use
the control laser to investigate the all-optical switching based
on plasma channels. He-Ne laser is used as the signal laser
beam. The excitation wavelength of control laser and signal
laser are 800nm and 632nm, respectively. Intensity profiles
of control and signal beams are nearly Gaussian, with beam
width of 0.5mm and 1.3mm (full width at half maximum),
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(a)

(b)

Figure 3: (a) Spatial distribution of control beams with D2=1, D1=1, 2, 8, 32, and 128. (b) Spatial intensity profile of signal laser beams under
different control beams in Figure 3(a).

Figure 4: Experimental setup. A1-A3, attenuators; M1, silver-coated plane mirror; SD, beam shaping device; BS1, beam splitter; DBS1 and
DBS2, dichroic beam splitter.

respectively. The intensity of control light is changed by
attenuation slices. We use a beam shaping device (SD) to
change the intensity distribution of the control beam. In the
experiment, a cylindrical lens with focal length of 100 mm is
used to act as SD. A high-resolution CCD camera (CCD1) is
set for real-time monitoring the spatial evolution of control
lasers. CS2 solution is contained in a quartz cuvette; it is used
as a nonlinear media. The control light and signal light are
kept copropagating through CS2. The spatial profile of the
signal beam is captured and real-time monitored by a fixed
CCD2 camera. The attenuators are used in front of CCD to
avoid saturation and damage.

Figures 5(b) and 5(c) display spatial intensity distribu-
tions of control beams with x-modulated and y-modulated
recorded by CCD1. Figures 5(d)–5(f) show spatial profiles
of probe beams under the condition of no control laser,
x-modulated, and y-modulated control light. Their corre-
sponding profiles are shown in Figure 6. In the absence

of control light, there is no plasma generated, the signal
beam keeps its original intensity profile unchanged [Figures
5(a) and 5(d)]. When the control beam is focused by a
cylindrical lens, it is easy from Figure 5(b) that its spatial
intensity distribution is changed. Its spatial distribution is
not strictly symmetric in the X and Y position, similar to
an ellipse in shape, and its major axis is in the X position.
Resulting in a plasma channel with an asymmetric Gaussian
distribution of the electron density generated. So, an elliptic
dark spot appears in the modulated signal laser beam; its
major axis is in the X direction [Figure 5(e)]. If the control
beam is focused by a cylindrical lens in the Y position, the
intensity distribution of control laser is changed immediately.
The electron density distribution of the plasma channel will
also be changed. Thus, the shape of the dark spot in the
signal beam is changed synchronously and the major axis
of the ellipse is changed to Y direction [Figures 5(c) and
5(f)]. If the spatial distribution of the control laser can be
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(a) (b) (c)

(d) (e) (f)

Figure 5: (b)-(c) Intensity distribution of control light with x-modulated and y-modulated. (d)–(f) Intensity profile of signal light under the
condition of no control laser, x-modulated, and y-modulated control light.
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Figure 6: The corresponding cross line (y=0) of (a) control light and (b) signal light in Figure 5.

conveniently adjusted, it is expected that the signal laser
beam is modulated into a laser with any spatial profile.
Experimental results demonstrate the realization of some
optical switching including unchanging, ring-shaped beam,
and other intensity profiles.We canmonitor optical switching
of signal lasers dynamically by observing the spatial shape
changes of the control laser.

4. Conclusions

In this work, we theoretically and experimentally demon-
strate all-optical switching based on the plasma channel
induced by femtosecond laser pulses in CS2. Our theoretical
analysis is confirmed by experimental results. The signal light
can be modulated by changing the control light incident
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intensity distribution. Results demonstrate the realization of
some optical switching including unchanging, ring-shaped
beam, and other intensity profiles. We can real-time monitor
optical switching of signal lasers by observing the spatial
intensity changes of the control laser.
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A possibility to realize thermotunable isotropic negative-index metamaterials up to terahertz regime is theoretically investigated.
The proposed composite metamaterials consist of dielectric spheres embedded randomly in a semiconductor host medium. As the
variation in the intrinsic carrier density in InSb due to a variation in temperature thus changes the plasma frequency, we show
theoretically the provided composite metamaterials whose index of refraction is thermally tunable and potentially less propagation
loss. Furthermore, the effects of the radius of the dielectric sphere on the modulation frequency and bandwidth are discussed.
Finally, we find that the design parameters for the composites can be scaled for application in the higher frequency regions.

1. Introduction

Negative-index metamaterials (NIMs), with simultaneously
negative permittivity and permeability, were introduced by
Veselago nearly forty years ago [1] and have recently received
much attention in the literature owing to great potential
for applications, such as perfect lens [2], optical cloaking
[3], and perfect absorber [4]. Recently, metamaterials have
also been used to regulate the light field [5–7]. There has
been much progress in the development of the metamaterials
(MMs) from the microwave frequencies to infrared and
optical frequencies. In the microwave regime, the MMs can
be constructed as a combined arrays consisting ofmetal wires
and split-ring resonators [8]. MMs at the infrared and optical
frequencies were accomplished with pairs of metal rods [9]
and for the inverted system of pairs of dielectric voids in
metal [10]. Most of the MMs designs are constructed by
the metallic elements, which incur many drawbacks such as
high loss, very narrow bandwidth, and highly anisotropic.
An alternative scheme was proposed based on the resonance
in individual nonmagnetic dielectric scatterer with very high
permittivity [11–14]. However, dielectrics with extremely high

permittivity also suffer from large damping. Recently, Seo et
al. have shown that isotropic NIMs up to optical frequencies
can be realized with dielectric spheres embedded randomly
in a negative permittivity host (NPH) medium [15]. As a
result, the DS/NPH shows more robust characteristics over
the DS/DH in terms of fabrication tolerance, bandwidth, and
propagation loss.

Most provided NIMs usually display a narrow oper-
ational bandwidth, and the operational frequency is not
tunable. The tunable MMs are obviously very highly desired
and potential expectations for future optical devices are,
for example, spatial light modulators and tunable optical
filters. There are various strategies reported for tuning the
magnetic resonance of the permeability include electrical
control [16, 17], magnetically control [18], and temperature
changing [19, 20]. Generally, tunability is introduced by
ferromagnetic materials [21, 22], ferroelectric [13, 23], liq-
uid crystal [20, 24, 25], etc. However, the abovementioned
tunable NIMs mostly operated at the low frequencies or
high losses. In this paper, we will propose the designs of
the thermotunable and low loss isotropic negative-index
metamaterials up to terahertz region, which consists of
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Figure 1: A schematic of a dielectric sphere is embedded into the
semiconductor host. r is the radius of the dielectric sphere and 𝑎 is
the unit cell size.

dielectric spheres embedded randomly in a semiconductor
host medium.

2. The Permittivity of the Semiconductor and
the Effective Medium Theory

In the terahertz regime, the complex-valued relative permit-
tivity of InSb is given by the simple Drude model [26]

𝜀 (𝜔) = 𝜀∞ − 𝜔2𝑝(𝜔2 + 𝑖𝛾𝜔) , (1)

where 𝜔 is the angular frequency, 𝜀∞ represents the high-
frequency permittivity,and 𝛾 is the damping constant; 𝜔𝑝
is the plasma frequency and 𝜔𝑝 = √𝑁𝑒2/𝜀0𝑚∗ depends
on the intrinsic carrier density 𝑁, the effective mass 𝑚∗
of free carriers, the electronic charge 𝑒, and the free-space
permittivity 𝜀0 . Compared tometals, the plasma frequency𝜔𝑝
of InSb depends strongly on the temperature 𝑇. The intrinsic
carrier density𝑁 (in m−3) in InSb obeys the relationship [27]

𝑁 = 5.76 × 1020𝑇3/2 exp(− 0.262𝑘𝐵𝑇) , (2)

where 𝑘𝐵 is the Boltzmann constant and the temperature is in
Kelvin. A variation in𝑁 due to a variation in 𝑇 thus changes𝜔𝑝. Consequently, in the far-infrared portion of the terahertz
regime, 𝜀(𝜔) of InSb is very sensitive to 𝑇. Hence, for NIMs
comprising InSb host and dielectric sphere, we can expect
that temperature variations can cause substantial variations
in the optical response characteristics.

The composite material consisting of spherical scat-
ters can be described as a homogeneous medium in the
subwavelength limit and the effective electric permittivity
and effective magnetic permeability are 𝜀𝑒𝑓𝑓(𝜔) and 𝜇𝑒𝑓𝑓(𝜔),
respectively. As shown in Figure 1, we assume that the
dielectric spheres possessing a relative dielectric permittivity𝜀1 and relative magnetic permeability 𝜇1 are embedded in
a semiconductor host medium whose relative permittivity
and relative permeability are 𝜀2(𝜔) and 𝜇2 = 1, respectively.
Assuming that the dielectric spheres are located in the host
medium randomly and homogeneously, in the quasistatic
limit, we can derive the relative effective permittivity 𝜀𝑒𝑓𝑓(𝜔)

and the relative effective permeability 𝜇𝑒𝑓𝑓(𝜔) from the
extended Maxwell-Garnett theory (EMG), as shown in [14]

𝜀𝑒𝑓𝑓 (𝜔) = 𝜀2 𝑥3 − 3𝑖𝑓𝑇𝐸1𝑥3 + (3/2) 𝑖𝑓𝑇𝐸1
𝜇𝑒𝑓𝑓 (𝜔) = 𝜇2 𝑥3 − 3𝑖𝑓𝑇𝐻1𝑥3 + (3/2) 𝑖𝑓𝑇𝐻1

(3)

where 𝑓 is the volume fraction representing the ratio of the
volume of the dielectric spheres to the total volume and𝑓 = (4/3)𝜋𝑟3/𝑎3, where 𝑟 denotes the sphere radius and 𝑎
is the unit cell size. 𝑇𝐸1 and 𝑇𝐻1 are the electric-dipole and
magnetic-dipole components of the scattering T matrix of a
single sphere, respectively. They can be written as

𝑇𝐸1 (𝜔)
= [ 𝑗1 (𝑥1) [𝑥2𝑗1 (𝑥2)] 𝜀1 − 𝑗1 (𝑥2) [𝑥1𝑗1 (𝑥1)] 𝜀2ℎ+1 (𝑥2) [𝑥1𝑗1 (𝑥1)] 𝜀2 − 𝑗1 (𝑥1) [𝑥2ℎ+1 (𝑥2)] 𝜀1] ,

(4)

𝑇𝐻1 (𝜔)
= [ 𝑗1 (𝑥1) [𝑥2𝑗1 (𝑥2)] 𝜇1 − 𝑗1 (𝑥2) [𝑥1𝑗1 (𝑥1)] 𝜇2ℎ+1 (𝑥2) [𝑥1𝑗1 (𝑥1)] 𝜇2 − 𝑗1 (𝑥1) [𝑥2ℎ+1 (𝑥2)] 𝜇1] ,

(5)

where 𝑗1 is the spherical Bessel function and ℎ+1 is the
spherical Hankel function for 𝑙 = 1, respectively. [𝑋(𝑥)] =𝑑𝑋/𝑑𝑥. 𝑥1 and 𝑥2 stand for the sphere size parameter, 𝑥1 =(𝜔/𝑐)𝑟√𝜀1𝜇1 = 2𝜋𝑟/𝜆1 and 𝑥2 = (𝜔/𝑐)𝑟√𝜀2𝜇2 = 2𝜋𝑟/𝜆2,and𝜆1 and 𝜆2 are the wavelengths in the sphere medium and host
medium, respectively.

3. Numerical Results and Discussion

Figure 2 shows the simulation results of 𝜀𝑒𝑓𝑓, 𝜇𝑒𝑓𝑓, 𝑛𝑒𝑓𝑓 for 𝑇 =220K, 𝑓 = 0.2, and 𝑟 = 60 um using [3–5]; here we have
assumed that 𝜀∞ = 15.68, 𝑚∗ = 0.015𝑚𝑒 kg, 𝑚𝑒 = 9.1 ×10−31, and 𝛾 = 2𝜋×0.05THz [27], and the gallium phosphide
(GaP) is assumed for the nonmagnetic dielectric sphere, and
the permittivity 𝜀1 = 12.25 × (1 + 𝑖 × 10−3).

We can see from the figures that the real part of the
effective permittivity 𝜀𝑒𝑓𝑓 is negative from 0.58 THz to 0.9
THz, and the real part of the effective permeability 𝜇𝑒𝑓𝑓 is
negative from 0.65 THz to 1.0 THz; hence the double region
is between about 0.65THz and 0.9 THz and the bandwidth
is about 0.25 THz, as shown in the Figure 2(c). Also we can
find that the value of 𝜀𝑒𝑓𝑓 is far larger than 𝜇𝑒𝑓𝑓; however the
imaginary parts of 𝜀𝑒𝑓𝑓, 𝜇𝑒𝑓𝑓, 𝑛𝑒𝑓𝑓 are all much smaller than
the composite MMs constructed by the metallic sphere when
the incident wave frequency is far away from the resonance
regions.

In order to discuss the effects of the temperature 𝑇
on the properties of 𝜀𝑒𝑓𝑓, 𝜇𝑒𝑓𝑓, 𝑛𝑒𝑓𝑓, in Figure 3, we have
plotted the frequency-dependent refractive-index of com-
posite MMs at various temperatures. We can find from
Figure 3(a) that the resonance dips are almost kept fixed as
the temperature increases; however, the value of the real part



Advances in Condensed Matter Physics 3

−200
−100

0
100
200

0
50
100
150
200

0.4 0.5 0.6 0.7 0.8 0.9 1.0
Frequency (THz)

Re(eff)
Im(eff)

(a)

−10

0

10

0.0

0.4

0.8

1.2

0.4 0.5 0.6 0.7 0.8 0.9 1.0
Frequency (THz)

Re(eff )

Im(eff)

(b)

0.4 0.5 0.6 0.7 0.8 0.9 1.0
−20
−10

0
10
20

Frequency (THz)

0

20

40

Re(neff)
Im(neff)

(c)

Figure 2: The numerical results of the real part (Re) and imaginary (Im) part of 𝜀𝑒𝑓𝑓, 𝜇𝑒𝑓𝑓, 𝑛𝑒𝑓𝑓 of the composite DS/NPH effective
metamaterials.
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Figure 3: The thermotunable negative-index metamaterials. (a) The real part of the refractive-index 𝑛𝑒𝑓𝑓 at different temperatures ranging
from 220 to 350K. (b)The real part of the refractive-index 𝑛𝑒𝑓𝑓 at 𝜔/2𝜋 = 0.7THz for different temperatures ranging from 210 to 350K.

of 𝑛𝑒𝑓𝑓 will become bigger and bigger as the temperature
increases. Clearly, the optical properties of the MMs, such
as 𝜀𝑒𝑓𝑓, 𝜇𝑒𝑓𝑓, 𝑛𝑒𝑓𝑓, all change significantly with temperature.
For proving these properties clearly, in Figure 3(b), we have
shown the real part of 𝑛𝑒𝑓𝑓 as a function of temperature from
210K to 350K. As expected, 𝑛𝑒𝑓𝑓 can be significantly enlarged
by raising the temperature.The temperature-dependent opti-
cal properties of composite MMs can be attributed directly
to the thermally sensitiveness of the plasma frequency for the
permittivity of the semiconductor InSb.

Further, we find that the properties of 𝜀𝑒𝑓𝑓 , 𝜇𝑒𝑓𝑓, 𝑛𝑒𝑓𝑓 in our
composite structure depend on the radius of the dielectric
sphere strongly; hence the spectral position of the resonance
point can be tuned by varying the radius of the dielectric
sphere. For proving this, we have shown the dependence of
the real part of 𝑛𝑒𝑓𝑓 on the radius of the dielectric sphere
in Figure 4. It is shown that when the radius of the sphere
changes from 50 um to 80 um, the resonance frequency
points of the negative refractive-index will move from 0.8
THz to 0.5 THz and the value of the resonance negative
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Figure 5: Calculated real and imaginary part of the complex permittivity, permeability, and refractive-index of the composite MMs in the
terahertz region between 8 and 56 THz. Where 𝑟 = 1 um and 𝑇 = 350K, the other parameters are same as in Figure 2.

refractive-index point will become larger and larger as the
radius of the dielectric sphere increases.

We have shown that the low loss and thermotunable
NIMs can be realized at the terahertz frequencies; however
the design of the material is scalable within a large dynamic
range of operating frequencies as long aswe change the radius
of the dielectric sphere and the temperature simultaneity.
First, the intrinsic carrier density in InSb can be changed from𝑁 = 1.977 × 1021m−3 at 220K to𝑁 = 5.065 × 1022 at 350K,
whichwill lead to the plasma frequency of the semiconductor
host altering from 𝜔𝑝 = 2.046 × 1013 at 220K to 𝜔𝑝 = 1.036 ×1014 at 350K; therefore if only we adjust the scale of the radius
of the dielectric sphere, we can obtain the double negative

metamaterials at higher frequency. Figure 5, for example,
shows the corresponding real part of the refractive-index
from 8 THz to 56 THz, where 𝑟 = 1 um and 𝑇 = 350K, the
other parameters are the same as in Figure 2. Again, it clearly
demonstrates that one can obtain a bulk material of double
negative metamaterials by embedding the dielectric spheres
in a semiconductor host medium randomly at the terahertz
even higher frequency. Moreover, the frequency bandwidth
also becomes very large to reach 32 THz.

4. Conclusions

In conclusion,we have provided a scheme to realize a thermo-
tunable and less loss isotropic negative-index metamaterials
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up to terahertz regime by embedding the dielectric spheres
in a semiconductor host medium randomly. The composite
metamaterial is sensitive to the outer temperature, which
makes the double negative frequency regions tunable. Fur-
thermore, the radius of the dielectric sphere will also make
the frequency ranges of the double regions tunable.Moreover,
by scaling the size of the spheres and outer temperature,
we can vary the operating frequency to higher frequency.
Such reconfigurable and thermotunable metamaterials have
very promising future for designing tunable devices, such
as tunable optical cloaking, tunable spatial light modulators,
and tunable novel microwave antenna.
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We investigate theoretically the optical tristability of transmission at a pair of parallel graphene layers system. We discuss the
influence of the graphene sheets on the hysteretic response of the TE-polarized transmitted light. It is demonstrated that the optical
tristability in this configuration can be realized due to the giant third-order nonlinear conductivity of graphene and appropriate
structure parameters. The tristable behavior of the transmitted light can be controlled via suitably varying the Fermi energy of the
graphene. Besides, the optical tristable behavior is strongly dependent on the relaxation time of the graphene and the dispersion
characteristics of the surrounding dielectrics. Moreover, the threshold of the optical tristability can be reduced by appropriately
increasing the number of graphene layers, making this simple structure a good candidate for dynamic tunable and low threshold
optical tristable device in the terahertz (THz) frequencies.

1. Introduction

Optical bistability and multistability devices are widely used
in the areas of optoelectronics such as opticalmemory, optical
transistor, all-optical logic gate, and all-optical switching due
to their ability of harnessing optical nonlinear characteristics
[1–4]. The generation and control means of optical multista-
bility, especially related optical multistable device play a key
role in optical communication system and optical network.
In particular, the key to solving transmission and processing
of information is micro/nano-optical multistable devices
integrated to chip size. Therefore, people proposed various
ways and methods to realize the generation and control of
optical bistability such as Fabry-Perot cavities [5], nonlinear
prism coupler [6], subwavelength metallic gratings [7], and
semiconductor quantum well systems [8]. The phenomenon
of optical multistability of four-level cascade-type cold atoms
[9], semiconductor quantum well nanostructure [10], and
polaritonic materials doped with nanoparticles [11] have also
raised heated research. However, producing obvious optical

nonlinearities effect requires high incident power owing
to low nonlinear refractive index of traditional nonlinear
materials; thus optical bistable device with longer size and
larger incident light intensity is required to generate optical
nonlinearities effect. Thus the lack of competitive advantage
in high-density integrated optical circuits and its applications
are limited by these requirements. Optical multistability in
new materials and novel structure has become the main
research direction in the field of optical multistability.

Recently, graphene, a two-dimensional atomic crystal
material, has attached much attention in the areas of optical,
material science, and physics owing to its various outstanding
characteristics [12–14]. The partial characteristic of graphene
can give full play to its advantage in the field of optical
multistability. For instance, strong nonlinear optical absorp-
tion coefficient of graphene [15], fast modulation speed [16],
broadband [17], the strong interaction between light and
graphene [18], and the optical property are easy to control
dynamically [19]. Graphene has great potential in the field of
opticalmultistability due to these advantages. Graphene-based
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Figure 1: Schematic diagram of a pair of parallel graphene layers
with the insertion of dielectric slab. A plane wave of amplitude 𝐸𝑖 is
incident on the structure, giving rise to a reflected and a transmitted
wave with amplitudes 𝐸𝑟 and 𝐸𝑡, respectively.

optical bistability and multistability begin to attract much
attention as well. For example, Gu et al. have realized ultralow
power resonant optical bistability in graphene-silicon hybrid
optoelectronic devices for the first time [20]. Horvath et al.
have observed the phenomenon of optical bistability and
enhanced thermal nonlinearity in a graphene-silicon waveg-
uide resonator [21]. Bao et al. researched optical bistability
in a Fabry-Perot cavity containing monolayer and bilayer
graphene which have been observed optical bistability and
experimentally realized graphene-based fast optical bistabil-
ity [22]. More recently, Yin et al. proposed a single dielectric
layer sandwiched between two nonlinear graphene layers to
realize the controllable transition between optical bistability
and multistability [23].

In this paper, we have theoretically investigated the
optical tristability with low threshold by constructing a sim-
ple double layer graphene structure. The optical tristability
mainly originates from the huge third-order nonlinear coef-
ficient of graphene and the suitable structural parameters.
The conductivity of graphene can be tuned dynamically by
external electric field. Graphene-based optical devices with
intrinsic optical tristability allow us to explore the promise of
using such elements as the building block of future integrated
optics and digital all-optical circuitry.

2. Theoretical Model and Method

We consider a structure composed of dielectric slab (with
thickness 𝑑 and refractive index 𝑛) and graphene; both sides
of dielectric slab are covered by monolayer graphene, as
shown in Figure 1, where 𝑧 direction is perpendicular to

the plane of the monolayer graphene and a plane wave of
amplitude 𝐸𝑖 is normally incident on the structure, giving
rise to a reflected and a transmitted wave with amplitudes 𝐸𝑟
and 𝐸𝑡. We assumed incident wavelength 𝜆 = 300 𝜇m and
dielectric slab is silicon with refractive index n = 11.9 in
THz frequency range; the thickness of dielectric slab satisfies𝑑 = 𝜆/(4𝑛). A planewave of amplitude𝐸𝑖 is normally incident
on the structure. The linear conductivity of graphene in THz
range can be expressed as [24]

𝜎0 = 𝑖𝑒2𝐸𝐹𝜋ℏ2 (𝜔 + 𝑖/𝜏) , (1)

where 𝐸𝐹 is the Fermi energy of graphene, 𝜏 is the relaxation
time, and 𝜔 is the frequency. 𝑒 and ℏ are the universal
constants related to the electron charge and reduced Planck’s
constant, respectively. From formula (1), we can see that
the conductivity of graphene can be used to describe its
optical properties. It is noteworthy that graphene third-order
nonlinear conductivity is not negligible when the intensity is
enough to a certain extent, and the third-order conductivity
of graphene in THz band can be described as [25, 26]

𝜎3 = −𝑖98 𝑒
4]𝐹
2

𝜋ℏ2𝐸𝐹𝜔3 , (2)

where V𝐹 = 106m/s is the Fermi velocity of electrons. In
the presence of the nonlinearity, the optical conductivity of
graphene 𝜎 = 𝜎0 + 𝜎3|𝐸|2 and E is the tangential electric field
of the electromagnetic wave at the interface.

Next, we use the modified transmission matrix to calcu-
late the transmittance of the structure to get the relation of 𝐸𝑡
and 𝐸𝑖 [27]. In this paper, we suppose that incident electro-
magnetic wave is TE-polarized. Therefore, the transmission
matrix on adjacent dielectric surfaces can be expressed
as

𝐷12 = 12 [
1 + 𝜂𝑇𝐸 + 𝜉𝑇𝐸 1 − 𝜂𝑇𝐸 + 𝜉𝑇𝐸
1 − 𝜂𝑇𝐸 − 𝜉𝑇𝐸 1 + 𝜂𝑇𝐸 − 𝜉𝑇𝐸] ; (3)

in this equation, 𝜂𝑇𝐸 = 𝑘2𝑧/𝑘1𝑧, 𝜉𝑇 = 𝜎𝜇0𝜔/𝑘1𝑧, where 𝑘1𝑧 and𝑘2𝑧 represent the components of wave vectors 𝑘1 and 𝑘2 in the
transmission direction of electromagnetic wave, respectively.
Combining with the propagation matrix of dielectric slab,
we can get the transmission coefficient of the structure.
Besides, the relation between 𝐸𝑖 and 𝐸𝑡 can be described
as


𝐸t𝐸i
 =


1(1 + 𝜂ad + 𝜉ad) (1 + 𝜂da + 𝜉da) 𝑒−𝑖𝑘𝑑𝑧𝑑 + (1 − 𝜂ad + 𝜉ad) (1 − 𝜂da − 𝜉da) 𝑒𝑖𝑘𝑑𝑧𝑑
 , (4)

where 𝑘𝑑𝑧 represents the component of wave vectors 𝑘𝑑 in the
transmission direction of electromagnetic wave in dielectric
slab.

3. Results and Discussions
In this section, we will discuss the phenomenon of optical
tristability caused by the nonlinear graphene in the structure.
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Figure 2: (a) Schematic diagram of the transmitted electric field as a
function of the incident electric field for different Fermi energies 𝐸𝐹
of the graphene. (b) Schematic diagram of the switch-up and switch-
up threshold electric field as a function of 𝐸𝐹.

Based on the method of transfer matrix above, the charac-
teristics of transmission of the structure can be obtained;
thus the relation of incident electric field Ei to transmitted
electric field E𝑡 can be conveniently presented, as shown in
Figure 2(a). We set the relaxation time of graphene as 𝜏 =1.25 ps; the phenomenon of optical bistability and optical
multistability are strongly dependent on the third-order
or multiorder nonlinear coefficients; thus the huge third-
order nonlinear conductivity of graphene is a very important
factor for realizing optical tristability in the structure. When
the graphene does not exist, the tristable curve cannot be
achieved under some conditions. However, the addition
of graphene makes a big difference and the hysteresis of
optical tristability can be clearly produced. Due to the huge
third-order nonlinear conductivity of graphene, multivalued
phenomenon between incident electric field and transmitted
electric field can be satisfied. Here we take 𝐸𝐹 = 0.90 eV as an
example; the transmitted electric field 𝐸𝑡 gradually increase
with the increase of 𝐸𝑖 when the incident electric field 𝐸𝑖
is at a small value; this is the first stable state. However,
the transmitted electric field switches to the second stable
state when 𝐸𝑖 is continuously enhanced to |𝐸𝑖|1up = 7.03 ×106 V/m; at the moment, reducing the incident electric
field 𝐸𝑖, the transmitted electric field will not immediately
return to the first stable state but will decrease slowly in
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Figure 3: A diagramof the relationship between transmitted electric
field (a) and transmittance (b) with incident electric field under
different relaxation times 𝜏. The other parameters are the same as
before.

the second stable state; the second stable state will jump to
the first stable state until the incident electric field drops to|𝐸𝑖|1down = 6.55 × 106 V/m, and hysteresis width satisfiesΔ|𝐸𝑖| = |𝐸𝑖|1up − |𝐸𝑖|1down = 0.48 × 106 V/m. If the
incident electric field 𝐸𝑖 continuously increase in the second
stable state, the transmitted electric field 𝐸𝑖 will continue
to increase slowly and synchronously; the transmitted stable
state will jump from the second stable state to the third
stable state until 𝐸𝑖 continues to be enhanced to |𝐸𝑖|2up =12.03 × 106 V/m. After entering the third stable state, if
we reduce 𝐸𝑖, 𝐸𝑡 will jump from the third stable state to the
second stable state when |𝐸𝑖|2down = 11.44 × 106 V/m, and
the hysteresis width satisfies Δ|𝐸𝑖| = |𝐸𝑖|2up − |𝐸𝑖|2down =0.59 × 106 V/m.This is a very typical phenomenonof optical
tristability and the nonlinear property of graphene plays a
key role in the typical phenomenon. More importantly, the
electrically tunable conductivity of graphene also provides
flexible and tunable properties for optical tristability. At the
moment, we plotted the hysteresis of the structure at different
Fermi energies, as shown in Figure 3(a). We can see that
the threshold of two stable states was significantly reduced
with the gradually decrease of the graphene Fermi energies
from 0.96 eV to 0.92 eV. In order to more clearly illustrate
the phenomenon, the effect of Fermi energy changes on the
threshold and hysteresis width is listed in detail; with the
decrease of Fermi energy of graphene, we can clearly see
that the threshold of tristability obviously decreases and the
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hysteresis width between the first stable state and the second
stable state will gradually decrease; when Fermi energy is
reduced to 0.825 eV, the hysteresis width will be zero and the
tristability will switch to bistability, as shown in Figure 3(b).
However, the hysteresis width between the second stable
state and the third stable state is hardly changing with the
change of Fermi energy. Therefore, Fermi energy can not
only manipulate the threshold of tristability but also affect
the hysteresis width. It also provides a feasible idea for
realizing flexible and tunable optical bistable and tristable
device.

According to formulas (1) and (2), it is found that the
relaxation time 𝜏 of graphene is also an important parameter
affecting the conductivity of graphene, although it only
affects the linear part of the conductivity of the graphene,
that is, the real part of conductivity of graphene. It also
provides a method for manipulating the characteristic of
optical tristability. We presented the influence of changes
of the relaxation time 𝜏 of graphene on optical tristability;
as shown in Figure 3, it can be seen that the relaxation
time 𝜏 of graphene plays a key role in the multivalued
phenomenon of transmitted electric field. When the relax-
ation time 𝜏 = 1.25 ps, because the discriminant of the
incident electric field 𝐸𝑖 deviating from the transmitted
electric field 𝐸𝑡 satisfies Δ > 0, there is an obvious multivalue
phenomenon near the incident electric field |𝐸𝑖| = 8 ×106 V/m and |𝐸𝑖| = 13 × 106 V/m; a similar situation
also appears in the curve of the transmittance changes
with the incident electric field, as shown in Figure 3(b).
However, when the relaxation time gradually decreases, Δ >0 in the discriminant where the incident electric field 𝐸𝑖
deviating from the transmitted electric field 𝐸𝑡 is gradually
not satisfied, resulting in a gradual decrease in the hysteresis
width, and eventually the stable state disappears. Thus it can
be seen that the relaxation time of graphene has a great
advantage inmanipulating the hysteresis width and threshold
of optical tristability. However, it is noteworthy that the
relaxation time 𝜏 of graphene is not easily controlled. Once
the sample is prepared, its value is not easy to regulate any
more.

In order to further research and understand the charac-
teristics of multistability, we also discussed the influence of
dispersion characteristic of the dielectric slab on the optical
tristability, as shown in Figure 4. We showed the effect of
changes of dielectric constant and the thickness on the optical
tristability, respectively. We can see from Figure 4(a) that
there is an obvious difference on the effect of dielectric
constant on the two hysteresis widths. With the increase
of dielectric constant, the second hysteresis width Δ|𝐸𝑖| =|𝐸𝑖|2up − |𝐸𝑖|2down can be enhanced, but the first hysteresis
width Δ|𝐸𝑖| = |𝐸𝑖|1up − |𝐸𝑖|1down can be obviously suppressed.
This parameter plays a key role in designing optical mul-
tistable devices when the hysteresis width is needed to be
controlled. Apart from dielectric constant, the thickness of
dielectric slab has similar effect on the optical tristability; it
is found that the increase of thickness of dielectric slab can
inhibit the second hysteresis width: Δ|𝐸𝑖| = |𝐸𝑖|2up−|𝐸𝑖|2down;
at the same time, the first hysteresis width Δ|𝐸𝑖| = |𝐸𝑖|1up −|𝐸𝑖|1down will be obviously increased.
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Figure 4: Schematic diagram of the influence of the dielectric
constant (a) and the thickness (b) of the dielectric plate on the
tristable phenomenon.The other parameters are the same as before.

The parameters of the structure provide more flexible
choices for hysteresis characteristic of optical multistability.

It is known that that the phenomenon of multistability of
the structure is strongly related to the third-order nonlinear
conductivity of graphene. The threshold value of optical
multistability not only closely relates to the third-order non-
linear conductivity of graphene but also directly influences
the practical application of optical multistability devices.
Therefore, it is necessary to reduce the threshold value as low
as possible. Based on the above, we consider a pathway to
further reduce the threshold of optical multistability on the
structure of Figure 1. In order to realize the further decrease
of threshold of optical tristability, we embed the monolayer
graphene and combine appreciate parameters; the results are
shown in Figure 5. At the new structure, we set the Fermi
energy of graphene 𝐸𝐹 = 0.8 eV and the relaxation time
of graphene 𝜏 = 1.5 ps; the constants of dielectric slab 1
and dielectric slab 2 are set as 11.9 and 3.84, respectively.
The situation of double-layered graphene has been shown
in the figure as well. In contrast, it is found that the typical
phenomenon of optical tristability can also occur under the
novel structure. However, compared with the double-layered
graphene, the threshold of hysteresis response is significantly
reduced. The phenomenon not only indicates the advantage
of reducing the threshold of optical bistability and optical
tristability owing to the increase of graphene layers but also
provides a feasible way for realizing optical multistability.
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4. Conclusions

In conclusion, we theoretically investigated the flexible and
controllable optical tristability in the simple structure of
monolayer graphene covering both sides of the dielectric
slab. It is found that the optical tristability can occur in
the structure by selecting appropriate parameters. The key
to generating optical tristability is the huge third nonlinear
conductivity of graphene. We can flexibly manipulate hys-
teretic response characteristic optical tristability by tuning
the dispersion parameters of graphene. Furthermore, we
have simply verified embedding monolayer graphene in the
structure; not only can we create conditions for achieving
optical multistability but also we can further reduce the
optical tristable threshold by combining suitable structural
parameters. We believe that simple and controllable optical
tristability and optical multistability have a potential appli-
cation in optical switch, optical limiting, and other optical
devices.
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The coupled effects of blood vessels and thermal relaxation time on temperature and thermal lesion region in biological tissue during
high-intensity focused ultrasound (HIFU) hyperthermia are numerically investigated. Considering the non-Fourier behavior of
heat conduction in biological tissue, the traditional Pennes bioheat equationwasmodified to thermalwavemodel of bioheat transfer
(TWMBT). Consequently, a joint physical model, which combines TWMBT for tissue and energy transport equation for blood
vessel, is presented to predict the evolution of temperature and the thermal lesion region. In this study, pulsatile blood flow is
first introduced into numerical study of HIFU hyperthermia, and thermal relaxation time, ultrasonic focus location, blood vessel
radius, and blood flow velocity are all taken into account. The results show that the thermal relaxation time plays a key role in
the temperature and the thermal lesion region. Larger thermal relaxation time results in lower temperature and smaller thermal
lesion region, which indicates that TWMBT leads to lower temperature and smaller thermal lesion region compared to Pennes
bioheat transfer model. In addition, we found that the ultrasonic focus location and blood vessel radius significantly affected the
temperature and thermal lesion region, while the heartbeat frequency and amplitude factor of pulsating blood flow as well as the
average velocity of blood flow had only a slight effect.

1. Introduction

High-intensity focused ultrasound (HIFU) is a promising
noninvasive technology, which can rapidly produce a local
high temperature of more than 70∘C in target tissues for
the purpose of thermal ablation [1, 2]. In 1942, Lynn [3]
designed a focused ultrasound generator to produce focal
heating to destruct the focal area deep in the fresh liver
tissue without damage to the intervening tissue. Thereafter,
HIFU technology had been paid more and more attention
by scientists and doctors, especially since the rapid develop-
ment of ultrasonic imaging technology in 1990s [4]. HIFU
hyperthermia had been used to ablate solid tumors, including
soft tissue sarcomas and cancers of the prostate, liver, kidney,
breast, and pancreas [5]. The accurate thermal dose at the
lesion location plays a decisive role in the clinical success of

HIFU hyperthermia. Accordingly, it is necessary to study the
temperature and the thermal dose of lesion region [6, 7].

In general, the temperature of biological tissue was
predicted by Pennes bioheat transfer model because of its
simplicity and practicability. It is well known that the model
was built on the classical Fourier’s law, implying an infinite
thermal propagation velocity and an instantaneous thermal
effect [8, 9].That is to say, any heat perturbation in the biolog-
ical tissue can be reached anywhere at the same time, which
had aroused controversy among many scientists. To over-
come this physically unreasonable drawback, Cattaneo and
Vernotte independently proposed a generalized non-Fourier
law heat conduction equation by introducing a lagging time
called “relaxation time” [10, 11]. In addition, the non-Fourier
behavior of heat conduction in non-homogenous medium
requiring a relaxation time had been experimentally verified

Hindawi
Advances in Condensed Matter Physics
Volume 2018, Article ID 5018460, 10 pages
https://doi.org/10.1155/2018/5018460

http://orcid.org/0000-0001-7603-4467
http://orcid.org/0000-0002-4830-1836
https://doi.org/10.1155/2018/5018460


2 Advances in Condensed Matter Physics

by several researchers [12–14].The reasonable relaxation time
was in the range of 0.464-6.825s according to the convective
heat transfer coefficient and the available properties of blood
and tissue in Zhang’s research [15]. In addition, TWMBT had
many applications. For example, Dai studied skin burn injury
subjected to radiation heating [16]. Jaunich analyzed the tem-
perature distributions in the skin tissuemedium during short
pulse laser irradiation [17]. However, to our knowledge, few
studies have been done on HIFU hyperthermia employing
TWMBT until now, especially considering biological tissue
with blood vessel.

Recently, Jiang employed HIFU to ablate tumors near
significant blood vessels clinically [18]. In addition, several
numerical studies of the effects of blood vessels on tem-
perature and thermal lesion region in ultrasound hyper-
thermia had attracted the interests of many researchers.
Pennes treated the blood vessel and bone mathematically
exactly as the soft tissue and presumed that the blood
and surrounding tissue were completely thermal equilibra-
tion [19]. This approach is valid for tissue with capillaries.
Nevertheless, several researches implied that the thermal
equilibration between the large blood vessels (diameters
larger than 0.2mm) and surrounding tissues was broken
[20–22], and the large vessels in biological tissue should be
considered. For instance, Kolios [20] examined the effects of
blood flowon the thermal lesion dimensions and temperature
distribution during focused ultrasound surgery. The blood
vessel was coaxial with acoustic axis, and the ultrasonic focus
was located in the center of the blood vessel. Hariharan [21]
presented a three-dimensional physical model to investigate
the efficacy of high-intensity focused ultrasound procedures
targeted near large blood vessel, which was located outside
the 6 dB width of the beam. Solovchuk [22] put forward
an acoustic-thermal-fluid coupling model to study the influ-
ence of blood vessel on temperature, taking the effect of
acoustic streaming into account. However, the temperature
field computation was based on Pennes bioheat transfer
model in most previous studies, neglecting the non-Fourier
effects on thermal transfer, and the quantitative effects of
the blood vessel on temperature and thermal lesion region
in the heated tissue are still ambiguous. In our work, the
effects of blood vessels on temperature and thermal lesion
region based on TWMBT during HIFU hyperthermia will
be comprehensively investigated, including various factors
associated with blood vessels. In addition, pulsatile blood
flow generated by the periodic pumping of heart con-
traction will be taken into consideration, which is firstly
introduced into numerical study of HIFU hyperthermia. We
believe that this study is significant for HIFU hyperther-
mia.

2. Theory

The HIFU transducer is a spherical cap with an aperture
radius 𝑎 of 35𝑚𝑚, a focal length 𝑅 of 62.64𝑚𝑚, and a
center frequency𝑓 of 1𝑀𝐻𝑧, and the transducer and biology
tissue are placed in the water. The geometric configuration of
physical model is shown in Figure 1.
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Figure 1: Geometric configuration of physical model. The tissue
containing a large blood vessel, a cylinder with radius of 35mm and
length of 50 mm, is placed at 𝑧1 = 40𝑚𝑚. The blood vessel is at
the center of the tissue, 𝑟0 is the radius of the blood vessel, and 𝑑
is the distance between ultrasonic focus and central axis of blood
vessel. The computational domain Ω is −35𝑚𝑚 ≤ 𝑟 ≤ 35𝑚𝑚 and0 ≤ 𝑧 ≤ 90𝑚𝑚, abbreviated as 𝑟, 𝑧 ∈ Ω.

2.1. Acoustic Model for Ultrasound Wave Propagation. To
model the ultrasound wave propagation in thermoviscous
medium incorporating the effects of absorption, diffraction,
and nonlinearity, a widely used Westervelt equation was
employed, which can be written as follows [23]:

(∇2 − 1𝑐20
𝜕2𝜕𝑡2)𝑝 + 𝛿𝑐40

𝜕3𝑝𝜕𝑡3 + 𝛽𝜌𝑐40
𝜕2𝑝2𝜕𝑡2 = 0 (1)

where ∇2, 𝑝, 𝑐0, 𝑡 are Laplace operator, acoustic pressure,
ultrasonic velocity, and time, respectively; 𝛽 = 1 + (𝐵/2𝐴)
is the nonlinearity coefficient; and 𝛿 = 2𝛼𝑐30 /𝜔2 is the
acoustic diffusivity accounting for thermoviscous effect in
the fluid, where 𝜔 is the acoustic angular frequency and 𝛼
is the acoustic absorption coefficient. The values of acoustic
parameters used in this study are listed in Table 1 [24].

2.2. Thermal Energy Model for Tissue Heating. The heat
conduction based on the classic Fourier is as follows:

𝑞 (→𝑟 , 𝑡) = −𝑘∇𝑇 (→𝑟 , 𝑡) (2)

where 𝑞 denotes heat flux;𝐾, →𝑟 , and ∇𝑇 the thermal conduc-
tivity, position vector, and temperature gradient, respectively;
minus denotes that the direction of heat transfer is opposite
to the temperature gradient. Generally, the bioheat transfer
equation can be shown below:

𝜌𝑡𝐶𝑡 𝜕𝑇𝜕𝑡 = −∇𝑞 − 𝑊𝑏𝐶𝑏 (𝑇 − 𝑇𝑎) + 𝑄𝑒𝑥𝑡 (3)
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Table 1: Values of acoustic parameters in this study.

Material 𝜌/𝐾𝑔m−3 𝑐0/𝑚 s−1 𝛼/𝑁𝑝𝑚−1𝑀𝐻𝑧−1 𝛽
Water 998 1524 0.025 5.0
Tissue 1060 1584 9.0 7.0
Blood 1060 1584 1.5 7.0

Table 2: Values of thermal parameters in this study.

Material 𝐾/𝑊m−1 ∘C−1 𝐶/𝐽Kg−1 ∘C−1 𝑊𝑏/𝐾𝑔m−3 s−1

Water 0.6 4180 0
Tissue 0.5 3700 0.5
Blood 0.5 3840 0

Combining formula (2) with (3), a famous Pennes bioheat
transfer equation can be obtained [19]:

𝜌𝑡𝐶𝑡 𝜕𝑇𝜕𝑡 = 𝐾∇2𝑇 − 𝑊𝑏𝐶𝑏 (𝑇 − 𝑇𝑎) + 𝑄𝑒𝑥𝑡 (4)

where 𝐶𝑡 and 𝜌𝑡 are the specific heat and density of tissue,
respectively; 𝐶𝑏, 𝑊𝑏, and 𝑇𝑎 are the specific heat, perfusion
rate, and initial temperature of blood, respectively; and all
the values of thermal parameters in this study are listed in
Table 2 [24]. 𝑄𝑒𝑥𝑡 is the ultrasound heat deposition source
term which can be calculated by employing time-averaged
over one acoustic period by numerical integration [25]:

𝑄𝑒𝑥𝑡 = 2𝛿𝜌𝑐40 ⟨(𝜕𝑝𝜕𝑡 )
2⟩ (5)

It is well known that the heat conduction in the Pennes
bioheat transfer equation is based on Fourier law. To incor-
porate the non-Fourier behavior, Cattaneo and Vernott pro-
posed amodified heat conduction equation as follows [10, 11]:

𝑞 (→𝑟 , 𝑡) + 𝜏𝜕𝑞 (→𝑟 , 𝑡)𝜕𝑡 = −𝐾∇𝑇 (→𝑟 , 𝑡) (6)

where 𝜏 is thermal relaxation time, which denotes a time
lag between heat flux and temperature gradient, leading to
significant non-Fourier thermal behavior. Based on (3) and
(6), TWMBT can be expressed as follows [26]:

𝜌𝑡𝐶𝑡 (𝜕𝑇𝜕𝑡 + 𝜏𝜕2𝑇𝜕𝑡2 ) = 𝐾∇2𝑇 − 𝑊𝑏𝐶𝑏 (𝑇 − 𝑇𝑎) + 𝑄𝑒𝑥𝑡
+ 𝜏(−𝑊𝑏𝐶𝑏 𝜕𝑇𝜕𝑡 + 𝜕𝑄𝑒𝑥𝑡𝜕𝑡 )

(7)

In this paper, the physical model discussed in the next
is the perfused tissue containing a large blood vessel. To
compute the temperature field, the physical model should be
split into two regions, one is the tissue region with perfusion
[20], and the other is the blood region with a large blood
vessel.

In the region without large blood vessel, TWMBT is
used to compute the temperature field in the perfused tissue
region. In the region with a large blood vessel resulting in the

local cooling, an advective term −𝜌𝑏𝐶𝑏𝑢(𝑟)(𝜕𝑇/𝜕𝑧) is added
in the heat diffusion equation.The energy transport equation
is as follows [20]:

𝜌𝑏𝐶𝑏 𝜕𝑇𝜕𝑡 = 𝐾∇2𝑇 − 𝜌𝑏𝐶𝑏𝑢 (𝑟, 𝑡) 𝜕𝑇𝜕𝑧 + 𝑄𝑒𝑥𝑡 (8)

In this study, the pulsatile blood flow in the blood vessel is
considered, with the hypothesis that the blood vessel is rigid
and the bloodflow is laminar, incompressible, andNewtonian
fluid. The pulsatile blood flow resulting from the periodic
pumping of heart contraction is divided into a steady part and
an oscillatory one [27]:

𝑢 (𝑟, 𝑡) = 𝑢𝑠 (𝑟) + 𝑢𝜙 (𝑟, 𝑡) (9)

𝑢𝑠 (𝑟) = 2𝑢𝑎V𝑒 (1 − 𝑟2𝑟20 ) (10)

𝑢𝜙 (𝑟, 𝑡)
= 8𝜇 (𝑓𝑎𝑐) 𝑢𝑎V𝑒𝜌𝑏𝜔𝑝𝑟20 Re{[𝐽0 (𝜂 (𝑟/𝑟0) 𝑖3/2)𝐽0 (𝜂𝑖3/2) − 1] 𝑒𝑖𝜔𝑝𝑡} (11)

where 𝑢(𝑟, 𝑡) is the velocity of pulsatile blood flow. 𝑢𝑠(𝑟) is
steady parabolic velocity of blood flow, which is relation to
the corresponding Poiseuille flow velocity in steady blood
flow; 𝑢𝜙(𝑟, 𝑡) represents the oscillatory velocity of blood flow
in the rigid blood vessel; 𝑢𝑎V𝑒 is the average velocity of blood
flow; 𝜇 is dynamic viscosity of blood; 𝜂 = 𝑟0/√𝜇/𝜌𝑏𝜔𝑝 is the
Womersley number; 𝑓𝑎𝑐 characterizes the relative intensity
of the pulsatile flow; 𝜔𝑝 is the angular frequency of heartbeat;𝑓𝑝 = 𝜔𝑝/2𝜋 denotes the heartbeat frequency varied from 1
to 3Hz [28]; and 𝐽0 is zero-order Bessel function of the first
kind.

To evaluate the performance of theHIFU treatment, ther-
mal dose is usually used to estimate the tissue damage. The
thermal dose depends on the final time 𝑡𝑓 and temperature
level 𝑇, which is developed by Sapareto and Dewey [29]:

𝑡43 = ∫𝑡𝑓
0

𝑅(𝑇−43)𝑑𝑡 ≈ 𝑡𝑓∑
0

𝑅(𝑇−43)Δ𝑡 (12)

where 𝑡43 is the thermal dose equivalent time at 43∘C.𝑅 = 2 if𝑇 ≥ 43∘C and 𝑅 = 4 if 37∘C < 𝑇 < 43∘C. The threshold value
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Figure 2: Maximum temperature in space 𝑟, 𝑧 ∈ Ω versus time with
different thermal relaxation time for 𝑝0 = 1.5 × 105 𝑝𝑎, 𝑟0 = 1𝑚𝑚,𝑑 = 1.5𝑚𝑚, 𝑢𝑎V𝑒 = 5 𝑐𝑚/𝑠, 𝑓𝑝 = 1𝐻𝑧, 𝑓𝑎𝑐 = 0.5, 𝑡ℎ = 1 𝑠.

of an isothermal dose value of 240 min at 43∘C was usually
selected to predict the size of the thermal lesion region [30].

The initial condition is

𝑇𝑡 (𝑟, 𝑧, 0) = 𝑇𝑏 (𝑟, 𝑧, 0) = 𝑇𝑎 = 37∘C (13)

where 𝑇𝑡, 𝑇𝑏 are temperature of tissue and blood flow,
respectively. At the interface Γ between the tissue and blood
vessel, the continuity condition of temperature is imposed.

𝑇𝑡 (𝑟, 𝑧, 𝑡) = 𝑇𝑏 (𝑟, 𝑧, 𝑡) at Γ (14)

In this manuscript, (1), (7), and (8) are calculated on a
polar cylindrical grid using the explicit finite-difference time-
domain (FDTD) method as described in [31]. The spatial
grids for the simulation are Δ𝑧 = Δ𝑟 = 10−4𝑚. The time step
for acoustic field and temperature field simulation are 10−8 𝑠
and 10−4 𝑠, respectively [31].
3. Results and Discussions

3.1.Thermal Relaxation Time. Here, the influences of thermal
relaxation time 𝜏 on hyperthermia treatment are investigated.
To simplify the physical problem, we neglected the boiling
cavitations.The ultrasonic transducer is excited by sinusoidal
wave and the amplitude of acoustic pressure 𝑝0 at the surface
of the transducer is 1.5 × 105 𝑝𝑎, the ultrasound heating time𝑡ℎ is 1 𝑠, and the thermal relaxation time 𝜏 is set to 0, 0.464,1.756, 6.825, 10 𝑠 [15]. The heartbeat frequency 𝑓𝑝 is set to
1Hz [28], and amplitude factor 𝑓𝑎𝑐 is 0.5. When 𝜏 = 0,
the thermal wave model of bioheat transfer becomes Pennes
bioheat transfer model.

Figure 2 shows the time variation of the maximum
temperature under different thermal relaxation time. The
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Figure 3: Thermal lesion region in space 𝑟, 𝑧 ∈ Ω with different
thermal relaxation time for𝑝0 = 1.5×105𝑝𝑎, 𝑟0 = 1𝑚𝑚,𝑑 = 1.5𝑚𝑚,𝑢𝑎V𝑒 = 5 𝑐𝑚/𝑠, 𝑓𝑝 = 1𝐻𝑧, 𝑓𝑎𝑐 = 0.5, 𝑡ℎ = 1 𝑠.

peak temperatures in space 𝑟, 𝑧 ∈ Ω are 87.258∘C, 82.432∘C,73.209∘C, 61.88∘C, 58.872∘C at time 1𝑠, 1.565 𝑠, 2.939 𝑠, 5.87 𝑠,7.147 𝑠 for 𝜏 = 0, 0.464, 1.756, 6.825, 10 𝑠, respectively.
The greater the thermal relaxation time, the lower the peak
temperature in biological tissue, and the greater the delay
time reaching to the peak temperature. Besides, the peak tem-
perature decreases immediately when the ultrasound power
source is turned off at time 𝑡 = 1 𝑠 for 𝜏 = 0, but continues
to increase for 𝜏 ̸= 0 (e.g., 𝜏 = 0.464, 1.756, 6.825, 10 𝑠). This
phenomenon is mainly due to infinite thermal propagation
speed in biological tissue when 𝜏 = 0 and finite thermal
propagation speed when 𝜏 ̸= 0. The finite thermal propa-
gation speed means that the thermal energy needs a certain
amount of time to spread within the biological tissue, which
is the physical significance of the thermal relaxation time.
Meanwhile, a larger thermal relaxation time results in a larger
delay time because of smaller thermal propagation speed in
biological tissue.

In Figure 3, we present the thermal lesion region in
space 𝑟, 𝑧 ∈ Ω with different thermal relaxation time. The
thermal lesion is an elliptical shape with the size 0.82 𝑐𝑚 ×0.16 𝑐𝑚, 0.8 𝑐𝑚 × 0.16 𝑐𝑚, 0.72 𝑐𝑚 × 0.15 𝑐𝑚, 0.52 𝑐𝑚 ×0.11 𝑐𝑚, 0.41 𝑐𝑚 × 0.08 𝑐𝑚 for 𝜏 = 0, 0.464, 1.756, 6.825,10 𝑠, respectively. There is only tiny difference to lesion size
between 𝜏 = 0 and 𝜏 = 0.464 𝑠, but the lesion size decreases
from 0.82 𝑐𝑚 × 0.16 𝑐𝑚 to 0.41 𝑐𝑚 × 0.08 𝑐𝑚 when thermal
relaxation time varies from 0 to 10 𝑠, which is almost reduced
75%.This can be easily understood that the peak temperature
is 87.258∘C for 𝜏 = 0 and 58.872∘C for 𝜏 = 10 𝑠 from
Figure 2. Consequently, it can be concluded that TWMBT
results in lower temperature and smaller thermal lesion
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Figure 4: Effect of heartbeat frequency 𝑓𝑝 on HIFU hyperthermia: (a) maximum temperature in space 𝑟, 𝑧 ∈ Ω versus time; (b) thermal
lesion region. Here, 𝑝0 = 1.5 × 105 𝑝𝑎, 𝑟0 = 1𝑚𝑚, 𝑑 = 1.5𝑚𝑚, 𝑢𝑎V𝑒 = 5 𝑐𝑚/𝑠, 𝑓𝑎𝑐 = 0.5, 𝑡ℎ = 1 𝑠.

region compared to the classical Pennes bioheat transfer
model.

3.2. Pulsatile Blood Flow. Figure 4 shows effect of heartbeat
frequency 𝑓𝑝 on maximum temperature-time change and
thermal lesion region. Figure 5 shows the effects of amplitude
factor 𝑓𝑎𝑐 and different blood flow velocity forms (steady
parabolic velocity 𝑢𝑠(𝑟) and pulsatile velocity 𝑢(𝑟, 𝑡)) on
maximum temperature-time change, respectively. There is
almost no difference inmaximum temperature evolution and
thermal lesion region for different heartbeat frequencies in
Figure 4. Subgraphs of maximum temperature variations in
the time range from 2.9 s to 3.0 s are shown in Figures
4(a) and 5, respectively. Noteworthily, the largest difference
in peak temperature is only about 0.02∘C, indicating that
heartbeat frequency𝑓𝑝 and amplitude factor𝑓𝑎𝑐 almost have
no difference on maximum temperature evolution and ther-
mal lesion region. Meanwhile, although there is oscillatory
velocity 𝑢𝜙(𝑟, 𝑡) in pulsatile blood flow, the steady parabolic
velocity 𝑢𝑠(𝑟) can still be instead of time-dependent pulsatile
velocity 𝑢(𝑟, 𝑡) for simplicity.

3.3. The Distance between Ultrasonic Focus and Central
Axis of Blood Vessel. In Figure 6, the simulated maximum
temperature versus time is presented with different distance
between ultrasonic focus and central axis of blood vessel.The
peak temperature is 47.85∘C when the distance 𝑑 is 0.5 mm
(the focus is at the midpoint between blood vessel center and
blood vessel wall); 62.92∘C when the distance 𝑑 is 1mm (the

focus is just right at the blood vessel wall); 74.65∘C when the
distance 𝑑 is 2.0 mm; and the difference of peak temperature
is very small when 𝑑 is 2.0 mm and 2.5 mm. As the distance𝑑 increases (𝑑 ≤ 2.0𝑚𝑚), the peak temperature increases,
which can be easily explained by the fact that the smaller
distance 𝑑 leads to the larger effect of blood flow cooling.
When the distance 𝑑 is greater than 2.0 mm, there is little
effect of blood flow cooling on peak temperature.

Figure 7 demonstrates the thermal lesion region in tissue
with different distance between different ultrasonic focus and
central axis of blood vessel.When the ultrasonic focus is at the
midpoint between the blood vessel center and blood vessel
wall (i.e., 𝑑 = 0.5𝑚𝑚), there is no thermal lesion region;
when the ultrasonic focus is just right at blood vessel wall
(i.e., 𝑑 = 1𝑚𝑚), the thermal lesion region is an elliptical
shape with the size 0.48 𝑐𝑚 × 0.07 𝑐𝑚 excluding the region
in the blood vessel; when 𝑑 = 1.5𝑚𝑚, the thermal lesion
region is an elliptical shape with the size 0.71 𝑐𝑚 × 0.14 𝑐𝑚
excluding the region in the blood vessel; and the thermal
lesion region is an elliptical shape with the size 0.75 𝑐𝑚 ×0.21 𝑐𝑚 and 0.75 𝑐𝑚 × 0.24 𝑐𝑚 for 𝑑 = 2.0𝑚𝑚 and 𝑑 =2.5𝑚𝑚, respectively. The greater the distance 𝑑, the lower
the cooling effect of blood flow, and the larger the thermal
lesion region, which also has clinical significance. When the
tumor is adjacent to a significant blood vessel, the doctor
should choose the suitable location of ultrasonic focus, not
too close to the vessel wall, especially not in the blood vessel.
Otherwise, there is a high probability that the tumor will not
be thermal ablated completely.
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Figure 5: Maximum temperature in space 𝑟, 𝑧 ∈ Ω versus time: (a) different 𝑓𝑎𝑐 (𝑓𝑎𝑐 = 0.2 and 𝑓𝑎𝑐 = 0.5); (b) different blood flow velocity
forms (steady parabolic velocity 𝑢𝑠(𝑟) and pulsatile velocity 𝑢(𝑟, 𝑡)). Here, 𝑝0 = 1.5×105 𝑝𝑎, 𝑟0 = 1𝑚𝑚, 𝑑 = 1.5𝑚𝑚, 𝑢𝑎V𝑒 = 5 𝑐𝑚/𝑠,𝑓𝑝 = 1𝐻𝑧,𝑡ℎ = 1 𝑠.
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Figure 6: Maximum temperature in space 𝑟, 𝑧 ∈ Ω versus time with different distance 𝑑 for 𝑝0 = 1.5 × 105 𝑝𝑎, 𝑟0 = 1𝑚𝑚, 𝜏 = 1.756 𝑠,𝑢𝑎V𝑒 = 5 𝑐𝑚/𝑠, 𝑓𝑝 = 1𝐻𝑧, 𝑓𝑎𝑐 = 0.5, 𝑡ℎ = 1 𝑠.

3.4. Blood Vessel Radius. When the ultrasonic focus is right
at the center of the blood vessel, the smaller radius gives rise
to the greater peak temperature, as shown in Figure 8.

When the blood vessel diameter is less than 0.2mm, there
is thermal equilibriumbetween blood vessel and surrounding

tissues, and the effects of the blood vessel on temperature and
thermal lesion region can be ignored. In Figure 9, it can be
seen that thermal lesion region has only a slight difference
between the vascular radius of 0.1 mm and without blood
vessel and covers the whole blood vessel. When 𝑟0 = 0.2𝑚𝑚,
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Figure 7: Thermal lesion region in space 𝑟, 𝑧 ∈ Ω with different distance 𝑑 for 𝑝0 = 1.5 × 105 𝑝𝑎, 𝑟0 = 1𝑚𝑚, 𝜏 = 1.756 𝑠, 𝑢𝑎V𝑒 = 5 𝑐𝑚/𝑠,𝑓𝑝 = 1𝐻𝑧, 𝑓𝑎𝑐 = 0.5, 𝑡ℎ = 1 𝑠.
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Figure 8: Maximum temperature in space 𝑟, 𝑧 ∈ Ω versus time with different radius of blood vessel for 𝑝0 = 2 × 105 𝑝𝑎, 𝑢𝑎V𝑒 = 5 𝑐𝑚/𝑠,𝑑 = 0𝑚𝑚, 𝜏 = 1.756 𝑠, 𝑓𝑝 = 1𝐻𝑧, 𝑓𝑎𝑐 = 0.5, 𝑡ℎ = 2 𝑠.
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Figure 9: Thermal lesion region in space 𝑟, 𝑧 ∈ Ω with different radius of blood vessel for 𝑝0 = 2 × 105 𝑝𝑎, 𝑢𝑎V𝑒 = 5 𝑐𝑚/𝑠, 𝑑 = 0𝑚𝑚,𝜏 = 1.756 𝑠, 𝑓𝑝 = 1𝐻𝑧, 𝑓𝑎𝑐 = 0.5, 𝑡ℎ = 2 𝑠.

thermal equilibrium between blood vessel and surrounding
tissues is broken. Due to the cooling effect of the blood
flow, the thermal doses in some areas of the biological tissue
are less than 240 min equivalent time at 43∘C, resulting
in deficit of thermal lesion region. In addition, the part
of the thermal lesion region is shaped like tail as shown
in the dotted box of Figure 9(a), which may be caused by
the comprehensive influence of heat conduction, convective
blood cooling, and heat source. It also gives us a hint that
HIFU hyperthermia most probably hurts the normal tissue
because of the existence of tail-like thermal lesion region.
When 𝑟0 = 0.3𝑚𝑚, it has a greater deficit of thermal
region and smaller tail-like thermal lesion region compared
with 𝑟0 = 0.2𝑚𝑚. When the radius of the vessel varies
from 0.4𝑚𝑚 to 0.6𝑚𝑚, the thermal lesion region split into
two parts. Accordingly, the thermal lesion region with blood
vessel radii of 0.2 mm and 0.3 mm can be considered as a
transition stage in the heated tissue with large vessels and
without blood vessel. As shown in Figure 9, the smaller blood
vessel radius results in the larger thermal region, and the
thermal lesion region is very sensitive to the blood vessel
radius. Even if the radius of the blood vessel just changes 0.1
mm, it also causes very different thermal lesion region.

3.5. Blood Flow Velocity. When the ultrasonic focus is right at
the center of the blood vessel, Figure 10 shows the maximum
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temperature in space 𝑟, 𝑧 ∈ Ω versus time with different
average velocity of blood flow. The peak temperature is70.18∘C for 𝑢𝑎V𝑒 = 5 𝑐𝑚/𝑠 and 68.30∘C for 𝑢𝑎V𝑒 = 20 𝑐𝑚/𝑠
because increasing blood flow velocity causes an increase of
cooling effect. When the average blood flow velocity 𝑢𝑎V𝑒
varies from 5 𝑐𝑚/𝑠 to 20 𝑐𝑚/𝑠, the peak temperature only
decreased by 1.88∘C, an approximately 2.7% decrease. For
different average velocity of blood flow, the thermal lesion
region has only a slight difference as shown in Figure 11. In
other words, the blood flow velocity has only minor effect on
the thermal lesion region.

4. Conclusions

In this paper, TWMBT, improved from the traditional Pennes
bioheat transfer model, is employed to study the effects of
blood vessel and thermal relaxation time on temperature and
thermal lesion region in biological tissue during the HIFU
hyperthermia. The heartbeat frequency 𝑓𝑝 and amplitude
factor 𝑓𝑎𝑐 almost have no effect on temperature and thermal
lesion region, and there is almost the same thermal lesion
size between steady parabolic velocity and pulsatile velocity.
The greater thermal relaxation time leads to smaller thermal
lesion region. This phenomenon indicates that TWMBT
results in lower temperature and smaller thermal lesion
region compared to the classical Pennes bioheat transfer
model in the HIFU hyperthermia. The distance between
the ultrasonic focus and the central axis of blood vessel
also has an important influence on the HIFU hyperthermia
treatment. The larger the distance 𝑑, the larger the thermal
lesion region. The blood vessel radius is very sensitive to
the thermal lesion region. When the blood vessel radius

𝑟0 is between 0.2𝑚𝑚 and 0.3𝑚𝑚, it has part of thermal
lesion region like a tail, which may hurt the normal tissue.
The thermal lesion region is insensitive to blood velocity
during theHIFU hyperthermia. All the numerical simulation
results are meaningful to guide the doctors to perform HIFU
thermal ablation of tumor.
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In this paper, we propose and experimentally demonstrate a switching multiple input and multiple output (MIMO) system
combining with adaptive orthogonal frequency division multiplexing (OFDM) modulation for high-speed indoor visible light
communications.The adaptive OFDMmodulation, which is realized by power and bit allocation onOFDM subchannels, is utilized
to achieve the maximum channel capacity under a given target bit error rate (BER). Meanwhile, theMIMOmode switches between
spatial multiplexing and transmit diversity adapting to the channel correlation, where the modulation order solved by adaptive
OFDMmodulation is chosen as the switching criterion. Experimental results validate data rates improvement over the pure spatial
multiplexing and the pure transmit diversity system, where BERs are all below the 7% preforward error correction (pre-FEC)
threshold of 3.8 × 10−3 in experiments.

1. Introduction

Recently, light-emitting diode- (LED-) based visible light
communication (VLC) has become a major candidate for
future wireless communication. As a compelling wireless
communication technology beyond traditional radio fre-
quency (RF) communications, VLC offers several advan-
tages such as low cost, no need for a license, immunity
to electromagnetic interference, and high security [1, 2].
Meanwhile, compared with the subterahertz communication
system, which has also been proposed to overcome the
shortcomings of RF communication systems effectively [3],
VLC system benefits from its simple system structure and
much lower cost. Due to the combination of illumination and
communication, a large number of investigations have been
focused on indoor high-speed transmission in VLC appli-
cations [4–6]. However, the limited modulation bandwidth
of commercial LEDs constrains the transmission data rate,
where signals modulated at high frequencies are seriously
attenuated because of the physical property of LEDs [7]. As
a result, it is vital to employ spectral-efficient techniques to
achieve high data rate for indoor VLC system.

Among the approaches reported in previous works,
orthogonal frequency division multiplexing (OFDM) and

multiple input and multiple output (MIMO) techniques have
been considered particularly promising in achieving high
data rate, which can even be combined together in the
VLC system [8–10]. Through OFDM modulation, channel
is decomposed into multiple frequency-flat channels and
the intersymbol interference (ISI) can be eliminated, while
MIMO scheme boosts the channel capacity and improves the
reliability based on the simple idea of transmitting multiple
data streams simultaneously on multiple LEDs.

However, one major limitation onMIMO performance is
the correlation of the MIMO VLC channel [4] . Traditional
spatial multiplexing MIMO scheme, which transmits inde-
pendent data streams simultaneously on multiple LEDs, has
been proved to be only useful with low channel correlation.
Once the channel is highly correlated, i.e., channel gains
between different transmitters and receivers are similar to
each other, it would be difficult for the receiver to separate
the single data streams [11]. Hence, another popular MIMO
scheme transmit diversity is proposed to apply to the high
channel correlation environment. As same information-
bearing signals are sent from multiple LEDs in transmit
diversity MIMO scheme, they benefit the high reliability
and insensitivity to channel correlation but lack multiplexing
gains [12]. Recently, a more intelligent MIMO scheme has
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Figure 1: Block diagram of the switching MIMO VLC system with adaptive OFDMmodulation.

been proposed in [13], where MIMOmode switches between
spatial multiplexing and transmit diversity adapting to the
channel correlation. In such a way, we can take advantages of
bothMIMOschemes.However, the switchingMIMOscheme
is proposed in a fixed-rate MIMO OFDM system, where
modulation orders are constant on all OFDM subchannels.
Therefore, the transmit diversity scheme has to use a larger
signal constellation size to support a high data rate, resulting
in worse bit error rate (BER) performance. Otherwise, only
low data rate can be reached to ensure the BER under certain
threshold.

In this paper, we extend the idea of switching MIMO
scheme to a variable-rate MIMO OFDM system. The con-
tribution of this work is to build a switching MIMO VLC
system combining with adaptive OFDM modulation for the
first time. Firstly, adaptive OFDM modulation is utilized to
achieve the maximum channel capacity through power and
bit allocation under the constraint of a target BER. Then,
the MIMO mode is switched between spatial multiplexing
and transmit diversity to adapt to the channel correlation.
Specifically, the modulation order solved by adaptive OFDM
modulation is chosen as the switching criterion, where
the MIMO scheme with higher modulation order is more
preferred. Finally, experimental demonstration is set up to
investigate the performance of the proposed system, which
is compared with the pure spatial multiplexing and the pure
transmit diversity system. Experimental results confirm that
data rates are improved significantly under the condition
of different channel correlations and different locations of
transmitters and receivers, where BERs are all below the 7%
preforward error correction (pre-FEC) threshold of 3.8 ×
10−3.

The rest of the paper is organized as follows. Section 2
provides the description of the switchingMIMOVLC system
with adaptive OFDMmodulation and the detailed algorithm.
In Section 3, experimental demonstration is set up and the
discussions of experimental results are given. Finally, we
come to the conclusion in Section 4.

2. Principle

2.1. System Description. The block diagram of the switching
MIMO VLC system with adaptive OFDM modulation is

shown in Figure 1, where the detailed signal processing
at transmitter and receiver is presented. In the system,
the vertical Bell laboratories layered space-time (V-BLAST)
architecture [14] and the Alamouti coding [15] are chosen as
the mechanisms to realize spatial multiplexing and transmit
diversity, respectively. Without loss of generality, a simple
MIMO configuration with two LEDs and two photodiodes
(PDs) is considered as an example in the paper.

At the transmitter, adaptive modulation is separately
implemented on OFDM subchannels in V-BLAST system
and Alamouti coding system according to the channel state
information (CSI) fed back from the receiver, where power
and bits are allocated based on the idea of maximizing
the channel capacity. Then MIMO scheme with higher
modulation order is determined as the proper one. After
MIMO modulation, single data stream is mapped into two
parallel data streams as two transmitters are assumed. The
OFDMmodulation is performed on each data stream, which
is realized by inverse fast Fourier transform (IFFT)with cyclic
prefix (CP) attached to each OFDM symbol to overcome
the ISI. Preambles are inserted orthogonally in front of the
two data streams, which are required for synchronization
and channel estimation at the receiver. Afterwards, two data
streams are upsampled and upconverted to the same carrier,
where complex-to-real-value conversion is applied to achieve
the real-value OFDM symbols [16]. Finally, by means of
adding direct current (DC) offset, positive, and real-valued
signals are transmitted through two LEDs in the form of
optical power.

At the receiver, optical signals entering two PDs are
converted into electrical signals. Note that crosstalk exists
in the MIMO channel, since light from a single LED falls
on multiple PDs. The demodulation is the inverse process
of the modulation at the transmitter. After removing DC
from received signals, downconverting and downsampling
are performed. Frame synchronization is realized by the
special designed preambles. OFDM is demodulated by the
fast Fourier transform (FFT) after CP removal. Then, CSI
is estimated based on the simple least square algorithm by
preambles, which is required for adaptive modulation and
MIMO equalization. Finally, channel crosstalk is eliminated
by MIMO equalization and QAM demapping is carried out
to recover the original signals.
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2.2. Algorithm Description. We establish the MIMO switch-
ing criterion based on themodulation order, where the higher
modulation order that can be supported by V-BLAST or
Alamouti coding is chosen as the proper MIMO scheme.
Comparedwith the switching criterion based on BER bounds
in fixed-rate system, it is obvious that wrong switching can
be avoided as the modulation order actually represents the
data rate of the current system. Besides, it is natural to utilize
such switching criterion, since the modulation order is the
ready-made solution of adaptive OFDM modulation. In the
following, adaptive OFDM modulation for V-BLAST and
Alamouti coding systems are described, respectively.

Because crosstalk exists among colocated channels,
MIMO channel should be decorrelated into parallel single-
input single-output (SISO) channels, and then each SISO
channel is further divided intomultiple subchannels by using
OFDMmodulation.

In the V-BLAST system, two symbols are transmitted
from two LEDs simultaneously over one symbol period.
Hence, the MIMO channel is decorrelated by zero-forcing
(ZF) algorithm, which is expressed as

W [𝑘]Y [𝑘] = X [𝑘] +W [𝑘]N [𝑘] , 𝑘 = 1, ⋅ ⋅ ⋅ ,𝑀 (1)

where k is the index of the subchannel, 𝑀 is the number
of subchannels, W[k]=H-1[k] and (⋅)−1 denotes the matrix
inversion, and Y[𝑘], X[𝑘], and N[𝑘] represent the vectors of
received signals, transmitted signals, and noise, respectively.
H[𝑘] = [ ℎ11[𝑘] ℎ12[𝑘]ℎ21[𝑘] ℎ22[𝑘]

] is the MIMO channel matrix of kth
subchannel, where hij[k] stands for the channel gain between
the ith LED and the jth PD.

Afterwards, the channel capacity of V-BLAST system can
be maximized by allocating the power on all the subchannels
from different decorrelated SISO channels under the power
constraint, which is formulated as the following optimization
problem:

max
𝑃𝑖[𝑘]

2

∑
𝑖=1

𝑀

∑
𝑘=1

𝐶𝑖 [𝑘]

= max
𝑃𝑖[𝑘]

2

∑
𝑖=1

𝑀

∑
𝑘=1

log (1 + 𝑃𝑖 [𝑘] 𝑆𝑁𝑅𝑖 [𝑘])
(2)

Subject to
2

∑
𝑖=1

𝑀

∑
𝑘=1

𝑃𝑖 [𝑘] = 2𝑀, 𝑃𝑖 ≥ 0 (3)

where Pi[k], 𝑆𝑁𝑅𝑖[𝑘], and𝐶𝑖[𝑘] denote the power, the signal-
to-noise ratio (SNR), and the channel capacity on the kth
subchannel of the ith SISO channel, respectively, where
SNR can be easily calculated with the help of feedback CSI
according to (1). We solve the optimized power allocated
coefficients based on the classic water-filling algorithm.

Then bits are allocated to subchannels to realize the
maximum channel capacity under the constraint of a given
target BER, which are solved by [17]

𝑄𝑖 [𝑘] = 1 − 1.5𝑃𝑖 [𝑘] 𝑆𝑁𝑅𝑖 [𝑘]log (5𝐵𝐸𝑅T) (4)

whereQi[k] is themodulation order on the kth subchannel of
the ith SISO channel and 𝐵𝐸𝑅T is the given target BER. Note
that modulation orders should be further rounded down to
the nearest integer which is the powers of 2.

Finally, the supported modulation order for V-BLAST
system is obtained by summing bits over all subchannels of
decorrelated SISO channels.

In the Alamouti coding system, two symbols are trans-
mitted from two LEDs over two symbol periods. So the
MIMO channel can easily be decorrelated through matrix
transformation by combining signals from different receivers
with signals from different symbol periods, which can be
denoted as [12]

HH
1 [𝑘]Y1 [𝑘] +HH

2 [𝑘]Y2 [𝑘]
= (HH
1 [𝑘]H1 [𝑘] +HH

2 [𝑘]H2 [𝑘])X [𝑘]
+HH
1 [𝑘]N1 [𝑘] +HH

2 [𝑘]N2 [𝑘] ,
𝑘 = 1, ⋅ ⋅ ⋅ ,𝑀

(5)

where Yj[k] and Nj[k] denote the vectors of received signals
and noise from two symbol periods on 𝑘th subchannel at the
jth receiver.H𝑗[𝑘] = [ ℎ

∗
1𝑗[𝑘] ℎ2𝑗[𝑘]

ℎ∗2𝑗[𝑘] −ℎ1𝑗[𝑘]
] stands for the orthogonal

channel matrix corresponding to the jth receiver. (⋅)H and
(⋅)∗ express the matrix Hermitian transpose and conjugation,
respectively. Obviously, the result ofHH

𝑗 [𝑘]H𝑗[𝑘] is diagonal.
According to (5), we find that SNRs on the corresponding

subchannels from two decorrelated SISO channel are the
same as each other. Moreover, the Alamouti coding system
cannot enjoy the multiplexing gain as only one symbol
is actually transmitted over one symbol period. Thus, the
maximum channel capacity of Alamouti coding system is
equivalent to allocate the power on subchannels of one
decorrelated SISO channel, which is given by

max
𝑃𝑖[𝑘]

𝑀

∑
𝑘=1

𝐶𝑖 [𝑘]

= max
𝑃𝑖[𝑘]

𝑀

∑
𝑘=1

log (1 + 𝑃𝑖 [𝑘] 𝑆𝑁𝑅𝑖 [𝑘])
(6)

Subject to
𝑀

∑
𝑘=1

𝑃𝑖 [𝑘] = 𝑀, 𝑃𝑖 ≥ 0 (7)

After bit allocation based on (4), the supported mod-
ulation order for Alamouti coding system is calculated by
summing bits over subchannels of one SISO channel.

It is worth noting that the switching criterion in variable-
rate system is still related to the channel correlation. When
the channel correlation is low, the modulation order of
V-BLAST is higher than Alamouti coding system for its
multiplexing gains. However, once the channel is highly
correlated, noise would be enhanced by ZF algorithm. Thus,
less bits can be allocated because of the worse SNR in V-
BLAST system. Nevertheless, SNR performance of Alamouti
coding system remains almost the same, since the SNR value
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Figure 2: Experimental setup of the switching MIMO VLC system with adaptive OFDMmodulation.
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Figure 3: Power and bit allocation results for V-BLAST system (K=2.2805, 𝐵𝐸𝑅T=0.003).

ofAlamouti coding systemdepends on the 2-normof channel
matrix. As a result, it is considered as a better choice then.

3. Experimental Results

Experimentally, demonstration is set up to examine the
performance of the switching MIMO VLC system with
adaptive OFDM modulation, as shown in Figure 2. In the
experiment, signals are generated by an arbitrary function
generator (AFG: Tektronix AFG3252C), which also supplies
the DC offset to ensure the positivity of transmitted signals.
The signal peak-to-peak voltage is set to 2.0 V with 2.0
V DC offset so that LEDs may work in the linear region.
At the receiver, optical signals are focused on the PDs and
converted into electrical signals, which are recorded by a
high-speed digital oscilloscope (OSC: Tektronix MSO4104).
We use two commercial red light LEDs (Cree XLamp XP-
E) as transmitters. We use two PD modules (Hamamatsu
C12702-11) as receivers. The rest of system parameters used
in experiments are set as follows: the occupied modulation
bandwidth is ranged from 0 to 12.5MHz and the upconverted
frequency is 6.25MHz; the IFFT/FFT point is 256 with the
length of CP equal to 16.

As discussed above, channel correlation is considered an
important indicator in MIMO VLC system, which reflects
the similarity of channel gains between transmitters and
receivers. To quantify the similarity, we use the condition

number of the channel matrix to measure the channel
correlation [18], which is defined as

𝑘 = 𝜆max (H)
𝜆min (H) (8)

where 𝜆max(H) and 𝜆min(H) represent the maximum and
minimal singular values of the channel matrix H. When
channel gains between transmitters and receivers are more
similar, the singular values of the channel matrix would be
spread out more widely. Thus, less multiplexing gains can be
achieved [19] and, obviously, the value of the condition num-
ber becomes larger, indicating that the channel correlation
gets higher.

Note that MIMO channel is divided into subchannels by
OFDM modulation in our system. Therefore, the channel
correlation indicatorK in the paper is calculated by averaging
the channel matrix condition numbers over all subchannels.

Figures 3 and 4 show the power and bit allocation results
for V-BLAST system with different channel correlations.
In the figures, Channel 1 and Channel 2 denote the two
decorrelated SISO channels, each of which is divided into
256 subchannels. In order to display the bit allocation
results more clearly, subchannels numbered from 1 to 256
corresponded to Channel 1 and subchannels numbered from
257 to 512 represent subchannels in Channel 2 in Figures 3(c)
and 4(c). As can be seen, the SNRs of Channel 1 and Channel
2 are different, which both decreases dramatically with the
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Figure 4: Power and bit allocation results for V-BLAST system (K=5.4985, 𝐵𝐸𝑅T=0.003).
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Figure 5: Power and bit allocation results for Alamouti coding system (K=2.2805, 𝐵𝐸𝑅T=0.003).

frequency growing due to the physical property of LEDs.
Hence, power and bit allocation results are also different,
where more power and bits are allocated to the subchannels
with larger SNRs under the constraint of a given target BER.
Comparing Figure 3 with Figure 4, we find that SNRs are
reduced obviously when channel correlation increases. As a
result, less bits are allocated on the subchannels in order to
maintain the same target BER.

In Figures 5 and 6, experimental results of power and bit
allocation for Alamouti coding system are given. Experimen-
tal results prove that SNRs of Channel 1 and Channel 2 are the
same in Alamouti coding system, leading to the same power
and bit allocation results. Moreover, the experimental results
are quite similar to different channel correlations as shown
in Figures 5 and 6, which indicate that the Alamouti coding
system is robust to the channel correlation.

To validate the system performance improvement, data
rates of the switching MIMO system are compared with
the pure V-BLAST system and the pure Alamouti coding
system in Figures 7, where adaptive OFDM modulation is
implemented in all the systems. Considering the 7% pre-FEC
limit of 3.8 × 10−3, target BERs are set as 0.001 and 0.003

in experiments. Benefitting from the multiplexing gain, data
rates of V-BLAST system are higher than Alamouti coding
system when the channel correlation is low. However, they
decrease quickly with the channel correlation growing. As
for the Alamouti coding system, data rates remain about the
same when the channel correlation increases. Thereby, it is
more preferred in the high channel correlation environment.
Experimental results also verify that the exact switching
can always be achieved based on the proposed switching
criterion, even around the switching threshold. Besides,
compared Figure 7(a)with Figure 7(b), it can be seen that data
rates are growingwith higher target BER, where the switching
threshold of the channel matrix condition number increases
as well.

Furthermore, data rates of the switching MIMO system
are also evaluated in terms of the distance between LEDs,
the distance between PDs, and the distance between the LED
plane and the PD plane, which are denoted as 𝐷t,𝐷r, and𝐷,
respectively, as shown in Figure 2. In the experiments, LEDs
and PDs should be placed symmetrically; meanwhile, the
LED plane and the PD plane are parallel.The target BER is set
as 0.003. As shown in Figures 8(a) and 8(b), theMIMOmode
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Figure 6: Power and bit allocation results for Alamouti coding system (K=5.4985, 𝐵𝐸𝑅T=0.003).
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is switched to V-BLAST with 𝐷t or 𝐷r growing. The result
is straightforward as the channel correlation decreases when
the distance between LEDs or PDs becomes farther. However,
the MIMO mode is switched to Alamouti coding when 𝐷
increases in Figure 8(c). The reason is that differences among
distances between the ith LED and jth PD would become
smaller with the increase of D, leading to more similar link
gains of the channel matrix.

4. Conclusion

In conclusion, we propose and experimentally demonstrate
a switching MIMO scheme combining with adaptive OFDM
modulation for indoor VLC system. In the system, adaptive
OFDM modulation is utilized to maximize the data rate,
which is realized by power and bit allocation under the
constraint of a given target BER. Meanwhile, MIMOmode is
switched between V-BLAST and Alamouti coding to adapt to
the channel correlation, where the modulation order solved
by adaptive OFDM modulation is chosen as the switching
criterion. Experimental results validate the performance
improvement over the pure V-BLAST system and the pure
Alamouti coding system, where the exact switching can
always be achieved with different channel correlations. In this
work, we assume that accurate CSI can be obtained at the
transmitter, resulting in overloaded feedback in the system.
Future workmay focus on the study of the limited feedback of
the switching MIMO system to achieve the tradeoff between
the feedback quantity and the performance loss.
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We report a radio-over-fiber (ROF) access network with multiple high-repetive frequency mm-wave signals generation utilizing a
dual-parallelMach-Zehndermodulator (DP-MZM) and an semiconductor optical amplifier (SOA) formultiple base stations (BSs).
In the scheme, at the central station (CS), signal and pump with frequency interval of 8fRF are generated by properly adjusting the
parameters of the DP-MZM. After FWM in a SOA, new converted optical signals are obtained. Two tones of the optical signals are
selected by using tunable optical filter (TOF), which are then sent into a photodiode (PD) to generate multiple mm-wave signals
with different frequencies (8fRF, 16fRF, and 24fRF) for different BSs. Based on the proposed scheme, the mm-wave signals with
frequencies of 20, 40, and 60 GHz carrying 2.5 Gb/s signal by a 2.5GHz RF signal have been generated by numerical simulation.
Simulation results show that the proposed ROF system architecture with multiple-frequency millimeter-wave signals generation
serving multiple BSs can work well. This scheme can raise the capacity of ROF system, reduce the requirement of the repetitive
frequency of the driven RF signal, and support multiple mm-wave wireless access for BSs.

1. Introduction

Radio-over-fiber (ROF) system has been considered a
promising technology for supporting next generation broad-
band access networks since it can provide low transmission
loss, wide bandwidth, immunity to radio-frequency (RF)
interference, high flexibility, and enhanced microcell cov-
erage [1–3]. In the ROF system, the functions of carrier
modulation and multiplexing are centralized in the central
station (CS), and the remote base stations share a cen-
tral station. In the base station (BS), a simple photodiode
is used to produce electric millimeter wave and then is
transmitted to the user terminal for demodulation by a
simple distributed antenna. Thus the system has simplified
structure and high cost benefit. However, generation of mm-
wave signal in the conventional electronic domain will meet
electronic bottleneck, so an effective method to solve the
problem is to produce mm-wave using microwave photonics
technique.

At present, the methods of mm-wave signal generation
in the optical domain include direct beating of a dual-
wavelength laser at a PD [4]; optical mode-locked of the two
laser diodes [5]; and optical external modulators technique
[6]. Some methods presented to produce high-repetitive
frequency optical mm-wave were reported previously [7–
11]. Quadruple frequency mm-wave generation was already
reported previously [7, 8] including frequency multiplication
based on a dual-pump FWM scheme in nonlinear media
[7], or using an optical modulator based on first-order
sideband suppression and a silicon microresonator filter [8].
Octuple frequency mm-wave generation was reported by
using multicascaded intensity modulators based on optical
carrier suppression (OCS) scheme [9]. 16-tupling frequency
mm-wave generation was proposed using two cascaded
dual-parallelMach-Zehndermodulators (DP-MZMs) [10]. 18
times frequencymm-wave generation has been proposed and
demonstrated based on cascaded optical external modulators
and FWM in SOA [11].
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Figure 2: ROF architecture with multiband signals based on frequency octupling and FWM in SOA for multiple BSs.

Recently, some schemes for simultaneously generating
multiband signals were reported [12–14]. Multiband sig-
nals generation including baseband, frequency-doubled, and
frequency-quadrupled has proposed based on a dual-parallel
Mach-Zehnder modulator, following a single-drive Mach-
Zehnder modulator through optical carrier suppression and
frequency-shifting techniques [12]. A scheme with multi-
band generation is proposed using two cascade MZMs to
generate a DSB optical signal [13]. Anthoer scheme with
multiband generation is proposed to generate an optical
carrier suppression signal using two cascade MZMs [14].
However, the multiple high-repetitive frequency mm-wave
signals generation for the ROF system is seldom reported,
although it is considered very worthwhile for further studies.

In this paper, we propose a ROF system with 20GHz, 40GHz,
and 60GHz based on based on frequency octupling and
FWM techniques to providing multiband mm-wave wireless
access. In our proposed multiband wireless accesses, a low
frequency RF oscillator and a DP-MZM are required in
the CS, which makes the CS cost-efficient. In our proposed
multiband wireless accesses, since data is carried on one of
the two sidebands, SSB like mm-wave format is transmitted
over fiber, and amplitude fading and bit walk-off effect caused
by chromatic dispersion are reduced greatly. Multiband mm-
waves carrying same data are generated at BSs after beating
frequency, which can provide the same data to every user.

This paper is organized as follows: the principle and
theoretically analysis for the proposedmultiband ROF access
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Figure 3: Optical spectrum after DP-MZM.
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Network are presented in Section 2. In Section 3, a ROF
system carrying 2.5Gbit/s NRZ signal supporting 20 GHz,
40 GHz, and 60GHz mm-waves access has been built to
confirm the theoretical analysis. The conclusion is given in
Section 4.

2. Theoretical Analysis

Theprinciple of the proposedmultiple-frequencymillimeter-
wave signals generation using DP-MZM and FWM in SOA
for ROF system is shown in Figure 1. A continuous wave𝐸𝑖𝑛(𝑡) = 𝐸0 cos(𝜔0𝑡) generated from an laser diode (LD) is
injected into a DP-MZM, which consists of two sub-MZMs
(MZM-a and MZM-b) in parallel. The two sub-MZMs are
driven by theRF signal𝑉𝑅𝐹(𝑡) = 𝑉𝑅𝐹 cos𝜔𝑅𝐹𝑡with phase shift𝜃. The output optical from the MZM-a can be expressed as
follows:

193.25T 193.29T 193.34T193.20T
Frequency (Hz)

−

−

−

−



2

Po
w

er
 (d

Bm
)

Figure 5: Optical spectrum after SOA.
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Figure 6: Optical spectrum of 20GHz mm-wave.

The output optical signal from the MZM-a can be
described by

𝐸𝑜𝑢𝑡1 (𝑡)
= 𝐸𝑖𝑛 (𝑡)10(𝑘/20) [

1
2 exp(𝑗𝜋

𝑉𝑅𝐹 cos (𝜔𝑅𝐹𝑡)𝑉𝜋 + 𝑗𝜋 𝑉𝑏1𝑉𝜋𝐷𝐶)

+ 12 exp(𝑗𝜋
𝑉𝑅𝐹 cos (𝜔𝑅𝐹𝑡 + 𝜃)𝑉𝜋 + 𝑗𝜋 𝑉𝑏2𝑉𝜋𝐷𝐶)]

(1)

where 𝐸0 and 𝜔0 are the amplitude and angle frequency
of CW, 𝑉𝑅𝐹, and 𝜔𝑒 are the amplitude and angle frequency of
RF signal and 𝑘 and 𝑉𝜋 are the insertion loss and half-wave
voltage of the sub-MZMs, respectively. 𝑉𝑏1 and 𝑉𝑏2 are the
constant dc-bias voltages on the two arms ofMZM.Assuming
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Figure 7: Optical spectrum of 40GHz mm-wave.
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Figure 8: Electrical spectrum of 60GHz mm-wave.

𝑉𝑏2 = 0, the output optical signal from MZM-a can be
expressed as

𝐸𝑜𝑢𝑡1 (𝑡) = 𝐸0 (𝑡)2 {cos(𝜔0𝑡 + 𝜋𝑉𝑅𝐹𝑉𝜋 cos (𝜔𝑅𝐹𝑡 + 𝜃))

+ cos(𝜔0𝑡 + 𝜋𝑉𝑅𝐹𝑉𝜋 cos(𝜔𝑅𝐹𝑡 + 𝜋𝑉𝑏1𝑉𝜋 ))}
(2)

In a similar way to the MZM-a, the optical signal from
MZM-b can be expressed as

𝐸𝑜𝑢𝑡2 (𝑡)
= 𝐸0 (𝑡)2 {cos(𝜔0𝑡 + 𝜋𝑉𝑅𝐹𝑉𝜋 cos (𝜔𝑅𝐹𝑡 + 𝜃 + 𝜙))

+ cos(𝜔0𝑡 + 𝛽 cos(𝜔𝑅𝐹𝑡 + 𝜋𝑉𝑏1𝑉𝜋 + 𝜙))}
(3)

where 𝜙 is the phase difference between the two sub-
MZMs caused by RF signals. Assuming that 𝛽 = 𝜋𝑉𝑅𝐹/𝑉𝜋
is the modulation depth of the MZM, 𝜑 = 𝜋𝑉𝑏1/𝑉𝜋𝐷𝐶
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Figure 9: Electrical spectrum of 20GHz mm-wave.
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Figure 10: Electrical spectrum of 40GHz mm-wave.
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Figure 11: Electrical spectrum of 60GHz mm-wave.
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Figure 12: Baseband signal eye diagram of 20GHz mm-wave after fiber transmission over (a) 10 km, (b) 20 km, (c) 30 km, (d) 40 km, and (e)
BER versus transmission distance.

is constant phase shift determined by the constant dc-bias
voltage. The real part of (2) can be expressed as

𝐸𝑜𝑢𝑡1 (t) = 12𝐸0 (𝑡) {cos [𝜔0𝑡 + 𝛽 cos (𝜔𝑅𝐹𝑡 + 𝜃)]
+ cos [𝜔0𝑡 + 𝛽 cos (𝜔𝑅𝐹𝑡 + 𝜑)]}

(4)

Likewise, the real part of (3) can be expressed as

𝐸𝑜𝑢𝑡2 (𝑡) = 12𝐸0 (𝑡) {cos [𝜔0𝑡 + 𝛽 cos (𝜔𝑅𝐹𝑡 + 𝜃 + 𝜙)]
+ cos [(𝜔0𝑡 + 𝛽 cos (𝜔𝑅𝐹𝑡 + 𝜑 + 𝜙))]}

(5)

When 𝜑 = 0, 𝜃 = 𝜋, and 𝜙 = 𝜋/2, based on Bessel
function expansion of the output optical signals fromMZM-a
and MZM-b, (4) and (5) can be written as

𝐸𝑜𝑢𝑡1 (𝑡) = 𝐸0 cos (𝜔0𝑡)
⋅ {𝐽0 (𝛽) + 2

∞∑
𝑛=1

(−1)𝑛 𝐽2𝑛 (𝛽) cos (2𝑛𝜔𝑅𝐹𝑡)} (6)

𝐸𝑜𝑢𝑡2 (𝑡) = 𝐸0 cos (𝜔0𝑡)
⋅ {𝐽0 (𝛽) + 2

∞∑
𝑛=1

(−1)𝑛 𝐽2𝑛 (𝛽) cos 2𝑛 (𝜔𝑅𝐹𝑡 + 𝜋2 )}
(7)

Here, 𝐽𝑛 (𝑛 = 0, 1 . . .) denotes the nth order Bessel
function of the first kind. From (6) and (7), it shows that
the odd order sidebands are suppressed and the second-order
sidebands are offset by the two branches (MZM-a andMZM-
b), while the fourth-order sidebands are strengthen. When𝛽 = 4.8, according to the fourth-order Bessel functions
of the first kind 𝐽4(𝛽), the fourth-order sidebands have
appreciable amplitude while the central carrier and higher-
order sidebands have much small amplitudes. Two optical
signals from two sub-MZMs are combined in the Y-branch
of the DP-MZM. The output optical signal of the DP-MZM
can be described as follows:

𝐸𝑜𝑢𝑡 = 𝐸𝑜𝑢𝑡1 (t) + 𝐸𝑜𝑢𝑡2 (t)
= 𝐸0𝐽4 (𝛽) [cos (𝜔0 − 4𝜔𝑅𝐹) 𝑡 + cos (𝜔0 + 4𝜔𝑅𝐹) 𝑡] . (8)

Here, we assume that the signal is modulated on the
sideband with the frequency of 𝜔𝑠 = 𝜔0 − 4𝜔𝑅𝐹 as signal
lightwave and the sideband with the frequency of 𝜔𝑝 = 𝜔0 +
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Figure 13: Baseband signal eye diagram of 40GHz mm-wave after fiber transmission over (a) 10 km, (b) 20 km, (c) 30 km, (d) 40 km, and
(e) BER versus transmission distance.

4𝜔𝑅𝐹 is used as pump. The signal lightwave and pump are
combined by an optical coupler and launched into a fiber.The
combined optical signals are similar to SSB scheme, which
suffer litter degration from fiber chromatic dispersion. After
fiber transmission, the optical signals with the frequencie 𝜔𝑠
and𝜔𝑝 input a SOA for four-wavemixing (FWM). According
to the principle of FWM, pairs of input tones are imagined to
beat to produce gain and phase gratings, which modulate or
scatter the input fields to generate upper and lower sidebands
[15]. Then two new converted signals with the frequency of𝜔𝑖𝑑𝑒𝑟1 = 2𝜔𝑠 − 𝜔𝑝 and 𝜔𝑖𝑑𝑒𝑟2 = 2𝜔𝑝 − 𝜔𝑠 are generated.
All optical signals with the frequencies 𝜔𝑠, 𝜔𝑝, 𝜔𝑖𝑑𝑒𝑟1, and𝜔𝑖𝑑𝑒𝑟2 from the SOA are divided into different branches for
every BS by using an optical power splitter (OS). At each BS,
two frequency components of the all optical sidebands are
chosen by using tunable optical filter (TOF) and sent into a
PD to generate a particular frequency mm-wave signal. In
this scheme, there are four optical tones, and 6 groups of two
tones combination such as [𝜔𝑠, 𝜔𝑝],[𝜔𝑠, 𝜔𝑖𝑑𝑒𝑟1],[𝜔𝑠, 𝜔𝑖𝑑𝑒𝑟2],[𝜔𝑝, 𝜔𝑖𝑑𝑒𝑟1], [𝜔𝑝, 𝜔𝑖𝑑𝑒𝑟2], and [𝜔𝑖𝑑𝑒𝑟1, 𝜔𝑖𝑑𝑒𝑟2] can be obtained.
For example, the frequencies of 𝜔𝑖𝑑𝑒𝑟1 and 𝜔𝑠 are chosen and
are injected to a square-law photodiode (PD) to obtain the
mm-wave signal with the frequency of 𝜔𝑠 − 𝜔𝑖𝑑𝑒𝑟1, namely,
a millimeter wave with octupling of the RF signal generated.

Similarly, filtered out [𝜔𝑝, 𝜔𝑖𝑑𝑒𝑟1] or [𝜔𝑖𝑑𝑒𝑟1, 𝜔𝑖𝑑𝑒𝑟2] can also be
used to produce the 16 times or even 24 RF signal mm-wave.
For example, the frequencies of 𝜔𝑠 and 𝜔𝑖𝑑𝑒𝑟1 are filtered out
by TOF1, and the optical mm-wave signal with the frequency𝜔𝑠 − 𝜔𝑖𝑑𝑒𝑟1 can be obtained, which can be expressed as

𝐸𝑜𝑢𝑡−𝐵𝑆1 (𝑡) = 𝑑 (𝑡) 𝐸0𝐽4 (𝛽)√𝐺 [cos (𝜔0 − 4𝜔𝑅𝐹) 𝑡
+ 𝐺𝐸20𝐽24 (𝛽) 𝑟 (8𝜔𝑅𝐹) cos (𝜔0 − 12𝜔𝑅𝐹) 𝑡]

(9)

Here, 𝐺 is the SOA’ s gain and 𝑟(8𝜔𝑅𝐹) represent conver-
sion efficiency coefficient [15]. When the optical mm-wave is
detected by a PD, the photocurrent can be expressed as

𝐼𝐵𝑆1 (𝑡) = 𝜇 𝐸𝑜𝑢𝑡 (𝑡)2
≈ 𝜇 |𝑑 (𝑡)|2 𝐸40𝐽24 (𝛽) 𝑟 (8𝜔𝑅𝐹𝑡) cos (8𝜔𝑅𝐹𝑡)

(10)

Here,𝜇 is the conversion efficiency of the photon detector.
From above, electric mm-wave with eightfold frequency of
the RF signal is obtained. Similarly, when the optical mm-
wave signals with 𝜔𝑖𝑑𝑒𝑟2 −𝜔𝑠 and 𝜔𝑖𝑑𝑒𝑟2 −𝜔𝑖𝑑𝑒𝑟1 are filtered out
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Figure 14: Baseband signal eye diagram of 60GHz mm-wave after fiber transmission over (a) 10 km, (b) 20 km, (c) 30 km, (d) 40 km, and
(e) BER versus transmission distance.

and then are detected by PD, respectively, the photocurrents
can be written as

𝐼𝐵𝑆2 (𝑡) = 𝜇 𝐸𝑜𝑢𝑡 (𝑡)2
≈ 𝜇 |𝑑 (𝑡)|2 𝐸40𝐽24 (𝛽) 𝑟 (8𝜔𝑅𝐹) cos (16𝜔𝑅𝐹𝑡)

(11)

𝐼𝐵𝑆3 (𝑡) = 𝜇 𝐸𝑜𝑢𝑡 (𝑡)2
≈ 𝜇 |𝑑 (𝑡)|2 𝐸40𝐽24 (𝛽) 𝑟 (8𝜔𝑅𝐹) cos (24𝜔𝑅𝐹𝑡)

(12)

Therefore, electric mm-waves with 16 times and 24 times
RF frequency are obtained.

3. Simulation and Results

In order to verify our proposed scheme, the ROF architecture
with multiband signals is built by OptiSystem, as shown
is Figure 2. At the CS, the lightwave is generated from an
external-cavity laser (ECL) at 193.26 THz with a 100 MHz
linewidth, which is divided into two parts by an optical power
splitter. The two parts are injected into dual-parallel Mach-
Zehnder modulator (DP-MZM), respectively. The two sub-
MZMswith the switching voltage of 4V, insertion loss of 5dB,
and extinction ratio of 80dB, respectively, are combined by

two 3 dB couplers in parallel. According to theory presented
in Section 2, the phase difference between the two arms of
the sub-MZM is 𝜃 = 𝜋 and two sub-MZMs are dc biased
at the maximum optical output point (𝜑 = 0). Two sub-
MZMs are driven by a 2.5 GHz RF signal with 𝜙 = 𝜋/2
phase shift and amplitude of 6.12 V (namely, 𝛽 = 4.8).
The output optical signal from the DP-MZM includes the
lower and upper fourth-order sidebands at 193.25 THz and
193.27 THz, as shown in Figure 3. Then, an interleaver (IL)
is used to separate the two fourth-order sidebands, and the
2.5Gbit/s NRZ baseband signal is modulated on the sideband
193.25 THz. The modulated signal lightwave coupled with
pump by an optical coupler (OC) via fiber channel then
sends to SOA. The optical spectrum after optical coupler is
shown in Figure 4. The output signal is then amplified by
an optical amplifier and the input power to fiber channel
is about 0.8dBm. The SOA injection current is 0.32 A. The
differential gain of SOA is 2.78 × 10−20m2, the initial carrier
density is 3 × 1024m3, and the carrier density at transparent
is 1.4 × 1024m3. In the SOA, new optical sidebands with
different frequencies generated through the FWM effect and
the optical spectrum after SOA are shown in Figure 5.

These optical signals are transmitted to the BSs, and any
two different frequencies can be chosen using tunalble optical
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filter (TOF), which can be sent into photodiode (PD) to
generate electrical mm-wave. Figures 6–8 show the optical
spectrum of mm-waves after the TOFs. The frequencies of
193.23THz and 193.25THz (𝜔𝑝 and 𝜔𝑖𝑑𝑒𝑟2) were filtered out
using TOF1 at the BS1, as shown in Figure 6. The frequencies
of 193.25THz and 193.29THz (𝜔𝑖𝑑𝑒𝑟1 and 𝜔𝑝) were filtered out
using TOF2 at the BS2, as shown in Figure 7.The frequencies
of 193.23THz and 193.29THz (𝜔𝑖𝑑𝑒𝑟1 and 𝜔𝑖𝑑𝑒𝑟2) were filtered
out using TOF3 at the BS3, as shown in Figure 8. Figures
9–11 show the electrical spectrum ofmm-waves after the PDs.
As demonstrated in Figure 9, the mm-wave signal with the
frequency 𝜔𝑖𝑑𝑒𝑟2 − 𝜔𝑝 = 8𝜔𝑅𝐹, namely, mm-wave signal with
the frequency of 20 GHz, has been obtained. Similarly, the
mm-wave signal with the frequency 𝜔𝑖𝑑𝑒𝑟1 − 𝜔𝑝 = 16𝜔𝑅𝐹,
namely, mm-wave signal with the frequency of 40 GHz, has
been obtained, as shown in Figure 10. The mm-wave signal
with the frequency𝜔𝑖𝑑𝑒𝑟2−𝜔𝑖𝑑𝑒𝑟1 = 24𝜔𝑅𝐹, namely, mm-wave
signal with the frequency of 40 GHz, has been obtained, as
shown in Figure 11. From Figures 9–11, we can see that the
mm-wave signals with frequency of 20 GHz, 40 GHz, and
60 GHz have very high spectral purity. In the simulation, the
peak power of the RF signal is dropped by almost 60dB after
TOF and the reason is that a rectangular filter is used.

Figures 12–14 show the bit error rate (BER) and eye
diagrams performances of the ROF systemwith the proposed
multiple-frequency mm-wave signals generation at different
fiber distances of BTB, 20 and 40 km. It shows that eyes
become narrow as the distance increases, which is induced
by the high-order chromatic dispersion and noise of the fiber,
while the eye diagrams still remain open even after being
transmitted over 40 km optical fiber. This proves that the
proposed optical mm-wave signal does not suffer from the
bit walk-off effect caused by the chromatic dispersion. The
reason is that the data signal is modulated onto one optical
tone and the other tone keeps constant amplitude and phase,
so the bit walk-off effect is eliminated although the time delay
difference between the two optical tones caused by the fiber
dispersion increases linearly.

4. Conclusion

In this paper, a ROF system supporting multiband wireless
access using frequency multiplication technique has been
proposed and demonstrated. The proposed scheme utilizes a
DP-MZM and an SOA. The signal and pump has been gen-
erated by properly adjusting the parameters of the DP-MZM.
The coupled signal and pump through the fiber then input
the SOA. In SOA, new converted signals are generated due to
four-wave mixing effect. After optical filtering, two different
frequencies can be chosen, which can be sent in to photo-
diode (PD) to generate the optical mm-wave with 8-tupling,
16-tupling, or 24-tupling of the RF signal frequency.Themm-
wave signals with the frequencies of 20, 40, and 60 GHz by
using 2.5GHz RF signal have been generated for different
BSs by simulaiton, and eye diagrams performances of the
2.5 Gbit/s modulated signals have been measured.The simu-
lation results show that the signals have good performance
even after 40 km optical fiber transmission. Because the
multiple-frequency mm-wave signals are generated adopting

the proposed scheme, this method is a promising candidate
to enhance the capacity of ROF system.
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Tunable terahertz absorption in the interface between graphene and dielectric Bragg reflector (DBR) has been numerically
demonstrated. The near perfect absorption mainly originates from the enhancement of the electric field owing to the excitation
of the optical Tamm state (OTS) at the interface between graphene and dielectric Bragg mirror. It has been found that the
absorption peak occurs at specific incident angles, which can be employed for realizing the frequency and angular absorbers.
Further,we demonstrate that the position of the absorption peak can be tuned by changing the Fermi energy of graphene.Moreover,
the behaviors of the near perfect absorption are strongly related to the dielectric constants and thicknesses of the surrounding
dielectrics.The tunability of graphene-DBR structure absorption may help to find favorable applications for the realization of high-
performance graphene optoelectronic devices.

1. Introduction

The electromagnetic absorber is a kind of functional device
that can reduce the reflection and transmission of incident
light. Recently, terahertz (THz) absorbers have become a
hotspot in the field of terahertz [1, 2]. THz absorbers have a
wide range of applications in the field of nanostructures, such
asTHz switches [3], thermal detectors [4], time reversal lasers
[5], and metamaterial absorbers [6]. To achieve impedance
matching we can adjust the structural parameters. And by
the mean, the perfect absorption of the incident wave can be
obtained.What ismore, based on the principle of perfect THz
absorber, we can manufacture electromagnetic switches [7],
modulators [8], and sensors [9]. Therefore, many THz wave
absorbers have been studied in recent years. To specify, Tao
et al. designed and produced the narrow band absorber of the
first THz band [10]. Since then, THz double band absorbers,
multiband absorbers, and broadband wave absorbers have
also been studied [11–13]. However, it is still urgent to design
wonderful angular absorber with thin thickness, adjustable
angular spectrum for the THz absorption, and large absorp-
tivity [14].

Graphene has a considerable amount of special proper-
ties that attracts scientists’ attention, such as high specific
surface areas, excellent mechanical properties, remarkable
thermal conductivity, and flexibility [15–18]. At the moment,
graphene also has excellent optical properties like linear
optical properties, nonlinear optical effects, high electrical
conductivity, and absorbance interaction [19–24]. With its
unique properties being discovered, it has many applications
in the field of optical bistability [25], light emission devices
[26], andmode-locked fiber lasers [27]. Besides, the graphene
has potential applications in THz absorber as well, such
as realizing the tunable THz absorber based on graphene
[28], demonstrating the tunable THz absorption in graphene-
based heterostructures [29], and realizing the near perfect
absorption by graphene-based modified Otto configuration
in the THz frequency range [30]. More importantly, the
conductivity of graphene can be tuned by adjusting gate
voltages or chemical doping [31, 32], which means that we
can obtain different absorption peaks by changing the Fermi
energy.

The optical Tamm state (OTS) is a novel interface mode
which widely exists at the interface of the photonic crystal
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Figure 1: The structure diagram of the graphene-DBR structure. The top layer is between graphene and the photonic crystals. A stands for
dielectric layer PVC, and B stands for dielectric layer in the photonic crystals with a period number𝑁 = 16, respectively. Here, surface of the
graphene layer is defined as the plane of x, y, z = 0.

(PC) heterostructures [33, 34]. The electric field energy
is mainly concentrated on the interface of the dielectric,
providing the conditions for almost total absorption of
electromagnetic waves. Therefore, in this paper, we propose
realizing near perfect absorption of electromagnetic waves
by exciting OTS through graphene-DBR structure. Owing
to the excitation of OTS and the method of transfer matrix,
the structure can achieve almost total absorption in the THz
band. Furthermore, we can achieve near perfect absorption
at different wavelengths by adjusting the Fermi energy of
graphene, the thickness, and permittivity of the top layer. We
believe that the tunable electromagnetic terahertz absorber
has potential applications in thermal sensing, THz imaging,
and emissivity spectrum modifiers.

2. Theoretical Model and Method

We consider that a graphene-DBR structure consists of
monolayer graphene, the dielectric photonic crystals (PC)
with alternately stacked polyvinyl chloride (PVC) (A) and
glass (B), and the top layer glass (with refractive index 𝑛s =2.3 and thickness 𝑑s = 32 𝜇m) between the monolayer
graphene and the photonic crystals as shown in Figure 1.The
cycle of PC that we choose is made of 16 pairs of alternate
dielectric layer A (the refractive index 𝑛a = 1.8 and thickness𝑑𝑎 = 42𝜇m) and dielectric layer B (the refractive index𝑛𝑏 = 2.3 and thickness 𝑑𝑏 = 32 𝜇m), and the thickness of
graphene is 0.34nm. It is well known that the conductivity𝜎 is responsible for the optical behavior of graphene in
the THz spectral range. The conductivity of graphene can
be theoretically described as the Kubo formula Drude-like
conductivity [35], namely,

𝜎 = 𝑖𝑒2𝐸𝐹𝜋ℏ2 (𝜔 + 𝑖/𝜏) , (1)

where 𝐸𝐹 is the Fermi energy of graphene, 𝜏 is the relaxation
time, 𝜔 is the frequency. 𝑒 and ℏ are the universal constants
related to the electron charge and reduced Planck’s constant,
respectively.

In order to determine the THz absorption effect, we use
the transfer matrix to calculate the reflectance and trans-
mittance, respectively [36]. The THz waves are propagating
across the interface of the two dielectrics. The wave assumes
to be p and s polarization in the propagated direction. We
consider the p and s polarization, separately. For the p
polarized, the transmission matrix on adjacent dielectric
surfaces can be expressed as

𝐷12 = 12 [
1 + 𝜂p + 𝜀p 1 − 𝜂p − 𝜀p
1 − 𝜂p + 𝜀p 1 + 𝜂p − 𝜀p] , (2)

where 𝜀𝑝 = 𝜎𝑘2𝑧/𝜀0𝜀2𝜔, 𝜂𝑝 = 𝜀1𝑘2𝑧/𝜀2𝑘1𝑧, where 𝜀0 is the
permittivity in the vacuum and 𝜀1 and 𝜀2 are the dielectric
constants, respectively. Similarly, by applying the Ohm’s law
and boundary conditions, the transfer matrix for s polarized
can be expressed as

𝐷12 = 12 [
1 + 𝜂s + 𝜀s 1 − 𝜂s + 𝜀s1 − 𝜂s − 𝜀s 1 + 𝜂s − 𝜀s] , (3)

where 𝜂s = 𝑘2𝑧/𝑘1𝑧, 𝜀s = 𝜎𝜇0𝜔/𝑘1𝑧, and 𝜇0 is the permeability
in the vacuum. According to the transfer matrix, the absorp-
tion rate of terahertz wave can be expressed as A = 1-R-T,
where R and T are the reflectance and the transmittance,
respectively.

3. Results and Discussions

In this section, we discuss the characteristics of reflectance
and absorption in the graphene-DBR structure. For the sake
of simplicity, we only focus on the case of p polarization and
simulate the absorption efficiency of incident electromag-
netic wave at the central wavelength 𝜆0 = 300 𝜇m on the
structure. As shown in Figure 2, we can see that the wave
absorber achieves almost 100% absorption in the wavelength
of 314 𝜇m with the Fermi energy (𝐸𝐹) of 0.85 eV. From
Figure 2(a), we can see that the wavelength of the absorber
changes with the Fermi energy ranging from 0.45 eV to1.05 eV. The dip of graphene-DBR structure’s reflectance
decreases and then increases as Fermi energy rises. When
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Figure 2: Reflectance and absorption of the graphene-DBR structure as a function of the Fermi energy. (a) Reflectance rate varies with
different graphene Fermi energy, where the incident wavelength 𝜆0 = 300 𝜇m, and the Fermi energy ranging from 0.45 eV to 1.05 eV. (b)
Absorption rate varies with different graphene Fermi energy, and the parameters are the same as those in (a).

𝐸𝐹 = 0.45 eV, the wavelength of the reflectance dip is 322𝜇m. However, for 𝐸𝐹 = 0.85 eV, the wavelength of the
reflectance dip is 314 𝜇m, and the reflectance is almost zero
at the minima. But when the Fermi energy increases, the
reflectance increases as well. It can be clearly seen that the
absorber approaches nearly 100% absorption in 𝐸𝐹 = 0.85 eV
as shown in Figure 2(b). It iswell known that the Fermi energy
has an impact on the conductivity of graphene.The imaginary
part of the optical conductivity Im(𝜎) exhibits some complex
behaviors: it has a dip near the wavelength 𝜆𝑑𝑖𝑝 for ℏ𝜔 =2𝐸𝐹, and at this dip, Im(𝜎) can become negative. Moreover,
dip shifts to shorter wavelength with the increasing Fermi
energy 𝐸𝐹. Compared with traditional metal materials, the
biggest advantage of graphene is that its conductivity can be
tuned dynamically. The change in Fermi energy of graphene
can affect the conductivity of graphene, which affects the
absorption of terahertz wave. Therefore, we can adjust the
absorption effect of the structure by changing the Fermi
energy.

To further understanding the absorption mechanism of
OTS, we present the change rule of phase varying with the
wavelength, as shown in Figure 3. It is found that the phase
(𝜑) is almost zero at 𝜆 = 314 𝜇m due to the reason that the
incident electromagnetic wave excited OTS on the structure.
The near perfect absorption wavelength is roughly the same
as the intrinsic wavelength of OTS. The intrinsic wavelength
of OTS can also be deduced according to the theory of
transfer matrix. In particular, when the light is confined to

the interface between graphene and DBR structure, the OTS
is excited. The amplitude matching condition should satisfy𝑟𝐺𝑟𝑎𝑟𝐷𝐵𝑅𝑒2𝑖𝜑 ≈ 1, where 𝑟𝐺𝑟𝑎 and 𝑟𝐷𝐵𝑅 are the graphene-top
layer interface and top layer-PC interface amplitude reflection
coefficient of propagating wave, respectively, and 𝜑 is the
phase change of the propagating wave between the interfaces.
As shown in Figure 3, the formula 𝐴𝑟𝑔(𝑟𝐺𝑟𝑎𝑟𝐷𝐵𝑅𝑒2𝑖𝜑) ≈ 0
at the wavelength of 314𝜇m. Thus, we can estimate that the
wavelength of 314𝜇m equals the intrinsic wavelength of OTS.

In order to better describe how OTS is excited by
graphene, Figure 4(a) shows that the electric field along the
z axis in the graphene-DBR structure. By contrast, it also
shows the distribution of electric field in the structurewithout
the graphene, as shown in Figure 4(b). The electric field is
normalized, and we set the position of graphene as 𝑍 = 0.
To simplify the problem, we do not take dielectric loss into
consideration; it is found that the electric field is evanescent
attenuation for 𝑍 > 0. In addition, it occurs the maximum
field in the interface between the air and the graphene. The
maximum field strength at 𝑍 = 0 is about 36 times larger
than the electric field intensity in Figure 4(b). OTS at the
graphene-DBR interface is strongly excited, which is a new
surface wave pattern. The monolayer graphene’s real part is
not enough to change the profile of the field distribution in
the structure. But its imaginary part will effectively change
the intensity of the electric field; thus, the graphene with thin
layer thickness can strongly absorb the incident light as a
dissipative layer. Because the OTS is excited in the graphene
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Figure 4: The normalized electromagnetic field distribution of OTS. (a) The electromagnetic field distribution in the multilayer structure
with the covering of graphene. (b) The electromagnetic field distribution in the multilayer structure without the covering of graphene.

layer, the reflectance is almost zero at the wavelength 𝜆 =314 𝜇m.
Aside from the influence of graphene Fermi energy

absorption properties, we also discuss the influence of
the dispersion characteristics of top layer on graphene-DBR
structure absorption. Figure 5(a) shows the change rule of
the dielectric constant of top layer for different wavelength
absorption. We found that the absorption peak moves in
the direction in which the wavelength becomes larger (red-
shift, corresponding to an increase in wavelength) as the
dielectric constant increases. However, the peak absorption
efficiency does not change. In addition, Figure 5(b) shows
the effect of the thickness of top layer on the absorption
efficiency. Kaliteevski et al. have been proposed theoreti-
cally and experimentally that the intrinsic energy of OTS
varies with the thickness of the top layer [37]. When the
thickness of top layer 𝑑𝑠 ≤ 𝜆0/(2𝑛𝑠), we can only see
the presence of an OTS. However, when the thickness of
the top layer increases, multiple OTSs will appear in the

photonic bandgap. In Figure 5(b), it can obviously observe
that, as the thickness rises, the absorption peak moves
toward the direction of the larger wavelength. Based on the
simulation results above, it is hardly affecting absorption peak
at the location of the low frequency, although the absorption
peak amplitude can be controlled. On the contrary, the
absorption peak has a clear red shift only at the location
of the higher frequency. All the absorption efficiency is
basically the same. Compared to the dielectric constant,
the influence of thickness on the absorption wavelength is
relatively larger.However, the absorption bandwidth basically
remained constant. We can utilize different parameters to
design the wavelength absorbers in the terahertz range. It is
also found that the two parameters have their own charac-
teristics on the overall absorption amplitude and absorption
peak position; it has potential applications in optical sensors,
optical filters, optical switches, and low-threshold optical
bistability and even electromagnetically induced transparen-
cy.
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Figure 5: Reflectance of the graphene-DBR structure as a function of the dielectric constant and thickness. (a) Absorption rate varies with
different top layer different dielectric constants, where the dielectric constant ranges from 1.7 to 2.3. (b) Absorption rate varies with different
top layer different thicknesses, where the thickness ranges from 30𝜇m to 36𝜇m.

4. Conclusions

In conclusion, we designed the graphene-DBR structure to
achieve the tunable properties of the near perfect absorption
in the THz frequency regime. We found that the different
wavelength absorption effect can be altered by adjusting the
dielectric constant, thickness of the top layer, or the Fermi
energy of graphene. On the basis of the analysis above, near
perfect absorption can be achieved at different frequency
bands in the structure.These resultsmay contribute to finding
promising applications in the THz frequency, including opti-
cal logic devices, optimized narrow band tunable absorbers,
optical filters, and optical switches.
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Light-emitting diode- (LED-) based visible light communication (VLC) has become a potential candidate for next generation
high-speed indoor wireless communication. Due to the limited modulation bandwidth of the LED, orthogonal frequency division
multiplexing (OFDM) modulation is particularly preferred in the VLC system to overcome the ISI, which suffers from the
high peak-to-average power ratio (PAPR) and leads to severe performance loss. In this paper, we propose and experimentally
demonstrate a novel Zadoff-Chu matrix (ZCM) precoding scheme, which can not only reduce the PAPR, but also provide uniform
signal-to-noise ratio (SNR) profile. The theoretical analysis and simulation show that the proposed scheme achieves better PAPR
performance compared with the traditional precoding schemes.The experimental demonstration further validates the bit error rate
(BER) performance improvement, where the measured BERs are all below the 7% pre-forward error correction (pre-FEC) limit of
3.8 × 10−3 when the transmitted data rate is 50 Mb/s.

1. Introduction

Visible light communication (VLC) has recently emerged
as a compelling wireless communication technology beyond
traditional radio frequency (RF) communications. Utilizing
light-emitting diodes (LEDs), VLC can support illumination
and communication simultaneously and offers the benefits of
cost effectiveness, high security, low power consumption, and
immunity to electromagnetic interference [1, 2].

Since the modulation bandwidth of the LED is very
limited, signals modulated at high frequencies suffer from
severe attenuation, resulting in serious intersymbol inter-
ference (ISI) for high-speed transmissions [3]. Orthogonal
frequency division multiplexing (OFDM) has been proved
particularly suitable for the VLC system, where the channel
is decomposed into multiple frequency-flat channels, and the
ISI can be eliminated [4, 5]. However, one major drawback
of the OFDM signals is the high peak-to-average power ratio
(PAPR), which leads to a severe performance loss because
of the nonlinear distortion caused by a LED emitter [6].
Moreover, since intensity modulation with direct detection
(IM/DD) is adopted, a direct current (DC) is required to

make sure that the transmitted signals are real and positive in
the VLC system. Then high signal peak value implies a need
for a large DC bias that causes serious degradation of system
power efficiency [7]. Hence it is even more urgent to reduce
PAPR in the OFDM based VLC system.

In order to reduce the high PAPR, several schemes
have been proposed in the VLC system. In [8], a pilot-
assisted PAPR reduction technique is used at the cost of the
data rate loss, whose PAPR reduction performance can be
determined by the number of pilot sequences. The iterative
clipping and exponential nonlinear companding methods
are other ways to reduce PAPR in VLC systems [9, 10].
However, both methods mentioned above can result in the
bit error rate (BER) performance degradation. The active
constellation extension [11], the tone reservation [12], and the
tone injection [7] schemes are also presented to reduce PAPR
in VLC systems. However, the computational complexity of
these methods is extremely high.

Moreover, precoding is considered an efficient way to
reduce the PAPR, by which the frequency diversity can be
provided as well [13]. Since only simple linear computation
is required, great promise in OFDM based VLC system has
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been shown. In [14, 15], the Walsh-Hadamard matrix and
the discrete Fourier transform (DFT) operation have been
used as precoding matrices to decrease the PAPR of the
OFDM signals. Both results confirm that the PAPR can be
reduced significantly. In [16], an orthogonal circulant matrix
transform (OCT) based precoding scheme is proposed,
which achieves a relatively flat signal-to-noise ratio (SNR)
profile over the signal bandwidth and alleviates significant
BER degradation at high frequency carriers.

In this paper, we propose and experimentally demon-
strate a novel Zadoff-Chu matrix (ZCM) precoding scheme
for OFDM VLC system. Benefitting from the ideal periodic
autocorrelation and constant magnitude, ZCM gains the
advantage of the low PAPR while retaining the feature of the
uniform SNR profile at the same time.Theoretical simulation
results show that the PAPR of the ZCM precoding scheme is
much lower than the existing Walsh-Hadamard matrix and
the OCT precoding schemes. Finally, an experimental dem-
onstration is set up to verify the effectiveness of the proposed
precoding scheme. Experimental results indicate that the
ZCM precoding scheme achieves the best BER performance,
where the measured BERs are all below the 7% pre-forward
error correction (pre-FEC) limit of 3.8 × 10−3 with 50Mb/s
transmission data rate and 1-meter transmission distance.

2. Principle

2.1. OFDM VLC System Based on the ZCM Precoding. The
principle of the OFDM VLC system based on the ZCM
precoding is presented in Figure 1. At the transmitter (TX),
a stream of random binary input data is firstly mapped
into complex signals according to the certain quadrature
amplitude modulation (QAM) format. After serial-parallel
(S/P) conversion, parallel data streams are transmitted, each
of which corresponds to a frequency-flat subchannel in the
OFDM system. Then the ZCM precoding is implemented
before OFDM modulation. The OFDM modulation is real-
ized by inverse fast Fourier transform (IFFT), and cyclic
prefix (CP) is attached to each OFDM symbol to overcome
the ISI. The preamble is inserted for synchronization and
channel estimation at the receiver. Since only real and positive
signals can be transmitted in theVLC system, the upsampling
and upconverting operations are applied, where real-value
signals are obtained by the complex-to-real-value conversion
[17]. Finally, positive signals can be achieved by simply adding
the DC offset. At the receiver (RX), frame synchronization,
channel estimation and channel equalization are carried out
to eliminate the effect of the channel with the help of the
preamble. The remaining processing is the inverse process of
the signal modulation at the transmitter.

2.2. The ZCM Precoding. The Zadoff-Chu sequences are
the special case of the generalized Chirp-Like poly phase
sequences having both ideal periodic autocorrelation prop-
erty and very low cross-correlation characteristics. Different
from the precoding matrix in OCT scheme, we use a much
longer Zadoff-Chu sequence to form a ZCM rather than
cyclically shifting the Zadoff-Chu sequence to obtain a
circulant matrix.

After QAM mapping and serial-parallel conversion, the
mapped signals are precoded with a ZCM. The proposed
ZCM is generated according to the following two steps.

Step 1. A Zadoff-Chu sequence 𝑍 of length L is generated,
where each element is defined by [18]

𝑧 (𝑘) = {
{
{

𝑒(𝑗2𝜋𝑟/𝐿)(𝑘2/2+𝑞𝑘), 𝑓𝑜𝑟 𝐿 𝐸V𝑒𝑛
𝑒(𝑗2𝜋𝑟/𝐿)(𝑘(𝑘+1)/2+𝑞𝑘), 𝑓𝑜𝑟 𝐿 𝑂𝑑𝑑 (1)

where 𝑘 = 0, 1, 2, . . . , 𝐿 − 1, 𝑞 is any integer, 𝑟 is any integer
relatively prime to 𝐿, and 𝑗 = √−1.
Step 2. The ZCM A is formed by reshaping the Zadoff-Chu
sequence, which is denoted as follows:

A = 1
√𝑁

⋅
[[[[[[
[

𝑎 (0, 0) 𝑎 (0, 1) ⋅ ⋅ ⋅ 𝑎 (0,𝑁 − 1)
𝑎 (1, 0) 𝑎 (1, 1) 𝑎 (1,𝑁 − 1)

... ... d
...

𝑎 (𝑁 − 1, 0) 𝑎 (𝑁 − 1, 1) ⋅ ⋅ ⋅ 𝑎 (𝑁 − 1,𝑁 − 1)

]]]]]]
]

(2)

In (2), the relationship between a(m,l) and z(k) is
𝑎(𝑚, 𝑙) = 𝑧(𝑚 × 𝑁 + 𝑙), 𝐿 = 𝑁 × 𝑁, and N is the subcarrier
number. To keep the transmitted power constant, the normal-
ization factor 1/√𝑁 is multiplied by the matrix. Obviously,
based on the properties of the Zadoff-Chu sequence, the
ZCM satisfies AAH = I, where (⋅)H denotes Hermitian
transpose and I is the identity matrix. Then the original
transmitted signals can be easily recovered bymultiplying the
received signals after data subcarrier extraction by AH.

Let X = [𝑥0 𝑥2 ⋅ ⋅ ⋅ 𝑥𝑁−1] be the vector of the QAM
mapped signals allocated to N subcarriers. The vector of
precoding signals Y = [𝑦0 𝑦1 ⋅ ⋅ ⋅ 𝑦𝑁−1] can be expressed
as

Y = A ⋅ X (3)

After N-point IFFT operation, the OFDM signals are
obtained by

𝑤𝑛 = 1
√𝑁
𝑁−1

∑
𝑘=0

𝑦𝑘𝑒𝑗(2𝜋𝑘𝑛/𝑁), 𝑛 = 0, 1, ⋅ ⋅ ⋅ , 𝑁 − 1 (4)

Then, according to [6], the PAPR of the OFDM signals
can be denoted as

𝑃𝐴𝑃𝑅 = max 𝑤𝑛2
𝐸 {𝑤𝑛2}

(5)

where 𝐸(⋅) denotes the expectation operation.
The statistics for the PAPR of an OFDM signal can be

given in terms of its complementary cumulative distribution
function (CCDF). The CCDF for an OFDM signal is defined
byP (PAPR>PAPR0), wherePAPR0 is the given threshold.The
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Figure 1: Block diagram of OFDM VLC system with ZCM precoding.

Table 1: System parameters.

Parameters Values
Bandwidth 0 – 12.5 MHz
Up-converted frequency 6.25 MHz
Modulation type 16QAM
Subcarrier number 256
Up-sampling rate 4
Transmission distance 1 m

CCDF of the PAPR indicates the probability that the PAPR of
a symbol block exceeds a given threshold.

Figure 2 illustrates the computer simulation results of
CCDF curves based on different precoding schemes and
modulation orders, where the proposed ZCM is compared
with the Walsh-Hadamard matrix, the DFT operation, and
the OCT. As shown, the PAPR of the ZCM precoding scheme
is similar to the DFT precoding scheme, while being much
lower than the PAPR of theWalsh-Hadamardmatrix precod-
ing scheme. The OCT precoding scheme is useless in PAPR
reduction, where the PAPR is almost the same as the tra-
ditional OFDM scheme without precoding. In addition, the
PAPRs of the ZCM, DFT, and the Walsh-Hadamard matrix
precoding schemes would be increased when themodulation
orders are increased. Meanwhile the PAPRs of the OCT pre-
coding scheme and the traditional OFDMwithout precoding
are kept fixed with the modulation orders varying.

3. Experimental Results

The experimental setup is shown in Figure 3. In the exper-
iments, an arbitrary function generator (AFG: Tektronix
AFG3252C) is used to generate transmitted signals and DC
supplied by AFG is offset to ensure that the transmitted sig-
nals are positive at the transmitter.Then, themixed signals are
transmitted through the LED in the formof the optical power.
At the receiver, optical signals entering the PD are converted
into electrical signals. Afterwards, the signals are recorded by
a high-speed digital oscilloscope (OSC: TektronixMSO4104)
and then sent for offline processing. We use a commercially
available LED (Cree XLamp XP-E) radiating red light as
the transmitter, whose center wavelength is 620 nm and
maximum power is 1W. Because the LED is a point light
source, a reflection cup with 60∘ is used to concentrate the
light. We use a PDmodule (Hamamatsu C12702-11, 0.42A/W
responsivity at 620 nm) with 1 mm2 active area and about 100
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Figure 2: CCDF of PAPRs for the different precoding schemes.

MHz bandwidth as the receiver.The systemparameters of our
experiments are listed in Table 1. According to the parameter
configuration, data is transmitted at the rate of 50Mb/s over 1-
meter transmission distance in the experimental demonstra-
tion.

The nonlinearity of the LED results from the nonideal
transform function.Thenonlinear relationship between driv-
ing voltage and forward current causes two kinds of signal
distortion. One is the nonlinear mapping in electrical-to-
optical conversion within the dynamic range; the other is
the hard clipping of signals when the voltage is beyond the
maximum permissible voltage [19]. In Figure 4, the U-I curve
of the LED used in the experiments is given. According to the
figure, we find that theU-I curve becomes nonlinearwhen the
voltage is below 1.9 V or above 2.2V.

As mentioned above, the high PAPR would result in the
BER performance loss because of the nonlinearity of the
LED. Therefore, BERs are measured under the condition
of the different DC offsets, as shown in Figure 5. In the
experiments, the DC offsets are set as 1.8V, 2.0V, and 2.3V
respectively, corresponding to the different working states
of the LED. Note that the transmitted power is always kept
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Figure 4: U-I curve of the LED.

constant when using the different DC offsets and different
precoding schemes. According to the U-I curve in Figure 4,
the LED works in the nonlinear region most of the time
when the DC offset is 1.8V or 2.3V and in the linear region
more often when the DC offset is set to 2.0V. As a result,
experimental results showed that the BER performance
can be improved when the DC offset is equal to 2.0V, no
matter which precoding schemes are applied to the system.
Compared with the different precoding schemes, it can be
seen that the ZCM precoding scheme always gains the best
BER performance. When the DC offset is 1.8V or 2.3V, the
ZCM precoding scheme performs better than the OCT and
Walsh-Hadamard matrix precoding schemes because of its
lower PAPR. In addition, although the PAPR of the ZCM
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Figure 5: BER versus DC offset.

precoding scheme is almost the same as the DFT precoding
scheme, it still gains the better BER performance profiting
from its uniform SNR profile. When the DC offset is set
to 2.0V, the BERs of all the schemes become closer. This is
because the impact of the high PAPRwould be reduced when
the LED works in the linear region more often. Similarly, the
BERs of the ZCM and the OCT are lower than other schemes
considering their flatter SNR profiles in this case.

Furthermore, we study the BER performance of the dif-
ferent schemes with the varieties of the transmitted electrical
power (DC is not included). The experimental results are
depicted in Figure 6, plotted with the transmitted electrical
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power on the horizontal axis and the BER on the vertical
axis. The DC offset is set equal to 2.3V in the experiments so
that the LED may work in the nonlinear region most of the
time. At the beginning, the BER performance of the differ-
ent schemes is all improved when increasing the transmitted
electrical power. The result is straightforward because the
SNRs are increased with the higher transmitted power, which
leads to better BER performance. However, when the trans-
mitted electrical power grows to 0.8dB, the BERs increase
again. It means that the nonlinearity of the LED would be the
dominant factor when the transmitted electrical power grows
to a certain degree. There is a tradeoff between the SNR and
the nonlinearity. Compared with other precoding schemes,
the proposed ZCM precoding scheme always gains the best
performance for its lower PAPR and the flatter SNR profile
under the condition of different transmitted electrical power,
as shown in Figure 6.

4. Conclusion

In this paper, we propose and experimentally demonstrate
a novel ZCM precoding based OFDM VLC system. Firstly,
through the theoretical analysis and the computer simulation,
we reach the conclusion that the ZCM precoding scheme
achieves the same PAPR performance as the DFT precod-
ing scheme, but much better than the traditional Walsh-
Hadamard matrix and the OCT precoding schemes. Then,
the BER performance of the precoding based OFDM VLC
system is evaluated by the experiments, where the 50Mb/s
data rate transmissions are demonstrated under the 7%
pre-FEC threshold of 3.8 × 10−3 over 1-meter transmission
distance. By varying the DC offsets, experimental results
confirm that the BERswould increase when the LEDworks in

the nonlinear region. Furthermore, the tradeoff between the
SNR and the nonlinearity is studied. On one hand, the BER
performance would be improved for higher SNR with the
transmitted electrical power increasing; on the other hand,
too higher transmitted electrical power would result in BER
performance decrease because of more serious nonlinearity.
Experimental results also show that the proposed ZCM
precoding scheme always owns the best BER performance for
its lower PAPR and the flatter SNR profile, compared with the
existing precoding schemes.
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With the rapid development of light-emitting diode, visible light communication (VLC) has become a candidate technology for the
next generation of high-speed indoor wireless communication. In this paper, we investigate the performance of the 32-quadrature
amplitude modulation (32-QAM) constellation shaping schemes for the first time, where two special circular constellations, named
Circular (4, 11, 17) and Circular (1, 5, 11, 15), and a triangular constellation are proposed based on the Shannon’s criterion.Theoretical
analysis indicates that the triangular constellation scheme has the largest minimum Euclidian distance while the Circular (4, 11, 17)
scheme achieves the lowest peak-to-average power ratio (PAPR). Experimental results show that the bit error rate performance is
finally decided by the value of PAPR in the VLC system due to the serious nonlinearity of the LED, where the Circular (4, 11, 17)
scheme always performs best under the 7% preforward error correction threshold of 3.8 × 10−3 with 62.5Mb/s transmission data
rate and 1-meter transmission distance.

1. Introduction

Visible light communication (VLC) based on white light-
emitting diodes (LEDs) is garnering increasing attention in
both academia and industry. By modulating signals onto
LEDs, the dual function of lighting and communication
can be realized simultaneously in VLC systems. Compared
with traditional radio frequency (RF) communication, VLC
shows several advantages, such as being cost effective, license
free, electromagnetic interference free, and highly secure.
Therefore, it has been considered one of the most compelling
technologies for supplementing traditional RF communica-
tion [1, 2].

In the VLC system, high-speed transmission is limited by
the modulation bandwidth determined by the LED, which is
typically in the range of tens of MHz (3-dB bandwidth) only
[3]. Several techniques have been proposed to improve the
data rates in VLC system, such as orthogonal frequency divi-
sion multiplexing (OFDM) [4, 5], multiple-input multiple-
output (MIMO) [6, 7], wavelength division multiplexing

(WDM) [8], preequalization [9], and high-order quadrature
amplitude modulation (QAM) [10]. Among the schemes,
high-order QAM is considered an efficient and simple way
to increase the transmission data rate, which can always be
combined with other techniques. However, the interference
of ambient light noise, the high frequency attenuation of LED
response, and the nonlinear effect of the LED would cause
serious performance loss, restricting the application of high-
order QAM in VLC system [11]. As a result, the constellation
shaping technique has been studied in this paper, wheremore
flexible constellation patterns are designed to fit for the VLC
transmission system.

The constellation shaping technique has been firstly
studied in wireless communication. Based on the Shannon’s
criterion, Thomas et al. put forward various special constel-
lation shaping designs for M-QAM formats and provided
early theoretical analysis [12]. Then Nölle et al. applied the
technique to the fiber optic communications, considering a
more complex channel. They compared various constellation
shaping designs and reached the conclusion that the circular
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Figure 1: 32-QAM constellation designs.

constellation was the best solution by experiments [13].
Recently, Chi et al. have introduced constellation shaping into
VLC system, where circular constellation was still shown to
have the best performance when 8-QAM was considered in
the experimental demonstration [11]. Afterwards, a special
constellation shaping design of 16-QAM named Circular
(1, 5, 10) [14] and then a circular constellation shaping
scheme were further proposed in VLC systems [15]. Based
on these studies, we find that constellation shaping technique
is useful in VLC systems, where the circular constellation
is proved to be particularly suitable. However, referred
modulation orders in the existing research are relatively low.
Besides, the circular constellation was simply formed by
compressing the high-amplitude constellation points from
the rectangular constellation, where the minimum Euclid-
ian distance (ED) is not considered in the constellation
design.

In this paper, we investigate the performance of the
32-QAM based on different constellation shaping schemes
for the first time, where two special circular constella-
tions, named Circular (4, 11, 17) and Circular (1, 5, 11, 15),
and a triangular constellation are designed based on the
Shannon’s criterion. Compared with the regular rectangular
constellation, theoretical analysis shows that the triangular
constellation benefits from its minimum ED but suffers from
high peak-to-average power ratio (PAPR), while the two
circular constellations achieve much lower PAPRs. Finally,
experimental demonstration is set up to study the bit error
rate (BER) performance of the VLC system with different
constellation shaping schemes, where the 7% preforward
error correction (pre-FEC) threshold of 3.8 × 10−3 is kept as
the BER bound with 62.5Mb/s transmission data rate and 1-
meter transmission distance. Experimental results show that
both circular constellations achieve a better tradeoff between
noise resistance and nonlinearity resistance, leading to a
better BER performance.

The rest of the paper is organized as follows. Section 2
provides the constellation shaping design criterions and
numerical analysis results in terms of BERs and PAPRs. In
Section 3, we describe the experimental setup. Then the
discussions of experimental results are given in Section 4.
Finally, we come to the conclusion in Section 5.

2. Principle

2.1. Constellation Designs. According to the design guidance
of very large signal sets, Shannon has shown that, under an
average power constraint, the channel capacity is maximized
with a signal that is uniformly distributed in phase and
Rayleigh distributed in amplitude, while under a peak power
constraint, the capacity is maximized by a signal uniformly
distributed in phase with an amplitude probability density
that increases linearly with the amplitude values [16].

Following the Shannon’s criterion, different constellation
shaping schemes are designed in the paper, where the circular
and triangular patterns are chosen. In Figure 1, two special
circular constellations, namedCircular (4, 11, 17) andCircular
(1, 5, 11, 15), a triangular constellation, and the most common
rectangular constellation are given. As shown, in order to
ensure that the minimum ED is large enough, the number
of circles is set equal to three in both circular constellations.
Then the idea of designing the Circular (4, 11, 17) is described
as follows. Firstly, signals on each circle are separated by
unit distance, where numbers of points for three circles are
decided to be 4, 11, and 17, respectively.Then, phases of all the
points can be determined according to the design guidance
of uniform phase distribution, with initial phases of three
circles being 𝜋/4, 3𝜋/22, and 𝜋/34. Hence, the resulting
radiuses of three circles are 0.707, 1.72, and 2.56, respectively.
Different fromCircular (4,11,17), distances between circles are
separated by unit distance in the Circular (1, 5, 11, 15) scheme;
that is, radiuses of three circles are equal to 1, 2, and 3. Then
the numbers of constellation points for three circles are set as
5, 11, and 15 with the last point placed on the point of origin.
Initial phases of three circles in Circular (1, 5, 11, 15) scheme
are 0, 6𝜋/55, and 4𝜋/165, which are also determined by the
guidance of uniformphase distribution and the consideration
of theminimumED.Theapproach of designing the triangular
constellation is very simple, where each small triangle in the
triangular constellation has the same side length, just like the
design of the rectangular constellation.

2.2.Theoretical Analysis. In this section, we evaluate the sym-
bol error rate (SER) performance of different constellation
shaping schemes. Since signal decision is based on the most
adjacent principle during the QAM demapping, the received
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Table 1: Minimum EDs of different constellation shaping schemes.

Constellation Minimum ED
Circular (4, 11, 17) 0.4339
Circular (1, 5, 11, 15) 0.4170
Triangular 0.4619
Rectangular 0.4472

signal is judged to be the nearest point in the constellation.
As a result, minimum ED has been considered an important
indicator during the constellation design, which decides the
upper bound of the SER.

Under normalized power, minimum EDs of different
constellation shaping schemes are listed in Table 1 and the
simulation results of SERs under restriction of high signal-
to-noise ratios (SNRs) are plotted in Figure 2. As shown, the
triangular constellation scheme has the largest minimumED,
indicating its superiority in the ability of noise resistance.
Curves in Figure 2 also show that the SERs are very close
for different constellation shaping schemes, because the
minimum EDs are actually quite close under the constraint
of the power normalization.

Moreover, the PAPR of transmitted signals is another
important parameter affecting the VLC system performance
a lot. As we know, VLC systems suffer signal distortions
from nonlinear components, among which the nonlinearity
of the LED plays an important role. Because of the nonlinear
relationship between the driving voltage and the forward
current, the LED causes two kinds of signal distortion. One
is the nonlinear mapping in electrical-to-optical conversion
within the dynamic range; the other is the hard clipping
of signals when the voltage is below the turn-on voltage or
beyond the maximum permissible voltage [17]. Hence, high
PAPR would lead to a serious distortion of the transmitted
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Figure 3: CCDF of PAPRs for different constellation shaping
schemes.

signals, which results in a severe performance loss finally.
Therefore, PAPR is regarded as the ability of the nonlinearity
resistance of the VLC system.

Under normalized power, PAPRs of different constel-
lation shaping schemes are listed in Table 2, and comple-
mentary cumulative distribution function (CCDF) curves of
PAPRs for different constellation shaping schemes are also
plotted in Figure 3 to provide a more general analysis. The
CCDF of the PAPR indicates the probability that the PAPR
of a symbol block exceeds a certain threshold. It can be
defined by the probability 𝑃(𝑃𝐴𝑃𝑅 > 𝑃𝐴𝑃𝑅

0
), where PAPR

0

stands for the given threshold. Obviously, the Circular (4,
11, 17) achieves the lowest PAPR, while the value of PAPR
for triangular constellation is the highest, which is almost
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Figure 4: Block diagram of the SC-FDE based VLC system.

Table 2: PAPRs of different constellation shaping schemes.

Constellation PAPR
Circular (4, 11, 17) 1.6651
Circular (1, 5, 11, 15) 1.9457
Triangular 2.8330
Rectangular 2.3045

twice that of the Circular (4, 11, 17) scheme. This implies
that the triangular constellation would be most susceptible to
nonlinear effect.

3. Experimental Setup

In Figure 4, the principle of the VLC transmission system
is depicted. As shown, single carrier modulation combined
with frequency domain equalization (SC-FDE) is used in the
VLC system, because the PAPR of SC-FDE system is much
lower than OFDM system. Meanwhile, simple frequency
domain equalization can be applied to SC-FDE system as
well. Digital preequalization is performed at the transmitter
under the constraint of the power normalization to improve
the performance further.

At the transmitter, a stream of random binary input data
is firstlymapped into complex signals according to the certain
32-QAM constellation shaping scheme.Through fast Fourier
transform (FFT), time-domain signals are transformed to
frequency domain and the frequency domain preequaliza-
tion can be implemented based on the prior knowledge
of channel state information (CSI), which is obtained by
channel estimation at the receiver. After that, signals are
transformed to time domain again by inverse fast Fourier
transform (IFFT), and cyclic prefix (CP) is attached to
overcome the ISI. We insert a preamble in front of the data
stream for synchronization and channel estimation at the
receiver. Since only real and positive signals are allowed to
transmit in VLC system, the up-sampling and up-converting
operations are applied, where real-value signals are obtained
by the complex-to-real-value conversion [18]. Finally, positive

Figure 5: Experimental setup of the VLC system.

signals are obtained by simply adding the direct current
(DC) offset. At the receiver, frame synchronization, channel
estimation, and postequalization are carried out to eliminate
the effect of the channel with the help of the preamble. The
rest processing is the inverse process of the signal modulation
at the transmitter.

Figure 5 shows the experimental setup of the VLC
system. Signals are generated offline and uploaded into an
arbitrary function generator (AFG: Tektronix AFG3252C).
DC is also supplied by AFG to ensure the positivity of
the transmitted signals. Then, mixed signals are transmitted
through the LED in the form of the optical power. At
the receiver, optical signals entering the PD are converted
into electrical signals, which are recorded by a high-speed
digital oscilloscope (OSC: Tektronix MSO4104). Then, the
offline demodulation is processed by the computer. We use a
commercially available LED (Cree XLamp XP-E) with center
wavelengths of 620 nm as the transmitter. We use a PD
module (HamamatsuC12702-11, 0.42A/W responsivity at 620
nm) with 1 mm2 active area and about 100 MHz bandwidth
as the receiver.

In the experiments, system parameters are listed as
follows: the transmission bandwidth is set as 12.5MHz and
the up-converted frequency is 6.25MHz; the IFFT/FFT point
is 256 and the length of CP is 16; the transmitted data rate is
62.5Mbit/s; the distance between the LED and PD is 1-meter.
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Figure 6: U-I curve of the LED.
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4. Experimental Results and Discussions

In this section, BER performance of the VLC system based
on different constellation shaping schemes is evaluated by
experiments, where BERs are measured with different DC
offsets and different transmitted electrical power. In Figure 6,
U-I curve of the LED used in the experiment is given, which
shows that theU-I curve becomes nonlinear when the voltage
is below 1.9 V or above 2.3V. Therefore, the DC offsets are set
as 1.8V, 2.0V, and 2.3V, respectively. When the DC offset is
equal to 1.8V or 2.3V, the LED works in the nonlinear region
most of the time; when theDC offset is equal to 2.0V, the LED
may work in the linear region more often.
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Figure 8: BER versus transmitted electrical power when DC offset
is equal to 2.0V.
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Figure 9: BER versus transmitted electrical power when DC offset
is equal to 2.3V.

Figures 7, 8, and 9 illustrate the measured BERs versus
transmitted electrical power when DC offsets are set as
1.8V, 2.0V, and 2.3V, respectively. The experimental results
show that the Circular (4, 11, 17) scheme always achieves the
best BER performance while the triangular scheme is the
worst, which is quite different from the simulation result in
Figure 2. As discussed above, minimum EDs for different
constellation shaping schemes are quite close and they would
not result in large BER gaps.Therefore, the BER performance
mainly depends on the PAPRs, which indicate that the
nonlinearity plays a dominant role in BER evaluation in the
VLC system. Hence, the Circular (4, 11, 17) scheme with the
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lowest PAPR achieves the best BER performance. Besides,
when keeping the DC offset fixed, BERs are also varied with
the transmitted power increasing, where the tendencies of
different constellation schemes are almost the same. At the
beginning, BER decreases because of the SNR enhancement
when the transmitted power is increased. However, BER
would increase when the transmitted power continues to
grow. It means that the nonlinearity of the LED would affect
the BER performance more at that moment, resulting in the
deterioration of the BER performance.

Furthermore, we label the dynamic ranges of the trans-
mitted electrical power based on the 7% pre-FEC threshold
of 3.8 × 10−3. Obviously, profiting from the lowest PAPR, the
Circular (4, 11, 17) scheme shows a significant advantage in
the dynamic range compared with other three schemes. The
Circular (1, 5, 11, 15) scheme also gains a wide dynamic range,
while the dynamic ranges of the rectangular scheme and the
triangular scheme are much narrower than those of the two
circular constellation schemes. Compared with the results in
the three figures, it can be observed that the dynamic range of
the transmitted electrical power is maximized when the DC
offset is equal to 2.0V. In particular, the dynamic ranges of
the rectangular scheme and the triangular scheme in Figure 8
are almost twice those in Figures 7 and 9. This result proves
that the LED works in the linear region more often when the
DC offset is equal to 2.0V.Therefore, best BER performance is
achieved and performance gaps among different constellation
shaping schemes become smaller.

5. Conclusion

In this paper, three kinds of 32-QAM constellation shaping
schemes are proposed and demonstrated in an SC-FDE based
VLC system,where two special circular constellations, named
Circular (4, 11, 17) and Circular (1, 5, 11, 15), and a triangular
constellation are designed based on the Shannon’s criterion.
Then, theoretical analysis including minimum ED and PAPR
is studied through computer simulation, indicating that
the triangular constellation owns the largest minimum ED
and the Circular (4, 11, 17) has the lowest PAPR. Finally,
experimental results show that the Circular (4, 11, 17) scheme
always achieves the best BER performance with different DC
offsets and different transmitted electrical power, which leads
to the conclusion that the nonlinearity plays a dominant role
in BER evaluation of the VLC system.
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