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Editorial on the Research Topic

Modeling and Applications of Optoelectronic Devices for Access Networks

With the development of optical devices and advanced materials, optoelectronic devices can be
newly reconsidered and improved since these are indispensable for access networks. Specifically,
the modeling and applications of optoelectronic devices play an important role in promoting the
development of access networks. Therefore, this Research Topic reports on the latest developments
in the modeling and applications of optoelectronic devices.

MODELING OF OPTOELECTRONIC DEVICES FOR ACCESS

NETWORKS

It is beneficial to improve the accuracy and performance of optoelectronic detections in access
networks by establishing models of optoelectronic devices [1, 2]. A differential entropy feature
signal recognition model based on a gated recurrent unit network was proposed to improve the
recognition accuracy of optoelectronic detections (Zhu and Zhong). In this model, differential
entropy and power spectral density feature signals were used to reduce electrode channels, which
provided a basic theory for the optoelectronic detections. Similarly, an improved WC-KNN
model based on frequency modulation (FM) signals was proposed to improve the accuracy of
photoelectric devices (Duan et al.). Specifically, the complexity of these devices in indoor scenarios
was reduced effectively and the positioning accuracy was improved, which could expand their
plethora of practical indoor applications for access networks.

The efficiency of access networks is related to the performance of optoelectronic devices.
Moreover, their performance can be analyzed and optimized by establishing specific models,
which can improve the efficiency of access networks [3, 4]. A model based on the density
functional theory was proposed to describe the electrochemical performance of cathode
materials (Gao et al.). The conductivity and the potential energy of cathode material were
also calculated, and theoretical proposal for the electrochemical performance of doping
could be provided by this model. In addition, this model was applied to the study of
optoelectronic devices, which could improve the performance analysis of optoelectronic
devices. Similarly, a model was applied to analyze the device performance (Zhuang et
al.), in which a severe degradation was found at short wave lengths. Then, by using the
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model, suggestions to improve the optoelectronic efficiency
were provided.

Non-invasive detection of Majorana bound states (MBSs) is
one of the core issues in the modeling of optoelectronic devices
[5]. Conductance properties in double quantum dots (QDs)
were studied by the Green’s function method (Chi et al.). The
information of MBSs can be inferred by comparing properties
of linear conductance. Then, resonances at zero and positive
energy regimes would display the typical Fano line-shape when
MBSs are overlapped, which was useful for quantum information
processing and design of new quantum devices. Similarly, spin-
dependent current and tunneling magnetoresistance (TMR) in a
QD were investigated by the non-equilibrium Green’s technique
(Tang and Mao). The TMR was sandwiched between two
ferromagnetic leads, and the MBSs were formed at the opposite
ends of a superconductor nanowire. Furthermore, it was found
that the intensity of the TMR depended on the spin polarization
of electrodes in a non-monotonic way, and it was positive for a
large spin-polarization regardless of the existence of MBSs. In
addition, MBSs are promising in the context of high-efficiency
and energy-saving quantum devices [6]. The photon-assisted
transport through a QD side-coupled to a topological nanowire
hostingMBSs at its two ends was studied (Chi et al.). It was found
that the photon-induced peaks in the transmission function
were split by the existence of MBSs, and the value of central
peaks was suppressed to zero. Meanwhile, positions of additional
peaks induced by the MBS-MBS overlapping in the presence
of the photon field were quite different from the case of the
zero-photon field, which could propose a new application for
quantum devices.

APPLICATIONS OF OPTOELECTRONIC

DEVICES FOR ACCESS NETWORKS

The fabrication of optoelectronic devices is needed for the
development of access networks [7]. Large-scale growth of zinc
oxide (ZnO) nanorod arrays on graphene sheets was realized by
hydrothermal techniques, and the Fowler-Nordheim theory was
used to build a model to describe the properties of the arrays’
field emissions (Yang et al.). The morphological characteristics
of ZnO nanorods can also be tuned by varying reaction time
and concentrations of the solution. These specific nanorod arrays
with enhancement of emission properties would be useful for
modulator units of access networks. Ultrasmall precious metal
clusters have attracted extensive attention for promoting electron
transfer in optoelectronic devices [8]. Ultrasmall Au clusters
based on defective TiO2 nanosheets (Au/D-TiO2) were fabricated
(Zhang et al.). Different defects of TiO2 nanosheets (D-TiO2)
were induced by using a heating process. This method could
be effective for enhancing the stability of electron transfer in
optoelectronic devices.

Applications of optoelectronic devices can provide good
prospects for the development of access networks [9, 10]. A
photonic-assisted channelized receiver, which is based on the
spectrum analysis, was developed for multi-band microwave

signals (Huang et al.). Instantaneous spectral analysis was
introduced to determine the frequency and bandwidth of
the dynamic wideband signal. Then, the dynamic wideband
signal was received by a multi-band coherent channelizer.
This new receiver provided a low-complexity and low-cost
implementation, which showed a tremendous advantage and
potential in access networks. An application based on data
access of a thermal camera was proposed to distinguish
vehicle headlight (Li S. et al.). In this application, details of
thermal images were enhanced by adjusting the temperature
display dynamically. Then, features of a vehicle headlight were
extracted by YOLOv3, high beams and low beams were further
distinguished by the filter. This application provided an effective
method for distinguishing headlight, which can be applied
to transportation-based access networks. The performance of
optoelectronic devices can be improved by new applications
[11]. A new driving waveform with a direct current (DC)
and an alternating current (AC) was proposed to improve the
performance of Electrowetting displays (EWDs) (Liu et al.).
In this driving waveform, the DC was used to reduce the
response time of EWDs, and the AC was used to suppress
the oil backflow. Similarly, a multi adaptive driving waveform
was proposed to reduce the influence of hysteresis effect in
EWDs (Li W. et al.). Then, different driving waveforms were
designed and implemented according to different driving stages
of EWDs. This could effectively reduce the hysteresis effect
of EWDs.

Optical information detection is of great significance to
promote application development of optoelectronic devices [12].
A microcomputer was used for the real-time intelligent reading
of a pointer instrument, it could accurately locate the panel
area and read corresponding values (Lin et al.). At the same
time, it was convenient to collect and analyze historical data
for system optimizations, which had a high feasibility and a
practical value for access networks. In addition, an adaptive
specular highlight detection was proposed for endoscopic images
(Yu et al.). Specifically, a criterion for specular highlight detection
based on the ratio of red channel was designed for each pixel.
This detection application provided accuracy for an endoscopic
imaging system. Open electrowetting on dielectric (EWOD)
devices have been widely used in optical information detection
[13]. An EWOD digital microfluidic operating device, which
was convenient in manufacture based on a printed circuit
board, was realized. A Paraflim M and silicone oil were used
as the dielectric hydrophobic layer (Yi et al.). This EWOD
optoelectronic device not only had simple preparation steps, but
also reduced production cost, with clear practical impact for
access networks.

CONCLUSION

The development of society puts forward higher requirements for
access networks, andmodeling and applications of optoelectronic
devices have an important impact on the performance of access
networks. The contributions of this Research Topic describe
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the new progress of optoelectronic devices, which improve the
efficiency and accuracy of an access network system. The rapid
development of optoelectronic devices is expected to bring other
theoretical and practical breakthroughs for access networks in the
next few years.
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We study quantum transport and tunneling magnetoresistance (TMR) through an

interacting quantum dot (QD) attached to ferromagnetic electrodes in the Coulomb

blockade regime. The QD is also side-coupled to a superconductor nanowire hosting

Majarana bound states (MBSs). It is found that when the electrodes’ magnetic moments

are arranged in antiparallel, the current’s intensity will be enhanced to be larger than

that of the parallel configuration by the hybridization between the QD and the MBSs.

This change in the current induces anomalous negative TMR unique to the existence of

MBSs, providing an efficient detection way of the MBSs. The negative TMR is weakened

by the overlap between the two bound states but obviously enhanced by the left-right

asymmetry between the QD and the electrodes. We also find that the TMR value changes

non-monotonously with the spin polarization of the electrodes. Our results may find real

use in energy saving spintronic devices and quantum information processing.

Keywords: quantum dot, tunneling magnetoresistance, ferromagnetic electrodes, Majorana bound states,

superconductor nanowire

1. INTRODUCTION

Tunneling of spin-polarized electrons in nano- and micro-scale devices are at the core of
quantum information data processings [1, 2] and future spintronics [3]. Spin-dependent current
is conveniently generated in a system with ferromagnetic electrodes, and its intensity changes
when the magnetic configuration of the device changes from parallel to antiparallel alignment [4].
Generally, the electronic current is larger in parallel configuration when transport occurs between
the majority-majority and minority-minority spin bands, than in the antiparallel configuration,
where electrons tunnel between majority and minority spin bands. The change in the currents is
measured by the quantity of tunnel magnetoresistance (TMR) defined as TMR = (JP − JAP)/(JP +
JAP), where JP/AP is the electronic current in parallel (antiparallel) configuration. Usually, the TMR
value is positive as JP > JAP [4]. The TMR effect has been extensively studied in various systems,
including the relatively simple planar junctions [5], and in more complex mesoscopic double-
barrier junctions [6], junctions with nano-scale granular systems [7, 8], as well as single-electron
transistors [9], etc. When the central region between the electrodes is sufficiently small that the
charging energy is larger than the thermal energy kBT, some interesting effects due to quantization
of energy levels becomes visible, such as the Coulomb blockade of electric current characterized by
the Coulomb steps in the current-voltage curves [10–13]. Especially, behaviors of the TMR have
been investigated both theoretically and experimentally in systems composing of ferromagnetic
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electrodes and quantum dots (QDs) [14–19], which is a nano-
scale zero-dimensional structure [13]. This is because such a kind
of device is ideal candidate to study the fundamental interactions
between spins and charges [3, 13], and is being considered for
applications in energy saving devices as well as for quantum
computing [1, 2].

Recently, there is much interest in preparation and detection
of Majorana fermions, which is a kind of elementary particle
being of its own antiparticle, due to its promising applications
in quantum computation free from decoherence [20–22]. It has
been be prepared in the edges of topological superconductors
as a pair of zero-energy Majorana bound states (MBSs) that
obeys non-Abelian statistics enabling topologically protected
quantum computation and high-efficiency spintronic devices
[20, 22]. The MBSs has also be prepared in some other systems,
including the non-centrosymmetric superconductors [23],
three- or two-dimensional topological insulators coupled
to superconductors [24], electrostatic defects in topological
superconductors [25], p-wave superconductors [26], the
semiconducting [27], or ferromagnetic [28] nanowires with
native strong spin-orbit interaction proximitization to a
conventional s-wave superconductors, and Josephson junctions
[29], etc. The detection of MBSs is quite challenging because the
unique chargeless and zero-energy properties, and then most of
conventional detection techniques for elementary particles failed.
For example, the MBSs formed in the nanowire induces a zero-
bias anomaly in the differential conductance when a bias voltage
is applied [30], which has been demonstrated in experiments.
However, it can also arise from some other mechanisms, such as
the quantum interference and Kondo effects [31]. Anomalous
change of the thermoelectric effect in systems composing of a QD
side-coupled to topological superconductor hosting a Majorana
edge state has also been found and proposed as an alternative
detection means in recent years [32–34]. The hybridization
between QD and MBSs breaks the particle-hole symmetry of the
system and leads to large enhancement and sign reversion of
the thermopower. These, unfortunately, can also not been solely
attributed to the existence of the MBSs.

In recent experiments, semiconductor spacers of InAs QD
has been inserted in between nickel or cobalt leads [15, 35].
The dot’s size and discretized energy levels can be fully adjusted
by the length and thickness of the spacers or the gate voltages.
Moreover, the spin polarization of the current injected from
the ferromagnetic electrodes and TMR can also be electrically
adjusted by a gate nearby the QD. Some new characteristics,
such as the anomalies of the TMR caused by the intradot
Coulomb repulsion energy in the QD, were explained in the
subsequent theoretical work [36]. In the present manuscript,
we study the properties of current-voltage and TMR in a QD
sandwiched between the left and right ferromagnetic electrodes
and side-coupled to a semiconducting nanowire hosting a pair
of MBSs at the opposite ends of the wire (see the schematic
plot of the system in Figure 1). We assume that the MBSs are
coupled only to spin-up electrons in the QD under a strong
magnetic field in experiments. Our calculation results show that
due to the presence of the MBSs, the current of the antiparallel
configuration can be larger than that of the parallel one, inducing

FIGURE 1 | Schematic diagram for a QD coupled to MBSs and the left and

right ferromagnetic leads with coupling strength ŴL/R. Due to the chiral nature

of the Majorana fermions, only spin-up is assumed to couple to the MBSs,

formed at opposite ends of a nanowire. The two MBSs are denoted by η1 and

η2 and coupled to the QD with strength of λ1 and λ2, respectively. If the dot

level εd is occupied by an spin-up electron, then the spin-down electron will by

pushed up to the level of εd + U by the intradot Coulomb repulsion U.

a negative TMR. Such an effect is a good evidence of the
existence of the Majorana fermions. The negative TMR will be
weakened by the coupling between the two MBSs but obviously
enhanced by the left-right asymmetry between the QD and the
electrodes. Moreover, we find that the TMR strength depends
non-monotonously on the spin polarization of the electrodes.

2. MODEL AND METHODS

The Hamiltonian of the QD coupled to MBSs and ferromagnetic
electrodes takes the following form [18, 32, 37, 38]

H =
∑

kβσ εkβc
†
kβσ

ckβσ +
∑

σ εdd
†
σdσ + Ud†

↑d↑d
†
↓d↓

+
∑

kβσ (Tkβσ c
†
kβσ

dσ +H.c)+HMBSs, (1)

where c†
kβσ

(ckβσ ) creates (annihilates) an electron of momentum

k, energy εkβσ and spin σ =↑,↓ in the ferromagnetic
electrode β = L,R. For the QD, d†

σ (dσ ) is the creation
(annihilation) operator of an electron having energy level εd,
spin-σ and intradot Coulomb interaction U, which has usually
been neglected in previous work [32]. In experiments, εd and
U are tunable by external gate voltages. The coupling strength
between the QD and the electrodes is described by Tkβσ , which is
spin-dependent due to the ferromagnetism on the electrodes. The
last term HMBSs in Equation (1) stands for the zero-energy MBSs
located on the opposite ends of the semiconducting nanowire and
their coupling to the QD [39, 40]:

HMBSs = iδMη1η2 + λ1(d↑ − d†
↑)η1 + iλ2(d↑ + d†

↑)η2, (2)

in which δM is the overlap strength between the two MBSs with

operator satisfying both ηj = η
†
j (j = 1, 2) and {ηi, ηj} = δi,j.

The hopping amplitude between MBSs and spin-↑ electrons in
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the QD is accounted by λj. Following previous work [39, 40], we
write ηj in terms of the regular fermionic operators f as η1 =
(f † + f )/

√
2 and η2 = i(f † − f )/

√
2, and then HMBSs becomes

HMBSs = δM(f †f −
1

2
)+

λ1√
2
(d↑ − d†

↑)(f
† + f )

−
λ2√
2
(d↑ + d†

↑)(f
† − f ). (3)

Within the standard Keldysh Green’s function technique, the
spin-dependent electric current is obtained as [37, 38]

Jσ =
e

h̄

∫
Tσ (ε)[fL(ε)− fR(ε)]

dε

2π
(4)

where e is the electron charge, h̄ the reduced Planck’s constant,
fL/R(ε) = {1+e(ε−µL/R)/kBT}−1 the Fermi distribution function of
the left/right electrode with chemical potentialµL/R, temperature
T and Boltzmann constant kB. The transmission coefficient Tσ (ε)
can be expressed with the help of the retarded Green’s function
Gr

σ (ε) as [37, 38]

Tσ (ε) =
ŴL

σ ŴR
σ

ŴL
σ + ŴR

σ

[−2ImGr
σ (ε)], (5)

where Ŵ
β
σ = 2π

∑
k |Tkβσ |2δ[ε − εkβσ ] is the spin-dependent

line-width function. Ferromagnetism on the electrodes can be
expressed by defining a spin-polarization parameter Pβ as Pβ =
(Ŵ

β

↑ − Ŵ
β

↓ )/(Ŵ
β

↑ + Ŵ
β

↓ ). In the present paper, we consider the
parallel (PL = PR) and antiparallel (PL = −PR) configurations

of the two electrodes. In both of the two cases, we have Ŵ
β

↑(↓) =
(1± Pβ )Ŵβ .

By applying the equation of motion method, the retarded
Green’s function in Equation (5) is obtained as (we have
truncated the higher-order Green’s functions by following
reference [39, 40], in which the simultaneous tunneling of the
electron of opposite spin has been neglected):

Gr
σ (ε)=

ε̃−,σ − 61
σ − U{1− < nσ̄ > [1− (λ21 − λ22)

2M̃σ M̃U,σ ]}
(ε̃−,σ − 60

σ )(ε̃−,σ − U − 61
σ )

,

(6)

where the self-energies considering the MBSs are given by 60
σ =

M1+ (λ21−λ22)
2BM̃σ and61

σ = M1+ (λ21−λ22)
2BM̃U,σ with B =

ε/(ε2−δ2M) and M̃σ = B/(ε+,σ+M2), M̃U,σ = B/(ε+,σ+U−M2)
in which

M1(2) =
1

2
[

λ21 − λ22

ε − (+)δM
−

λ21 + λ22

ε + (−)δM
], (7)

and ε̃± = ε ± εd + i(ŴL
σ + ŴR

σ )/2. The occupation number in
Equation (6) is calculated self-consistently from

< nσ > =
∫

dε

2π

ŴL
σ fL(ε)+ ŴR

σ fR(ε)

ŴL
σ + ŴR

σ

[−2ImGr
σ (ε)]. (8)

To our knowledge, there are three kinds of schemes that are
mainly used for studying the transport phenomena [41–43]. The

first kind is the relatively rough Hartree-Fock-like scheme used
in reference [41, 42]; the second kind is the Hubbard-I scheme
adopted in the present work as well as other reference [39, 40]
that can deal with relatively higher-order transport processes; the
third kind of scheme is the one that can account for multiple
transitions from contacts to the central site, such as the subtle
Kondo effect. Detailed introduction of these schemes can be
found in of reference [43]. In the Coulomb blockade regime,
these three schemes give essentially the same results, see for
example reference [43]. From theoretical point of view, here
we adopt the Hubbard-I scheme for the sake of sophistication,
and the procedure to evaluate the QD Green’s function will be
relatively simplified.

3. RESULTS AND DISCUSSION

In this section, we present our numerical results for the spin-
dependent current, TMR and differential conductance varying as
functions of the bias voltage. The intradot Coulomb interaction
U = 1 is chosen as the energy unit with symmetric bias
voltage V as µL = −µR = eV/2. Figure 2 shows the spin-
polarized current, differential conductance and the current’s
spin-polarization p = (J↑ − J↓)/(J↑ + J↓) for parallel and
antiparallel configurations, respectively. The currents exhibit
typical Coulomb blockade effect as shown in Figures 2A,B,D,E

[3, 10, 13]. The reason is that by applying a bias voltage between
the electrodes, the QD can be charged by single electrons when
the energy levels εd are within the transport window. The current
then is increased. With an increase from n to n + 1 electrons
on the QD, an additional potential of e/C is induced with C
denoting the capacitance of the device [10, 13]. The transfer
of an electron through the QD is inhibited when the potential
of the charged dot is larger than the applied bias voltage. Now
the electrons are blockaded on the QD and the current will not
increase with increasing bias voltage. With further increased bias
voltage, electrons may tunnel through the dot level of εd + U
again when the potential is overcome. In this way, the electrons
are added on the dot one by one and the current shows Coulomb
staircases. The Coulomb blockade effect can be clearly seen from
the differential conductance, which develops two sharp peaks
around εd and εd + U as given in the figure.

In the parallel configuration, the current intensity of J↑
is obviously larger than that of J↓ in the absence of QD-
MBSs. The reason is that the spin-up electrons will enter and
leave the QD faster than the spin-down ones because of the
ferromagnetism on the electrons, i.e., ŴL

↑ = ŴR
↑ > ŴL

↓ = ŴR
↓ .

In the antiparallel configuration, however, the current intensities
of both the two spin components are the same because the
transmission coefficient is spin-independent in the absence of
hybridization between the QD and MBSs (λ1 = λ2 = 0),
which is not shown in the figure. Turning on the coupling
between the QD and MBSs, the intensity of spin-up currents
in both parallel and antiparallel configuration are enhanced as
shown in Figures 2A,D, whereas that of the spin-down electrons
are unchanged as the MBSs is coupled only to the spin-up
electrons. Moreover, the enhancement of the intensity of J↑ in the
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FIGURE 2 | Spin-resolved current, non-linear differential conductance, and current’ spin polarization as functions of the bias voltage when the magnetic moments of

the leads are arranged in parallel (A–C), and antiparallel (D–F) configurations for indicated QD-MBS coupling strength λ1 = λ2 = λ. Other parameters are: δM = 0,

εd = −0.1, ŴL = ŴR = kBT = 0.01U, PL = ±PR = 0.6 (± for parallel and antiparallel cases, respectively).

antiparallel is more obvious than that of the parallel one, which
results in negative TMR as will be shown in the following. For
the differential conductance, an obvious zero bias anomaly (ZBA)
emerges in addition to the increase in the intensity [39, 40]. The
ZBA, which has been theoretically predicted and experimentally
observed, originates from the QD-MBSs coupling and serves as
a signal of the existence of the Majornana fermions [39, 40].
In the absence of bias voltage and Coulomb interaction, the
conductance is 0.5 e2/h by the coupling between the QD and
the MBSs [44–46]. Figures 2C,F shows that the current’s spin
polarization is also enhanced in the presence of the MBSs in
both parallel and antiparallel configurations. This is because the
intensity of the spin-up current is increased by the MBSs whereas
that of the spin-down one remains unchanged. Moreover, the
spin polarization of the current changes more drastically near

the dot level of εd as compared to εd + U due to the spin
blockade effect.

As demonstrated by previous work, the influence of the
MBSs on the current is rather weak since a pair of Majarana
fermions are charge neutral [20–22]. This can be seen from
the total current J = J↑ + J↓ in Figures 3A,B. The ZBA in
the differential conductance, which is measured by the electrical
tunnel spectroscopy, then is experimentally interesting (indicated
by the arrows in the figure). To enlarge the signal of the MBSs in
the current, we present the TMR in Figure 3C. For weak QD-
MBSs hybridization strength λ = 0.01U, the TMR is positive
as indicated by the solid line. It has two plateaus in the bias
regimes of eV < εd and eV > εd + U, in which the current
remains almost unchanged [3]. In the Coulomb blockade regime
(εd < eV < εd + U), the intensity of TMR increases with
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FIGURE 3 | Total current, non-linear differential conductance for the magnetic

moments’ configurations of parallel (A) and antiparallel (B), and the

corresponding TMR (C). Other parameters are as in Figure 2.

increasing bias voltage, which is quite different from the behavior
of the current. This is because the current from the parallel
configuration originates from transport between the majority-
majority and minority-minority spin bands, and that in the
antiparallel configuration between majority and minority spin
bands. In the absence of the QD-MBSs coupling, the former
transport process is rather easier than the latter case. When
the electrons on the QD is coupled to the MBSs, however,
there is more transport channels in the antiparallel configuration
and then the current intensity is increased accordingly. With
increasing bias voltage, the leakage current in the parallel
configuration then will be larger than that of the antiparallel one,
resulting in increased TMR. Around the two transport channel
εd and εd + U, the TMR develops a dip and peak, respectively.
The reason is that the current of the antiparallel configuration
originating from transport through εd (εd + U) is enhanced
(suppressed). With increased QD-MBSs coupling strength, the
strength of the TMR is weakened as shown by the dashed and
dotted lines in Figure 3C. For sufficiently large λ, the TMR
around transport channel εd is negative (see the dotted line),
and then serves as a detection method for the existence of the
Majorana fermions in the superconductor nanowire side-coupled
to the QD. We emphasize that this phenomenon originates from
the fact that the current intensity of the antiparallel configuration
is more sensitive to the MBSs as compared to the parallel one.

In Figure 4 we present the TMR varying with respective to
the bias voltage for different values of the spin-polarization of the
electrodes (p = PL = PR) and overlap amplitude between the two
MBSs δM . For p = 0, the TMR is zero as indicated by the solid line
in Figure 4A. With increasing spin polarization, the line-shape of

FIGURE 4 | TMR as a function of the bias voltage for different values of spin

polarization of the leads p in (A), and direct overlap between the MZMs δM in

(B). The insets in (A,B) are the TMR varying with the p and δM, respectively.

Other parameters are as in Figure 2.

the TMR essentially resembles those in Figure 3C. The strength
of TMR changes with respective to the spin polarization in a
non-monotonic way. Figure 4A shows that the TMR is negative
around dot level εd for p <= 0.6, and is positive for P = 0.8.
The TMR in the inset of Figure 4A has a minimal value in
the regime of 0.5 < p < 0.6 for the indicated dot level and
bias voltage. This is because that with increasing ferromagnetism
on the electrodes p, the transport processes will be more and
more dominated by only one spin-component electrons, and
then the difference between the two kinds of the current becomes
less prominent. In the extreme case of p ∼ 1 (half-metallic),
electron transport in the antiparallel is totally blockaded and the
TMR equals to 1. Under this condition, the signal of the MBSs
disappears. Figure 4B presents the function of δM on the TMR
for fixed spin polarization of the electrodes p = 0.6. When the
two states are decoupled from each other (δM = 0), an obvious
negative TMR emerges around the dot level εd. With increasing
δM , we find that the strength of the TMR is enhanced, especially
in the Coulomb blockade regime. For strong enough overlap
between the two states δM = 0.05U, the TMR is positive in the
whole bias voltage regime. The reason is that when the two MBS
are coupled, their functions on the TMR are canceled out and the
abnormal increase of the current in the antiparallel configuration
induced by the MBSs disappears.

Frontiers in Physics | www.frontiersin.org 5 May 2020 | Volume 8 | Article 14712

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


Tang and Mao Detection of MBSs by TMR

FIGURE 5 | Total currents for parallel (A) and antiparallel (B) configurations,

and TMR (C) as functions of the bias voltage for different values of QD-lead

coupling asymmetry q with Ŵ0 = 0.02U. Other parameters are as in Figure 2.

In Figure 5, we present the total currents in both of the
two configurations and the TMR varying with the bias voltage
for different values of left-right asymmetry ŴR/ŴL. First of all,
the currents’ strength is monotonously enhanced by increasing
ŴR/ŴL. This is because that for fixed ingoing tunneling rate ŴL,
the electrons will tunnel through the dot faster with increased
outgoing tunneling rate ŴR. Obviously, this holds true for both
of the two spin component electrons regardless of the magnetic

configuration. The TMR in Figure 5C, however, changes in a
non-monotonic way with varyingŴR/ŴL. In the regimes of eV <

εd and eV > εd+U, the TMR is positive and its strength increases
with increasing ŴR/ŴL. This is the usual case in the absence of
the QD-MBSs. In the Coulomb blockade regime εd < eV <

εd + U, however, the value of TMR decreases with increasing
left-right asymmetry. As a consequence of it, the negative TMR
becomes more prominent and becomes a good means to detect
the existence of the MBSs. As mentioned above, this is induced
by that fact that the QD-MBSs coupling strengthes the current
intensity of the antiparallel configuration as compared to the
parallel one, which is an unique function of the MBSs on the
electron transport. Finally, we briefly discuss the experimental
realization of the present devices. The nanowire hosting the
MBSs can be fabricated with InAs grown by molecular beam
epitaxy with several nanometers of epitaxial Al layer. It has been
experimentally proven that an hard superconducting gap can
be induced on such a kind of nanowires by applying a critical
magnetic field exceeding 2T along the wire axis. A QD is formed
in the bare InAs segment at the end of the wire due to density of
state gradients at the edges of the Al shell.

4. SUMMARY

In summary, spin-dependent current and TMR in a QD
sandwiched between two ferromagnetic leads and side-coupled
to a pair of MBSs formed at the opposite ends of a
superconductor nanowire is investigated within the non-
equilibriumGreen’s technique. An unique negative TMR induced
by the hybridization between the QD and the MBSs is found,
which serves as a detection means of the Majorana fermions.
This negative TMR is more likely to emerge in longer nanowire
in which the two MBSs are well-separated from each other
and the overlap between them is weak. By increasing the left-
right asymmetry of the coupling strength between the QD and
electrodes, the negative TMR becomes more obvious. It is also
found that the intensity of the TMR depends on the spin-
polarization of the electrodes in a non-monotonic way and is
positive for large spin-polarization regardless of the existence of
the MBSs.
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In recent years, the open electrowetting on dielectric (EWOD) device has been widely

used in biomedical detection, chemical synthesis analysis, and so on. However, the cost

of using ITO glass as surface material is difficult to meet the requirement for large-scale

array chip production. So, a low-cost, easy-to-manufacture open EWOD platform is

designed in this paper. In hardware platform, an operation platform is prepared by using

a printed circuit board (PCB) as a substrate. The electrode shape is designed as zigzag,

and its surface is optimized by organic solderability preservatives (OSP). In addition,

Parafilm M and silicone oil are used as a dielectric hydrophobic layer to prepare the open

platform. In software, the system program is designed by C programming language,

including initialization program, serial port communication program, high-voltage output

port program, and interrupt program, which can be used to drive droplets. The system

can achieve an effective driving voltage of 180–240 V. The moving speed of droplets can

reach 15 mm/s when the droplet volume is 1850µL and the electrode voltage output

frequency is 10 Hz.

Keywords: electrowetting on dielectric, printed circuit board, Parafilm M, dielectric hydrophobic layer,

open platform

INTRODUCTION

The open EWOD system has the advantages of saving samples, easy integration, multi-function,
and precise operation [1–3], and so on. It has been used in many fields and has great development
potential. Most of digital microfluidic systems are made on the basis of ITO glass currently [4],
and it can realize the smooth movement of droplets, which is favored by the majority of scientific
researchers and the market. However, the cost of ITO glass surface material is difficult to meet the
needs of large-scale array chip production. It has been reported that a simple ITO glass EWOD
device (4.5 × 1.5 cm2) currently costs several hundred dollars [5]. In addition, a gap of several
micrometers in width can be etched on the surface of the ITO glass by using a mask, but this means
that all traces and electrodes can only be laid out on one side of the glass [6]. So, it has serious
limitations on the compatibility and expansibility of devices. Therefore, in order to overcome those
shortcomings, PCBs were used to prepare EWOD devices.

With the rapid development of electronics manufacturing industry, the PCB manufacturing
industry has a unified and standardized manufacturing facility and process [7]. Moreover, it has
the characteristics of low cost and high integration, which is suitable for making EWOD devices
[8–10]. In current PCB manufacturing process, a PCB with a thickness of several millimeters can
accommodate up to 30 wiring layers. It can achieve electrical performance connection by the via
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process, which can improve wiring efficiency [11]. So, the PCB
has been used as the base of a two-dimensional electrode array to
fabricate EWOD devices as early as 2005 [12]. Once this scheme
was proposed, many researchers did a lot of design research
on PCB-based EWOD devices. However, there are still many
shortcomings in the PCB-EWOD devices. For example, a closed
PCB-based EWOD device manufacturing method was proposed
to drive 1 µL droplet, and the manufacture of a dielectric layer
(SU-8) and a hydrophobic layer (Teflon AF1600) on the PCB is
completed by chemical vapor deposition (CVD) technology [13].
However, the droplet size is too small, and the closed structure
brings inconvenience for droplets replacement. In addition, an
open PCB-based EWOD device manufacturing method was
proposed, and spin coating technology was used to deposit a layer
of polydimethylsiloxane (PDMS) on the electrode, a 6 µL liquid
drop can be driven at the voltage of 380V after adding silicone
oil, but the movement speed is only 2.71 mm/s [14]. So, the
driving efficiency is low. In order to improve the performance of
EWOD devices, a lot of research of electrode shape and material
selection for the dielectric layer and the hydrophobic layer have
been done [15, 16]. Among them, different electrode shapes
(crescent, interdigitated, rectangular, notched, and zigzag edges)
have been designed on the EWOD device. The results showed
that the zigzag edge can drive droplets more effectively than other
types [17]. But the driving voltage must be higher than 300V
for obtaining a droplet speed of 10 mm/s, which can cause the
breakdown for general dielectric materials. In addition, a PCB-
EWOD device which was produced by a 2 × 4 electrode array
has been proposed, polyethylene films, and edible oil were used as
dielectric materials. However, the device can only drive a 2.5 µL
droplet with a high driving voltage and the number of electrodes
was too small to be used in the large-scale manipulation [18].

In this paper, an open EWOD device is proposed based on a
PCB, and a kind of zigzag edge is used for the design of electrode
shape, Parafilm M film and silicone oil are used as the dielectric
hydrophobic layer. The device can realize the driving of large
droplets, and reduce costs at the same time. In addition, once
the surface of the dielectric material is damaged, it can be torn
off and replaced for further use. So, the proposed EWOD device
can improve the integration of the system and has a certain
cost advantage.

PRINCIPLE

Electrowetting Principle of Droplets
By adjusting the electric potential applied between the liquid and
the electrode, the surface tension is changed, thus the contact
angle is changed, which is called as electrowetting phenomenon.
As shown in Figure 1A, it is the shape of the droplet when
no voltage is applied, and a droplet is tiled as Figure 1B when
voltage is applied. Its contact angle can be determined by Young’s
Equation [19], as shown in Equation (1).

cos θ0 =
(
γsg − γsl

)
/γlg (1)

Where, γsg , γsl, γlg are surface tensions of solid-gas, solid-liquid,
and liquid-gas, respectively, and θ0 is the initial contact angle

of the droplet. For hydrophobic surfaces, the contact angle of
discrete droplets is always >90◦. The hydrophobic solid-liquid
interface tension becomes smaller when the driving voltage
U is applied between the electrode and the droplet, and the
relationship is described by the Lippmann Equation [20], as
shown in Equation (2).

γslU = γsl − ε0εrU
2/2d (2)

Where, γslU is the surface tension of the solid-liquid interface
when the voltage is applied, γsl is the surface tension when
the voltage is canceled. ε0 and εr are the dielectric constant in
vacuum and the effective dielectric constant of the dielectric layer,
respectively, d is the thickness of the dielectric layer. As the
interfacial tension of the solid-liquid interface becomes smaller,
the contact angle of the droplet becomes smaller, as shown in
Figure 1B, the contact angle θU can be derived from (1) and (2),
as shown in Equation (3) [21].

cos θU = cos θ0 + ε0εrU
2/2d · γlg (3)

In Equation (3), the original contact angle θ0 is a constant, the
greater of the applied voltage, the smaller of the contact angle.
In addition, the change of the contact angle is related to the
dielectric constant and the thickness of the dielectric layer.

Droplet Movement Principle
The contact angle of a droplet on the electrode could decrease
gradually when the voltage applied on the electrode increases
gradually. The contact angle between two sides of the droplet will
vary greatly when the voltage reaches a certain value. So, a large
unbalance force1F can be formed in the droplet. When the force
is greater than the friction between the droplet and the electrode,
the droplet can be driven to one side gradually, which toward the
direction of voltage [22]. As shown in Figure 2, and 1F can be
expressed as Equation (4).

1F = γ (θ1 − θ2) =
1

2
CU2 =

1

2

εrε0A

d
U2 (4)

Where, γ is the surface tension of the droplet; θ1 is the initial
contact angle of the droplet and θ2 is the contact angle when the
voltage is applied; C is a constant; ε0 and εr are the dielectric
constant of the dielectric layer and the dielectric constant in
vacuum, respectively. d is the thickness of the dielectric layer, A
is the area of the droplet; U is the driving voltage.

Bottom Area Calculation of a Droplet on an
EWOD
In order to obtain the relationship between the size of an
electrode and the minimum droplet size which can be driven,
the volume of a droplet is quantified as the bottom radius of
the droplet. The bottom radius of the droplet can be calculated
by using the spherical void formula [23], and the corresponding
minimum droplet volume can be estimated by comparing with
the size of the electrode, as shown in Equation (5).

V = πH2

(
R−

H

3

)
(5)
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FIGURE 1 | Schematic diagram of the droplet electrowetting. (A) Schematic diagram of a droplet contact angle without voltage application. (B) Schematic diagram of

a droplet contact angle when the voltage is applied.

FIGURE 2 | Schematic diagram of droplets moving on two adjacent electrodes. (A) The schematic diagram of a droplet moving toward a charged electrode from a

stationary initial state. (B) The schematic diagram of a droplet when it reaches the charged electrode.

FIGURE 3 | Schematic diagram of the shape of a droplet on the EWOD.

Where, V is the volume of a droplet, H is the height of the
droplet on the EWOD, R is the radius of the droplet. The shape
diagram of a droplet on the EWOD is shown in Figure 3. The
volume of a droplet can be obtained by using a pipette gun to
fill the electrode in each experiment. So, in the static state, the
relationship among the bottom radius of the droplet, the radius
of the droplet and the contact angle can be calculated, as shown
in Equation (6).

r = R sin
(
180◦ − α

)
(6)

Where, r is the radius of a droplet on the bottom of an electrode
and α is the contact angle between the droplet and the electrode,

and α can be obtained by a contact angle meter. Then, the bottom
area S can be calculated as Equation (7).

S = πr2 (7)

DEVICE FABRICATION

Preparation of a PCB-Based Electrode
Array
The PCB supports flexible or rigid substrate, and electrode
arrays can be fabricated on rigid or flexible substrate. Rigid
FR4 has good mechanical and electrical properties, and it is
more cost-effective and attractive. In order to develop low-
cost and high-compatibility EWOD devices, the rigid FR4
material is used to produce the PCB. Comparison of different
materials which can be used to produce the PCB are shown
in Supplementary Table 1. The table of detailed information is
shown in Supplementary Material.

The edge zigzag is applied to the electrode, as shown in
Figure 4A. The electrode surface treatment process is also
very important. The electrode surface treatment process has a
key impact on the movement of droplets. Electrode treatment
processes include: lead tin spraying, lead-free tin spraying,
gold deposition, gold plating, OSP and tin deposition, etc.
The materials involved include tin, gold and antioxidants. All
surface treatment processes are completed on the base copper
of the PCB, as shown in Figure 4B. The electrode with different
surface treatment has no effect on the electrical performance
of PCBs, but its roughness which has a bad effect on droplets
movement cannot be ignored. The comparison of electrode
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FIGURE 4 | (A) The zigzag electrode schematic diagram, every “tooth” is 500µm and the depth of “tooth” is 350µm. (B) Single PCB electrode schematic diagram,

and the surface treatment material is covered on electrode.

FIGURE 5 | The steps for manufacturing PCBs. There are main ten steps for manufacturing PCBs. Firstly, a correct circuit diagram is generated a Gerber film.

According to the diagram, the inner layers are bonded together, the electrical connection is conducted by drilling, the copper is deposited in the hole as the base of

electroplated copper, a layer of dry film is pasted on the layout, and the desired pattern can be obtained by etching, and then, the electrode is surface-treated for

outline and testing.

surface roughness and price of three common surface treatment
processes is shown in Supplementary Table 2. The table of
detailed information is shown in Supplementary Material.

It can be seen that the surface roughness of the electrode
obtained by the lead-free tin spray process is the largest, while
the roughness of the immersion gold process and the OSP
process is relatively small, so the immersion gold and OSP
process are preferred. But OSP has the lowest price, and it is
selected for surface treatment process in this paper. The steps for
manufacturing PCBs are shown in Figure 5.

According to the design requirements, a zigzag electrode with
an electrode size of 2 × 2 mm2 is designed. The number of
electrodes is 8× 8, and an electrode array with a distance between
the two electrodes of 140µm is shown in Figure 6.

Dielectric Layer
In EWOD devices, the dielectric layer is an important part, which
can determine the device performance. At present, the reported
dielectric materials used in EWODs are mainly divided into
polymer dielectric material and inorganic dielectric material [24].
Because the ITO glass surface is flat. The Teflon can be used for
EWODs based on ITO glass by a spin coating process [25].

However, in a standard PCB process, the height difference
between the electrodes and the substrate is in the range of
18–70µm, and the thickness is measured by using an optical
microscope. The gap between the two electrodes is 140µm and

the surface roughness of an electrode is about 3.1µm, which
is measured by using a step profiler. The diagram of the two
adjacent electrodes is shown in Figure 7. Surface defects can
reduce the fluidity of droplets, but the dielectric layer made
by ordinary spin coating process cannot fill this huge height
difference, and then, the movement of the droplet can be blocked,
which could make the EWOD device unusable. So, the Parafilm
M is used to realize a “bridge” between two adjacent electrodes,
so as to eliminate the influence of the “huge” gap between
electrodes in the droplet movement process. The electrowetting
performance of a Parafilm M is shown in Figure 8. It can be seen
that the contact angle change of a ParafilmM is 43◦ in the voltage
range of 0–340V, and it can be increased with the increase of
driving voltage. So, the Parafilm M can produce enough contact
angle changes to drive the droplets. Its parameters are shown
in Supplementary Table 3, The table of detailed information is
shown in Supplementary Material. The initial contact angle of
the Parafilm M is more than 90◦ before and after stretching,
which shows hydrophobicity. And the ParafilmM after stretching
is used as the dielectric layer by us.

RESULTS AND DISCUSSION

Hardware Design of the Driving System
According to the principle of the electrowetting, the driving
system is designed to achieve themanipulation ofmicro-droplets,
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FIGURE 6 | PCB-based EWOD operating platform. (A) The design of a PCB electrode array. (B) The physical picture of the PCB electrode array.

FIGURE 7 | Schematic diagram of two adjacent electrodes on a PCB-based

EWOD.

FIGURE 8 | Electrowetting characteristic curve of the Parafilm M.

the driver board is shown in Figure 9. The driver board can
accept an input voltage of 5–250V. It has 16 editable high-
voltage outputs without setting output circuits. In addition, a

FIGURE 9 | Driving system hardware physical picture.

built-in protection circuit and a short-circuit detection section
are designed in the driver. Compared with a driving circuit using
a large number of relays and logic components [26], the proposed
driving system is simple. As shown in Figure 9, 1© is the control
IC which is the core part of the driving system and a STM32
single-chip is used as the main chip. Its core model is Cortex-
M3 and it can run up to 72 MHz. 2© is a driving module,
which mainly consists of a HV513 chip developed by Supertax
company and some external circuits. Its function is to provide
high output voltage for driving droplets. The HV513 chip can
output the external power supply voltage in parallel according to
the program, and it can output high resistance state at all ports.
At the same time, it can control the output voltage within the
range of 5–250V, and has the function of short circuit automatic
monitoring. 3© is a burning module, which uses ST-LINK V2
simulation programmer to burn the program into STM32 chip;
4© is a function serial port module, which can use DuPont line
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FIGURE 10 | System software flow chart. Each function is in the original standby state, and then, the system starts to configure the output mode of the HV513, which

can be divided into three ways to execute the function. The first is to directly execute the original output sequence to complete the corresponding functions. The

second is to switch to other output sequences by switching mode keys to perform corresponding functions. The third is to execute the serial program to perform the

corresponding functions.

FIGURE 11 | High-voltage parallel output function sequence.

to connect two or more driver boards for achieving instruction
transfer; 5© is a power module, a PSW800-1.44 DC power supply
is used to drive the system. 6© is a high-level output port module,
which is connected to the EWOD device to provide a high-level
voltage. The driving system has two sets of communication serial
ports, which are used for the connection between the systems.
The maximum communication rate of the system can reach
4.5 Mbps.

Design of Software for EWODs
The completion of the hardware circuit provides a basis for the
software system. In order to accurately control the movement of
droplets, the software system flowchart is shown in Figure 10.

In system initialization, the port parameters and function
initialization settings of each module must be configured
in the system, including the initial configuration of GPIOs,
communication serial ports, interrupts, and so on.

In order to control the movement of droplets, the output
logic sequence of the high-voltage port of the system must be

set. So, we initialize the function serial port, then configure the
output mode, edit the logic output sequence, and output the
driving voltage finally. The specific procedure steps are shown
in Figure 11.

Performance Testing
In order to achieve a smooth movement of droplets, a layer of
silicone oil is added on the Parafilm M, whose organic groups
are methyl. Methyl silicone oil has good chemical stability,
insulation, and good hydrophobic properties. Then, a pipette
gun is used to suck up 3 µL of silicone oil and drip it right in
the middle of the electrode array, then, the whole device is left
for 5min in a dust-free box to ensure that the silicone oil is
spread evenly. The entire EWOD system connection is shown
in Figure 12. This system consists of four driving boards and an
EWOD platform which are connected by wires. The four driving
boards provide the driving voltage for the operation platform by
the communication interconnection, and the output sequence
of the driving voltage can be adjusted by programming in the
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STM32. Any one driver board can send completion signal to
another driver board when its own instructions are completed.
Then, the next driver board can continue to send instructions
in order. The system has a total of 64 output voltage terminals
which can drive all electrodes in the EWOD. In the process of the
operation, STM32 output an instruction signal to a HV513 chip
according to the program code, and then, the HV513 can output
the high voltage to control the droplet movement on the EWOD
device by executing the received command signal.

In the testing process, the control variable method is used for
obtaining the relationship between the driving voltage and the
droplet moving speed with the same droplet volume, and the
relationship between the droplet volume and the moving velocity
with the same driving voltage.

Firstly, we only changed the driving voltage and tested the
relationship between driving voltage and droplet moving speed.

FIGURE 12 | Connection diagram of the EWOD system.

As shown in Figure 13A, the output frequency of the electrode
driving voltage which refers to the inverse time of two adjacent
electrodes is 5Hz, a 25 µL droplet can be driven to 6.32 mm/s
when the driving voltage is >150V. Then, the droplet velocity
can be increased when the voltage is gradually increased. And
the droplet moving speed can reach 15.03 mm/s when the
driving voltage is 240V. In addition, the movement stability
of the droplets is high during the experiment, and there is
no phenomena such as droplet stop, sideslip loss and so on.
So, the effective driving voltage of the EWOD device is within
150–240V, and the speed of a droplet can be increased with
the increase of the driving voltage. And then, a fixed driving
voltage of 240V is applied, the size of different droplet volumes
and different electrode output frequencies are adjusted, and the
droplet volume-velocity relationship curve of the Parafilm M is
shown in Figure 13B.

The curve in Figure 13B is measured at three different
frequencies. It can be seen that the higher the frequency of the
output voltage is, the greater the average moving speed of the
droplets is when the droplet volume is the same as each other.
Because of a low frequency, a droplet moved to the second
electrode, and the third electrode has not yet been applied driving
voltage, so the droplet can stay on the second electrode, resulting
in “stuck” phenomenon, as shown in Figure 14. However, the
droplet has no time to contact the third electrode if the frequency
is too high, and the voltage has been switched to the fourth
electrode at this time, then, the droplet is “lost.” As shown in
Figure 15, a droplet with a volume of 15 µL can be driven
normally at a frequency of 2Hz, but it cannot be driven
continuously at a frequency of 5 Hz.

The continuous driving of the droplet cannot be realized when
the droplet volume is <10 µL (electrode size is 2 × 2 mm2), no
matter howmuch the driving output frequency is. This is because
the bottom area of the droplet is less than the electrode area, and
the droplet cannot always contact the next electrode during the
moving process, so the droplet cannot move continuously. When

FIGURE 13 | Device performance testing. (A) when the droplet volume is 25 µL, and the dielectric hydrophobic layer is Parafilm M & silicone oil, the relationship

between the driving voltage and the droplet moving speed. (B) When the driving voltage is 240V, the relationship between the droplet volume and the droplet

moving speed.

Frontiers in Physics | www.frontiersin.org 7 June 2020 | Volume 8 | Article 19322

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


Yi et al. EWOD Device Design

FIGURE 14 | Position comparison of droplets which have the same volume during the driving process when switching frequencies between two adjacent electrodes

are 5 and 10Hz. (A) When the electrode switching frequency is 5Hz, the droplet is driven from the initial position to the third electrode after 0.3 s. (B) When the

electrode switching time is 10Hz, the droplet is driven from the initial position to the fourth electrode after 0.3 s.

FIGURE 15 | When the droplet volume is 15 µL, the comparison chart of droplets when the electrode switching frequency are 2 and 5Hz. (A) The droplet moved to

the fourth electrode from the initial position after 1.3 s when the electrode switching frequency is 2Hz. (B) The droplet has no movement from the initial position after

1.3 s when the electrode switching frequency is 5Hz.

the output frequency is 10Hz and the droplet volume is >18 µL,
the droplet velocity can be increased with the volume increase of
the droplet, and the velocity can be decreased until the droplet
volume is >40 µL. The main reason is that the 240V voltage can
provide enough driving force to the 18–40 µL droplets. As the
volume is increased, the effective contact area between the droplet
and the electrode also can be increased, so the droplet can obtain
a greater driving force. However, the driving force provided by
the 240V is not enough to drive the droplet when the volume is
increased to a certain extent, and then, the velocity of the droplet
could be decreased. In order to improve the driving speed, the

driving voltage and output frequency must be increased at the
same time. In summary, the EWOD prepared in this paper can
drive the droplets of 40µL at the driving voltage of 240V with an
output frequency of 10Hz, and the moving speed of the droplet
can reach 16 mm/s.

CONCLUSION

An EWOD digital microfluidic operating platform based on the
PCB which is convenient in manufacture is proposed in this
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paper, the Paraflim M and silicone oil are used as the dielectric
hydrophobic layer for low cost production, and a driver board
composed of STM32 and HV513 chips are designed as the
control system. Then, the EWOD device can drive large droplets,
and the using of removable media material can eliminate cross
contamination and expand chip compatibility. So, the proposed
EWOD system not only has simple preparation steps, but also
reduces production cost, which has a certain practical value.
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Transmission function of a system composing of a quantum dot (QD) subjected to a

photon field and side-coupled to a topological superconductor nanowire hosting a pair

of Majorana bound states (MBSs) is calculated by using the non-equilibrium Green’s

function technique. We find that a series of photon-induced peaks emerge and are

split by the coupling between the QD and the MBSs. Moreover, the peaks’ height are

suppressed to zero because the MBSs absorb (emit) the photon energy. Under this

condition, the MBSs may be shifted to the non-zero energy mode, and thus provide

another detection scheme for its existence which is quite different from the currently

adopted ones depending on the zero-energy mode of the MBSs. In the presence of

MBS-MBS overlaping, the central photon-assisted peaks in the transmission function

reappear due to the fact that the photon absorbed (emitted) by one mode of the MBSs

are subsequently emitted (absorbed) by another MBSs’ mode. We also find that the

positions of the additional peaks induced by the MBS-MBS overlaping in the presence

of the photon field are quite different from the case of zero photon field.

Keywords: quantum dot, photon, Majorana bound states, topological superconductor, transmission function

1. INTRODUCTION

In recent years, there is much interest in the newly emerged issue of how to prepare and
detect Majorana bound states (MBSs) in solid platforms. In condensed matter physics, the MBSs
refer to a kind of quasi-particle of Majorana fermions being of their own antiparticles with
zero energy [1]. Due to these unique characters, the MBSs obey non-Abelian statistics instead
of the usual Fermi-Dirac one. The quantum bits designed by MBSs then have some exotic
properties besides all the merits of traditional bits. It has been demonstrated that the MBSs
enable topologically protected quantum information with potential applications in quantum
computation free from decoherence [2–6]. Besides, the MBSs are also promising in the research
field of high-efficiency and energy-saving electronic devices [7]. The MBSs have been successfully
prepared in some kinds of systems, such as the mainstream p-wave superconductors [1, 8], and
non-centrosymmetric superconductors, topological insulators coupled to superconductors defects
in topological superconductors, the semiconducting or ferromagnetic nanowires with intrinsic
strong spin-orbit interaction proximitization to a conventional s-wave superconductors, Josephson
junctions [5, 6, 8–13], and so on.
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Due to the massless properties of the MBSs having no
charge, the detection of it is also quite challenging. A vast
of experimental works have been devoted to the detection
of MBSs, relying on the signatures probably induced by the
MBSs, including the 4π periodic Josephson current-phase in
junctions between topological superconductors [13], half-integer
conductance plateau at the coercive field in a hybrid structure
composing of topological superconductors and topological
quantum anomalous Hall insulator [6], tunneling spectroscopy
using the Rashba nanowires coupled to the bulk s-wave
superconductors [10], zero-bias of the differential conductance
at the edges of the wires [14, 15], the non-locality [16–19] and
Kondo effect [20] influenced byMBSs. Since the above signatures
can also be brought about by other mechanisms, some alternative
schemes then have been continually put forward, such as the
optical detection ones [21–23]. In [21], the authors found that
theMBSs will absorb(emit) photons and result in photon-assisted
tunneling side band peaks. This process can split the MBSs and
then induces non-zero MBSs mode, providing another detection
scheme for the existence of MBSs which is quite different the
currently adopted ones concerning zero-energy MBSs mode.
They also found that the height of the photon-assisted tunneling
side band peaks is related to the intensity of the microwave
field, and the time-varying conductance induced by the MBSs
shows negative values for a certain period of time. Three all-
optical detection schemes for the MBSs were proposed in [22],
including a single QD, a hybrid QD-nanomechanical resonators
system, and a carbon nanotube resonator implanted in a single
electron spin system with optical pump-probe, respectively. They
investigated the signatures of the MBSs in terms of the probe
absorption spectrum and non-linear optical Kerr effect, the
coupling strength between MBSs and the QD or the single
electron spin. In the hybrid QD-resonantors system, they found
that the vibration of the nanomechanical resonators will enhance
the non-linear optical effect, which makes the MBSs more
sensitive for detection. In the carbon nanotube resonator with
a single electron, the single electron spin can be considered as a
sensitive probe, and the nanotube resonator behaved as a phonon
cavity is robust for detecting of MBSs. The MBSs signatures in
these optical schemes are quite different from electrical ones
and are promising for the detection MBSs, as well as for new
applications in manipulation of MBSs or quantum information
processing based on MBSs.

In the present manuscript, we study electronic transport
through a QD shelled by a photon field as shown in Figure 1.
Quite different from the above optical detection schemes for
the MBSs, we propose to insert a QD, which is coupled to a
topological nanowire hosting MBSs at its two ends, between two
normal metal leads. One of the advantages of our system, as
compared to the ones in [21, 22], is that the transport processes
occur between the leads and the QD. The electrons will not enter
into the MBSs mode existed in the topological superconductor
nanowire, and thus our system provides a signature of the MBSs
without direct electron transport through it. Our numerical
results show that the transmission function develops photon-
induced peaks, which are split by the coupling between the QD
and MBSs. The central peaks’ height are suppressed to zero

because of the photon absorbtion (emission) by MBSs. As a
result of it, the MBSs are shifted to the non-zero energy mode,
and thus provides another detection scheme based on non-zero
MBSs mode. If the MBSs are overlapped, the central photon-
assisted peaks in the transmission function reappear because
the photon absorbed (emitted) by one mode of the MBSs are
subsequently emitted (absorbed) by another MBSs’ mode. Under
this condition, the positions of the peaks induced by the MBS-
MBS overlaping in the presence of the photon field are quite
different from those without photon field.

2. MODEL AND METHODS

The Hamiltonian of the QD coupled to MBSs and is subjected to
a photon field can be written as the following form [15, 24–26]

H =
∑
kα

εkαc
†
kα
ckα + εd(t)d

†d +
∑

k,α=L,R

(Vkαc
†
kα
d +H.c)

+ iεMη1η2 + λ(d − d†)η1. (1)

where c†
kα

(ckα) creates (annihilates) an electron of momentum

k, energy εkα in the lead α = L,R. For the QD, d† (d) is the
creation (annihilation) operator of an electron having energy
level εd(t) = εd + 1d cos(ωpt) [21]. Here, we have assumed that
the photon field with strength 1d and frequency ωp is applied
only on the QD and the leads are free from its irradiation, and
then only the dot’s energy level is time-varying. In experiments,
the dot level in the absence of photon field εd is tunable by
external gate voltages. The coupling strength between the QD
and the leads is described by Vkα . The last two terms in Equation
(1) stand for the zero-energy MBSs with operators η1 and η2, as
well as overlap strength between them εM . The MBSs locate on
the opposite ends of the topological superconductor nanowire
and are coupled to the QD with strength of λ [1, 6, 15]. In the
present manuscript we assume that the dot is coupled only to the
mode of the MBSs nearby to it with strength λ. The Majorana

operators satisfy the relations of {ηi, ηj} = 2δij and ηi = η
†
i . We

now follow previous work to switch from the Majorana fermion
representation to the completely equivalent regular fermion one
by defining [15] η1 = (1/

√
2)(f + f †), and η2 = (−i/

√
2)(f − f †),

the Hamiltonian concerning about the MBSs in Equation (1) is
rewritten as

HMBSs = εM(f †f −
1

2
)+

λ
√
2
(d − d†)(f + f †). (2)

The time-averaged electric current through the system is
calculated by following the standard Keldysh Green’s function
technique as [21, 25, 26]

< J(t) >=
e

h̄

∫
[fL(ε)− fR(ε)]T(ε)

dε

2π
(3)

where e is the electron charge, h̄ the reduced Planck’s constant,
fL/R(ε) = {1+e(ε−µL/R)/kBT}−1 the Fermi distribution function of
the left/right electrode with chemical potentialµL/R, temperature
T and Boltzmann constant kB. The transmission coefficient T(ε)
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FIGURE 1 | Schematic plot of a QD (white circle) coupled to MBSs (red circles) formed at the two ends of a topological superconductor nanowire (green). The dot is

connected to two normal metal leads (golden), and is shelled by a microwave field of strength 1d and photon frequency ωp. The dot and the superconductor

nanowire are individually defined by tunnel- and super-gates.

can be expressed with the help of the retarded Green’s function
Gr(ε) as [25, 26]

T(ε) =
ŴLŴR

ŴL + ŴR
[−2Im

∑
k

G̃r
dd;k(ε)J

2
k (

1d

ωp
)], (4)

where Ŵα = 2π
∑

k |Vkα|2δ[ε − εkα] is the line-width function
for coupling strength between the dot and the leads. Jk(x) is the
k-th (k = −∞,∞) order Bessel function of argument x, and

G̃r
dd;k(ε) the retarded Green’s function in the presence of photon

field andQD-MBSs coupling. By applying the equation of motion
method in [25] and adopting the truncation scheme introduced

in [26], G̃r
dd;k(ε) can be obtained as (detailed calculation

processes are neglected here for the sake of conciseness):

G̃r
dd;k(ε)=

1

gr−1
dd;k(ε)−

∑
m J2

k+m
(
1d
ωp

)6r
mm(ε)−

∑
k′

6̃r2
kk′ (ε)

g̃r−1
dd;k′ (ε)−6̃r

k′ (ε)

,

(5)

where the free electron and hole Green’s functions are respectively
given by,

grdd;k(ε) =
1

ε − εd − kωp + i(ŴL + ŴR)/2
, (6)

and

g̃rdd;k(ε) =
1

ε + εd + kωp + i(ŴL + ŴR)/2
. (7)

The self-energies in Equation (5) are given by 6r
mm(ε) = λ2(ε +

mωp)/[(ε + mωp)
2 + ε2M],6̃r

k
(ε) =

∑
k Jk−m(

1d
ωp

)6r
mm, and

6̃r
kk′ (ε) =

∑
k′ Jk+m(

1d
ωp

)Jk′−m(
1d
ωp

)6r
mm(ε). In the absence of the

photon field (1d = 0), because the Bessel function is Jk(0) =
δk,0, then the self-energies becomes 6r

00(ε) = δm,06
r
mm(ε) =

λ2ε/(ε2 + ε2M), and 6̃r
k
(ε) = 6̃r

kk′ (ε) = 6r
00(ε), now the above

Green’s function reduces to

G̃r
dd;0(ε) =

1

gr−1
dd;0(ε)− 6r

00(ε)−
6r2
00(ε)

g̃r−1
dd;0(ε)−6r

00(ε)

, (8)

which is just the retarded Green’s function derived in [15]
with coupling between the QD and topological superconductor
nanowire hosting MBSs at its ends.

3. RESULTS AND DISCUSSION

In the following numerical calculations, we choose the photon
frequency ωp = 1 as the energy unit (h̄ = 1), and fix the values
of Ŵ = ŴL = ŴR = 0.1 unless noted. We do not consider the
case of finite bias voltage and then the leads’ chemical potentials
are se to be µL = µR = 0 as the zero-point of the energy. We
first study in Figure 2 the case of zero photon field (1d = 0).
Under this condition, the retarded Green’s is given in Equation
(8). If there is no coupling between the QD and MBSs existed at
the ends of the topological nanowire λ = 0, the transmission
function T in Figure 2A shows the typical resonant tunneling
feature, i.e., it develops a Lorentzian peak with height of 1 at zero
energy state [27], T(ε −→ 0) = 1. This can be seen from the
black solid line in Figure 2A, which denotes that the electrons
can transport from one lead through the QD to the other lead if
the electron energy in the leads (Fermi level µα) equals to the dot
level εd. Turning on the coupling between the QD and MBSs at
the ends of topological superconductor nanowire λ 6= 0, we find
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FIGURE 2 | Transmission function T as a function of the electron energy ε in the absence of the photon field 1d = 0. Panels (A–D) correspond to different

parameters, which are given in the figure.

that value of the zero-energy transmission function is reduced
to half of its quantum value 1, i.e., T(0) = 1/2, showing the
half-fermionic character of the MBSs. This is because now the
retarded Green’s function is G̃dd;0(ε −→ 0) = 1/2(ε + iŴ),
and then the value of the zero-energy transmission function
is reduced by a factor of 1/2, accordingly. This change of the
value oftransmission function is believed to be the signature of
existence of MBSs [15], and is also responsible for the zero-
bias anomaly of the conductance peak, a kind of main detection
means for the MBSs in tunneling spectroscopy. It is worth noting
that as long as the coupling strength between the QD and MBSs
λ 6= 0, the result of T(0) = 1/2 remains unchanged regardless
of the variation of it. For weak QD-MBSs coupling λ < Ŵ,
the transmission function develops two peaks centered around
ε ∼ ±λ, induced by the splitting of the dot energy-level in the
presence of coupling between the QD and the MBSs [15]. With
increasing λ, the positions of the two peaks are shifted away
from the zero-energy state, and the double-peak configuration
in the transmission function evolves to a triple-peak one for
λ ≥ Ŵ as shown in Figure 2A. The evolution of the peaks’
configuration is a clear signature of the existence of MBSs. To
show the evolution of the peak configuration in the transmission
function by the relative strength between λ and Ŵ, we show the
behavior of T(ε) in Figure 2B for fixed λ = 0.06 and different
values of Ŵ. Under the condition of λ ≥ Ŵ, the transmission
function shows the triple-peak configuration as indicated by
the black solid, red dashed and blue dotted lines in Figure 2B.

Whereas for Ŵ > λ, the transmission function shows the
double-peak configuration.

The two modes of the MBSs at the two ends of the topological
superconductor nanowire will overlap with each other, and the
overlap strength between them δM depends on the length of the
nanowire. In Figures 2C,D, we examine the influences of δM on
the peak configurations of the transmission function T(ε). For
the double-peak configuration in Figure 2C in which λ < Ŵ, the
zero-energy transmission function shows peak of height T(0) = 1
not 1/2 even for very weak MBS-MBS hybridization δM = 0.02.
The width of this zero-energy peak is proportional to the value
of δM . Meanwhile, two additional peaks in T(ω) emerge around
ε ∼ ±(λ + δM) corresponding to the energy of the effective
Dirac fermionic state f . For large coupling strength δM ≥ 0.1,
the zero-energy transmission function reduces to the resonant
level result. For sufficiently long nanowire in which the overlap
strength between the two MBSs is weak enough as compared to
the value of the QD-MBSs coupling λ and thermal energy kBT,
the signature of the MBSs T(0) = 1/2 will emerge. The behavior
of the triple-peak configuration in the transmission function T(ε)
in Figure 2D resembles that in Figure 2C because the peaks
around ε ∼ ±λ are merged into ε ∼ ±(λ+ δM) if the two modes
of the MBSs are overlapped [15].

If the QD is shelled by a photon field of strength 1d = ωp, a
series of photon-assisted additional channels are opened [21–23,
25, 26, 28, 29]. Correspondingly, the transmission function T(ε)
develops peaks at ε = εd ± nωp, in which n = 0,±1,±2, · · · · · · .
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FIGURE 3 | Transmission function T and its blowups as a function of the electron energy ε under fixed strength of the photon field 1d = ωp, and different values of the

coupling between the dot and the MBSs λ. Panel (A) correspond to the transmission coefficient in a large regime of the electron energy, and (B–D) denote the peaks

in (A) for n=0,1,2, respectively.

Now electrons can tunnel from one lead to the other through
the dot whenever a channel enters into the conduction window.
As a result of photon-induced additional transport channels (dot
levels), the electron transport probability through each channel
is weakened and the peak height of the transmission function in
Figure 3A is lowered, accordingly. In the presence of coupling
between the QD and MBSs (λ 6= 0), we find that the peaks’
value originally at the states of ε = εd ± nωp are suppressed
to zero accompanied by the emergence of two additional peaks
roughly at ε = εd ± n(±λ + ωp) [21–23, 25, 26, 28, 29]. It
indicates that the two MBSs have absorbed the photon energy
and then the character of its zero-energy mode is destroyed.
The reason of the change of the transmission function can be
explained as follows: Under the irradiation of the microwave
field, theMBSs will absorb or emit n photons from themicrowave
field and jump to the states of ±nωp. Accordingly, the energy
levels of electrons on the QD is shifted to εd ± nωp. If the
chemical potential of the leads is aligned to these states, the
electrons at them will transport through the QD, leading to peaks
at ε = εd ± n(±λ + ωp). The blowups of the peaks in the
transmission function are given in Figures 3B–D, in which the
disappearance and splitting of the peaks are clearly presented.

Figures 3B–D also indicate that the application of the photon
field may excite the zero-energy MBSs to non-zero-energy mode.
This enables the probability of detection of the MBSs in not only
the usual zero-energy mode but also in the non-zero one. Here
we find that even the photon-induced peaks are destroyed by the
existence of the MBSs, the splitting of these peaks still can serve
as the signature of the MBSs, and provides another detection
scheme. The peaks’ height of the transmission function shown in
Figures 3B–D are obviously lowered with increasing n because
the electron transport probability through those channels are
suppressed. For n = ±2, the transmission function in Figure 3D

develops a sharp peak at ε = εd±2ωp [25, 26, 28, 29]. The reason
may be attributed to the fact that the MBSs have less probability
of absorbing or emitting more than one photons and then the
photon-induced peaks of n > 1 are relatively less influenced. The
splitting of the peaks by the QD-MBSs coupling, however, is still
prominent in Figure 3D. We have examined the cases of varying
photon field strength1d, and found that it will change the height
of the peaks but not their splitting and suppression. Variation of
the photon frequency induces the change of the peaks’ positions,
and will not change the essential influences of the photon field on
the transmission function.
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FIGURE 4 | Transmission function and its blowups as a function of ε for 1d = ωp, λ = 0.05 and different values of overlap strength between the MBSs δM. Panel (A)

correspond to the transmission coefficient in a large regime of the electron energy, and (B–D) denote the peaks in Figure 4A for n=0,1,2, respectively.

We now study the impacts of the MBS-MBS direct overlap
δM on the properties of the transmission function in Figure 4.
The strength of the photon field is also set to be 1d = 1 and
the coupling strength between the QD and the MBSs is weak
than that between the QD and the leads, i.e., λ < Ŵ. In the
absence of overlap between the MBSs δM = 0, the photon-
assisted peaks in the transmission function are split by finite value
of QD-MBSs coupling λ, which can be seen from the solid black
lines in Figures 4A–D. Moreover, the value of the central peaks at
ε = εd±nωp are suppressed to zero due to the photon absorbtion
(emission) processes by the MBSs. For non-zero δM , we find
that the peaks of the transmission function at ε = εd ± nωp

reappear, which resembles the result in Figure 2C in the absence
of photon field. In other words, the impacts of the MBSs on
the disappearance of the photon-assisted central peaks in the
transmission function are eliminated by the overlap between the
MBSs. We attribute this phenomenon to the fact that the photon
absorbed (emitted) by one mode of the MBSs are immediately
emitted (absorbed) by the other mode of the MBSs. Just by these
two opposite processes, the photon energy are unchanged and
then the MBSs remain the same. As compared to the case in
Figure 2C, we find that the additional peaks induced by δM are
positioned exactly at ε = εd±n(±δM+ωp), but not the expected
positions of ε = εd ± n[±(λ+ δM)+ωp]. It may originates from
the fact that the MBS-MBS overlaping dominates the transport
processes and then the peaks in the transmission function are
then determined by δM , accordingly.

4. SUMMARY

In summary, we have studied photon-assisted transport through
a QD side-coupled to a topological nanowire hosting MBSs
at its two ends. It is found that the photon-induced peaks
in the transmission function are split by the existence of the
MBSs, and the value of the central peaks are suppressed to be
zero. Such an abnormal change of the photon-assisted peaks
may serve as the detection means for MBSs. If the two MBSs
modes at the opposite ends of the nanowire are overlapped,
the photon-assisted peaks are further split with the restoration
of the central peaks, which may be induced by the opposite
photon absorbtion (emission) processes of the two modes of
the MBSs.
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In recent years, more and more traffic accidents have been caused by the illegal use of

high beams. Therefore, the distinguishing of the vehicle headlight is vital for night driving

and traffic supervision. Then, a method for distinguishing vehicle headlight based on

data access of a thermal camera was proposed in this paper. There are two steps in this

method. The first step is thermal image dynamic adjustment. In thermal image dynamic

adjustment, the details of thermal images were enhanced by adjusting the temperature

display dynamically and fusing features of multi-sequence images. The second step is

vehicle headlight dynamic distinguishing, and features of vehicle headlight were extracted

by YOLOv3. Then, the high beam and low beam were further distinguished by the filter

based on the position and proportion relationship between the halo and the beam size

of vehicle headlights. In addition, the accessed thermal image dataset during the night

was used for training purposes. The results showed that the precision of this method

was 94.2%, and the recall was 78.7% at a real-time speed of 9 frames per second

(FPS). Compared with YOLOv3 on the Red Green Blue (RGB) image, the precision

was further improved by 11.1%, and the recall was further improved by 5.1%. Dynamic

adjustment and distinguishing method were also applied in single-shot multibox detector

(SSD) network which has good performance in small-object detection. Compared with

the SSD network on the RGB image, the precision was improved by 8.2% and the recall

was improved by 4.6% when SSD network was improved by this method.

Keywords: dynamic distinguishing, dynamic adjustment, vehicle headlight, thermal images, multi-sequence

images

INTRODUCTION

In recent years, traffic accidents have become a common problem for vehicle drivers. The risk of
traffic accidents on an unlit road is about 1.5–2 times higher than that during the day [1]. Due to the
complexity of the road and the negligence of drivers, the high and low beam of the vehicle cannot
be switched correctly in time, which can lead to a series of traffic accidents. In addition, oncoming
headlight glare can reduce the visibility of objects on the road, whichmay have a bad effect on safety
at night. For cataracts, the impact of oncoming headlight glare is more severe [2]. So, it is necessary
to realize the vehicle headlights distinguishing.
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Currently, vehicle detection is mostly based on visual images
[3–10]. The visual image is not clear at night, and the detail
of the vehicle is also unclear. In order to overcome the
problem, a number of papers have been published to detect
vehicles at night by identifying the shape and track of the
headlights [3–10]. Many studies were both detecting vehicles
via headlights pairing and trajectories matching [3, 4]. For
extracting the nighttime image details, image enhancement was
used for preprocessing before vehicle detection [5, 6]. Given
that the headlights were usually white in color, the inputted
images were usually transformed into different color spaces.
The dominant color components in Red Green Blue (RGB)
images were then processed by the threshold to extract blobs
for the headlight [7]. However, this nighttime vehicle detection
method depended on clear headlights or taillights shape [5, 8–
10], and the existence of high beams glares was ignored. When
the vehicle headlight was captured by a camera, it could produce
a halo, which would affect the judgment and measurement
of the vehicle headlight. The minuscule vehicle details can
be retained in a dim environment by the thermal image.
Simultaneously, the temperature of vehicles can be collected
by thermal cameras. So, it could not be interference by the
halo. Thermal imaging technology has been used for vehicle
detection at night [11]. The temperature difference between the
object and the ambient is insignificant, and it is impossible to
separate the object from the environment. Moreover, the value
of the temperature was conversed to a pseudo-color image, it
can increase the difficulty for object detection. The adaptive
histogram equalization method was used to enhance the counters
of images [11]. However, when the image content was enhanced,
the background information was also continuously enhanced,
which can increase the difficulty of recognition. In addition,
the thermal image was affected by the resolution, so that the
details of distant objects cannot be captured. In object detection,
machine learning and deep learning have been applied to various
research fields. The unsupervised learning was applied for the
classification of vehicles successfully [12, 13]. Furthermore,
Convolutional Neural Networks (CNNs), YOLO [14], and other
neural networks have made outstanding contributions to vehicle
detection in both RGB images and thermal images [11, 15, 16].
However, more relevant optimization and adjustment are needed
to obtain a more suitable training model. Recent work showed
that multi-sequence images and deep neural networks can match
the vehicle types [17]. The deep neural network YOLOv3 has
a good detection effect on the COCO data set [18, 19]. But
the detection model needs to be further improved to achieve
distinguishing similar objects.

In this paper, a vehicle headlight distinguishing method
based on the thermal image dynamic adjustment and dynamic
distinguishing was proposed. The thermal image enhancement
and multi-sequence image feature fusion were contained
by the thermal image dynamic adjustment. The YOLOv3-
Filter operation was applied as the thermal image dynamic
distinguishing. The target can be separated effectively by
the thermal image enhancement from the environment.
Simultaneously, the details of the thermal image were
supplemented by multi-sequence image feature fusion. Lastly,

the vehicle headlight distinction model was realized by the
YOLOv3-Filter operation.

PRINCIPLE

Thermal Image Dynamic Adjustment
Thermal Image Enhancement
In the case of low illumination at night, the vehicle characteristics
can be disturbed by the halo of the headlights, so that the camera
cannot capture the contour of a vehicle. The thermal camera
cannot be disturbed by such a high light source because the
thermal imaging map generates a visual image by acquiring
the temperature of the object. In addition, thermal imaging
technology has many disadvantages. The color difference
between the color of the object and the environment is not
obvious. The thermal camera can also be affected by the external
environment [20], such as sky radiation, ground background
radiation, radiation reflections, temperature changes, wind speed,
and geographic latitude. In order to reduce these interferences
of headlight distinguishing, the thermal image enhancement was
used in this paper.

As shown in Figure 1B, the thermal histogram shows that the
temperature of the vehicle and the ambient temperature can be
changed within a certain interval. The data set used in this paper
was captured by us at 25◦C, and the relative humidity was 55%.
The maximum vehicle temperature in the data set was 125◦C.
The object at −20 to 25◦C and 125–400◦C does not need to be
displayed in thermal images. As shown in Figure 2, the color
scale range is 0–255; it allows as many objects as possible to be
displayed in this interval.

To extract the object information, the thermal image dynamic
adjustment method has been adopted. Firstly, the ambient
temperature information is obtained from the thermal camera.
Secondly, the ambient temperature is subtracted from each
temperature pixel value in a thermal image to obtain an object
which is different from the ambient temperature. Finally, the
image is multiplied with the device parameters. The pixel value
of the thermal image is defined as Equation (1).

P(x,y) = λ

(∣∣∣T(x0 ,y0) − Tenvironment

∣∣∣
)

(1)

In Equation (1), λ is the device parameters, and it can be
calculated through Equation (2).

λ =

(
T(x0 ,y0)max − T(x0 ,y0)min

)
(TMAX + |TMIN |)

256
(2)

whereT(x0,y0)max is themaximum temperature value on a thermal
map. TMAX is the maximum acceptable temperature value of the
thermal image sensor. The object temperature is first subtracted
from the ambient temperature value to obtain an object, which is
different from the ambient temperature. T(x0,y0) is a temperature
pixel value, and Tenvironment is an ambient temperature in
Equation (2). Then, the temperature difference can be multiplied
by an appropriate ratio λ, and the characteristics of the object can
be obtained obviously.
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FIGURE 1 | Thermal image and thermal histogram. (A) An original thermal image captured by a thermal camera. (B) Thermal histogram of the original thermal image.

The thermal histogram represents the distribution of the pixel values in the thermal diagram.

FIGURE 2 | Color scale of the thermal image. The temperature of an object was displayed with the corresponding color in the thermal image.

Multi-Sequence Image Feature Fusion
After thermal image enhancement, the next step is to fuse the
thermal image with the RGB image. As shown in Figure 3, the
RGB image extracted from the original image data is reduced
to the same size as the thermal image with a resolution of 640
× 480. In this paper, the contour features of vehicle headlight
can be extracted by the Sobel operator, as shown in Equation
(3). Because it can obtain the edge of target which has a great
gradient with background, the Sobel operator on a preprocessed
image in order to retrieve an edge image is used to find and
extract a rectangular area in the original image which represents
the license plate [21, 22].

G = |Gx| −
∣∣Gy

∣∣ (3)

In a horizontal variation, the image value I is convolved with an
odd-sized kernel Gx. In the vertical variation, the image value I is
convolved with an odd-sized kernel Gy.

Gx =


−1 0 +1
−2 0 +2
−1 0 +1


 ∗ I (4)

Gy =


−1 −2 −1

0 0 0
+1 +2 +1


 ∗ I (5)

Finally, the contour features of a vehicle and vehicle headlight,
which are extracted from the RGB image, are fused with the
thermal image. Then, a multi-sequence image can be obtained.
The multi-sequence image not only has the information about
the thermal image but also the contour information of the
RGB image.

In addition, the halo areas of vehicle headlight SLight in the
RGB image can be obtained after threshold processing [22]. In
the same way, the areas of the lamp in the image SLamp can be
obtained. These parameters are used in Equation (9).

Vehicle Headlight Dynamic Distinguishing
In order to realize the distinguishing between high and low beam
lights, the following steps must be done. Firstly, the YOLOv3
is used to initially identify the candidate areas of a vehicle and
its headlights. Secondly, the distance between the vehicle and
the camera can be determined by the size of the bounding box.
Then, the halo and the contour of the headlight are extracted
from the RGB image and the thermal image, respectively.
Finally, the distance between the high and low headlights can be
determined by calculating the relationship between the halo and
the headlight profile.

Deep Network Model for Beam Detection
The deep neural network YOLOv3 is used as a preliminary
screening model, as shown in Figure 4. The coordinate of the
vehicle in the image is chosen as input data. Then, a likelihood
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FIGURE 3 | Flowchart of feature fusion for a multi-sequence image.

score of the candidate about the high beam and low beam
is outputted by the model. The network contains 23 residual
blocks and three times up-sampling. The model is detected
at 32x, 16x, and 8x subsampled which can be used to make
multi-scale measurements. Leaky Relu, which gives all negative
values, can be used as an activation function for all residual
blocks. The total number of parameters of the network is
about 110,536.

Low Probability Candidate Filter
The accuracy of vehicle light distinguishing can be obtained
by adding discriminant conditions to the YOLOv3. The low
probability candidate filter is used as a discriminant condition
filter in this paper.

In order to design the low probability candidate filter,
the conversion relationship between the image and the three-
dimensional (3D) space is required to be found. The pinhole
imaging model can be used to obtain the actual location of
the object in the image. As shown in Figure 5, the target size
is converted to the actual target size in the image. A’B’ is the
straight line of road AB mapped to the image at Y. In the same
way, C’D’ is the straight line of road CD mapped to the image
at Y. The relationship between the actual distance of the road

and the pixel width of the road in the image can be written as
Equation (6).

DPicRoad (Y) = DA′B′ + (DC′D′ − DA′B′)
Y − Y1

Y2 − Y1
(6)

whereDAB andDCD are the actual distances of the road.DA′B′ and
DC′D′ are the pixel widths of the road in the image. Therefore, we
can obtain Equation (8).

1x = 1X ·
DAB

DPicRoad (Y)
(7)

As shown in Figure 6, Y1 and Y2 are the vertical distances of the
road mapped on the image. In Equation (6), DPicRoad(Y) is the
length of the road displayed on the image from the origin O to
the height Y. In Equation (7), 1X is the width of the target object
on the image. 1x is the width of the actual target. The actual
halo size of vehicle headlights and vehicle beams can be gotten
by this method.

The Zhang’s calibration method was used to calibrate the
camera for rebuilding a 3D space, as shown in Equation (8) [23].
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FIGURE 4 | The YOLOv3 with adding a filter (YOLOv3-Filter).

FIGURE 5 | Demonstration of the perspective projection.

Zc ·


u
v
1


 =




1
dx

0 u0

0 1
dy

v0

0 0 1


 ·


f 0 0
0 f 0
0 0 1


 ·

[
R t

0T 1

]
·



XW

YW

ZW
1




=




1x
1X 0 u0

0
1y
1Y v0

0 0 1


 ·

[
R t

0T 1

]
· M̃ = A

[
r1 r2 t

]
M̃(8)

where u, v are the horizontal and vertical coordinate values
in the image coordinate system; Zc is the distance from the
camera surface to the object along the optical axis. dx, dy are the
horizontal and vertical dimensions of the pixel. u0 and v0 are the

center positions of the image plane. f is the camera focal length. R
is the rotation matrix of the calibration object. t is the translation
matrix. Xw, Yw, and Zw are the positions of the feature points
in the world coordinate system. According to Equation (6), the
distance D can be obtained between the vehicle and the camera.
1X is the width of the target object in the image. 1x is the width
of the actual target. 1Y is the height of the target object in the
image. 1y is the height of the actual target.

According to Equation (8), the distance D can be obtained
between the vehicle and the camera. The high beam of the
vehicle can be defined by looking for the relationship among
SLight , SLamp, and D. The halo area of vehicle headlight
SLight and the area of the lamp SLamp can be obtained by
threshold processing.
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FIGURE 6 | Object movement in the image.

As shown in Figures 7, 8, two halos of the headlights are
just distinguished when the vehicle is in Dtangent position. If the
distance between the vehicle and the camera is less than Dtangent ,
the halo of the headlights is separated. If the distance between the
vehicle and camera is greater thanDtangent , the halo of the vehicle
headlights is in a coincident state. Therefore, two situations can
be classified and then discussed. The discrimination conditions
of the low and high beams satisfy the following relationship in
Equation (9).

Result =




LowBeam
SLamp

SLight
>

δ±1Ec
1Em

, 0 ≤ D ≤ Dtangent

HighBeam
SLamp

SLight
≤ δ±1Ec

1Em
, 0 ≤ D ≤ Dtangent

LowBeam
SLamp

SLight
>

δ′±1Ec
1Em

,Dtangent < D

HighBeam
SLamp

SLight
≤ δ′±1Ec

1Em
,Dtangent < D

(9)

where D is the real distance between the camera and the vehicle.
δ is the ratio between SLight and SLamp whenD is in [0,Dtangent]. δ’
is the ratio between SLight and SLamp when D is over Dtangent . 1Ec
is a calculation error. 1Em is a measurement error. LowBeam
and HighBeam can be output as the Result. Dtangent is the
distance between the camera and the vehicle when two halos
of headlights are just distinguished. According to the pinhole
imaging and theorem about similar triangle, it can be calculated
by Equation (10).

Dtangent =
d

2 tan θ
2

(10)

where θ is the headlight angle, and d is the actual distance of
the headlight.

According to the theorem about similar triangle, Equation
(11) can be obtained.

LDE

LGH
=

LAE

LAH
(11)

LDE = RRealLamp, LGH = RRealLight (12)

LAE = DRealLamp, LAH = DRealLight (13)

where LDE and RRealLamp are the actual radius width lamp in
Figure 7A. LGH and RRealLight are the actual radius width halo.
LAE and DRealLamp are the distance between headlight focus and
lamp. LAH andDRealLight are the distance between headlight focus
and halo.

Combining Equations (11)–(13), then δ can be obtained as
Equation (14).

δ=
SRealLamp

SRealLight
=

πRRealLamp
2

πRRealLight
2
=

LDE
2

LGH
2
=

LAE
2

LAH
2
=

DRealLamp
2

DRealLight
2
(14)

Two halos of the headlights are intersected when the distance
between the vehicle and the camera is greater than Dtangent .
The vehicle headlight halo area SRealLight is expressed by
Equation (15).

SRealLight = 2πRRealLight
2 − SIntersect

= 2πRRealLight
2 −

(
απRRealLight

2

360 − RRealLight
2 sinα

2

)

= RRealLight
2(2π − απ

360 +
sinα
2 )

(15)

d
2

RRealLight
= cos

α

2
(16)

where α is 6 JI′Kin Figure 7B. SIntersect is the intersect area of
two halos.

Combining Equations (15) and (16), the vehicle headlight halo
area SRealLight can be obtained as Equation (17).

SRealLight = RRealLight
2(2π −

arccos( d
2RRealLight

)π

360

+
sin(arccos( d

2RRealLight
))

2
) (17)

δ′ =
2SRealLamp

SRealLight
(18)

=
2πRRealLamp

2

RRealLight
2(2π −

arccos(d·(2RRealLight )−1)π

360 +
sin(arccos(d·(2RRealLight )−1)

2 )

where δ’ is the ratio between SLight and SLamp, it can be gotten
when the distance between the vehicle and camera is greater
than Dtangent .
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FIGURE 7 | Schematic diagram of the high beam. (A) A schematic diagram of cross section about the high beam. (B) A schematic diagram of the vertical section

about the high beam when the two halos are intersected.

FIGURE 8 | Schematic diagram of the high beam light line space.

Testing Method
For the vehicle headlight distinguishing, an Intersection Over
Union (IOU) score of more than 50% is considered a correct
detection. Our evaluation method is F-Score (β = 1) which is
defined as Equations (16)–(18) [24]:

F − Score =
(
1+ β2

)
×

Precision× Recall(
β2 × Precision

)
+ Recall

(19)

Precision =
TP

TP + FP
(20)

Recall =
TP

TP + FN
(21)

where TP is the true-positive. FP is the false-positive. FN is
the false-negative.

RESULTS AND DISCUSSION

Dataset and Experimental Platform
For training and testing purposes, the data were accessed from
thermal cameras in the urban nighttime road. It is meaningful
for supervise whether headlight is used legally by drivers. The
thermal stream and RGB stream were both obtained from FLIR
ONE PRO camera with 160 × 120 thermal resolution and 1,440
× 1,080 RGB resolution in an 8.7-Hz frame rate. The scene
dynamic range is−20 to 400◦C. The spectral range of the thermal
sensor is about 8–14µm, and thermal sensitivity (NETD) is 70
mK. The visual resolution, which is 640× 480 with an iron color
scale, was obtained.

In this paper, a computer platform was used for training
the deep neural network model and testing. The deep neural
network model training was performed by using Slim with
TensorFlow v1.13 as the backend on a desktop equipped with
16 GB RAM. The computation was accelerated by using an
NVIDIA RTX2080Ti GPU with 12 GB memory. The network
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FIGURE 9 | Diagram of the dynamic change process of low beam headlights from far to near.

was trained for 150,000 iterations with a batch size of 8. The
optimizer algorithm was “Adam” with a learning rate of 0.001
and a learning rate decay factor of 0.94. In order to avoid over-
fitting, local data augmentation was performed through a 2D
rotation, translation, and random left-to-right or up-to-down
flipping. The ranges of the rotation were [−45◦, 45◦] and [−180◦,
180◦]. After transforming and resizing, the training samples were
cropped to 640 × 480 × 3 and were inputted in the deep neural
network model.

Performance Testing
For designing the low probability candidate filter, the relationship
between the halo of vehicle headlight and vehicle lamp was
analyzed. In Figures 9, 10, images were intercepted from the
30-frame live shooting video and intercepted every five frames.
As shown in Figure 9, when the vehicle headlight dynamically
changes from far to near on the RGB image, the halo of the
low beam remains clear. As a result, the area of the lamps can
be obtained easily. Compared with low beam light, it was more
difficult to distinguish the vehicle and its headlight in Figure 10

than in Figure 9, because the halo of the high beam was always
in a fusion state in the RGB image. Because the halo of the high
beam was always in a fusion state in the RGB image. When the

distance between the vehicle and the camera is close enough,
the shape of the vehicle headlight can be distinguished easily.
Therefore, the low probability candidate filter was designed
based on the distance among the vehicle, camera, area of lamp,
and headlight.

In order to realize vehicle headlight distinguishing, the
dynamic adjustment and distinguishing method for vehicle
headlight were designed as shown in Figure 11. This method
had two parts: thermal image dynamic adjustment and vehicle
headlight dynamic distinguishing.

The thermal image enhancement plays an important part
in dynamic adjusting. The object detection can be interfered
by the ambient temperature and the target object temperature
which were displayed in thermal images. After thermal image
enhancement, the value of the thermal image was adjusted to a
suitable range on the thermal histogram, as shown in Figure 12B.
Compared with Figure 1A, the lights in the thermal image
after dynamic adjustment are more prominent, as shown in
Figure 12A. By using themethod of thermal image enhancement,
not only the interference features on the image were eliminated
but also the target features were enhanced.

After thermal image enhancement, the next step was the
thermal image feature fusion. The halo contour features of
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FIGURE 10 | Diagram of the dynamic change process of high beam headlights from far to near.

FIGURE 11 | Flowchart of dynamic adjustment and distinguishing method.
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FIGURE 12 | Thermal histogram and thermal image after dynamic adjustment. (A) Thermal image after dynamic adjustment. (B) Thermal histogram after dynamic

transformation.

FIGURE 13 | Vehicle headlight feature extraction and fusion. (A) The Red Green Blue (RGB) image extracted from the original thermal image. (B) The RGB image after

Sobel operation. (C) The thermal image extracted from the original thermal image. (D) A feature map synthesized by a thermal image and an RGB map.

vehicle headlight were extracted by the Sobel operation, as shown
in Figure 13B. The contour features of the vehicle headlight
extracted from the RGB image (Figure 13A) were fused with the
thermal image (Figure 13C). As shown in Figure 13D, this figure
not only has the information about the thermal image but also the
contour information of the RGB image. Furthermore, contour
information of the object was strengthened in the thermal image.

Then, the areas of headlight halo and lamp were extracted
by the threshold processing for designing the low probability
candidate filter. As shown in Figure 14A, the people next to the
vehicle and other interference were filtered, and only the halo of
the vehicle headlight and pixels similar to the vehicle beam can
be obtained. As shown in Figure 14B, the position information
of the vehicle and the headlight on the image is obtained by the
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FIGURE 14 | Results of threshold processing. (A) A Red Green Blue (RGB) image after threshold processing. (B) A thermal image after threshold processing.

FIGURE 15 | Results of distinguishing. (A) A Red Green Blue (RGB) original image. (B) A result image with distinguishing.

TABLE 1 | Performance of methods.

Method Precision Recall F-Score FPS

SSD Net (RGB image) [25] 0.701 0.645 0.671 8

SSD Net-Filter (multi-sequence images) 0.783 0.691 0.734 4

YOLOv3 (RGB image) [18] 0.831 0.736 0.781 13

YOLOv3 (thermal image) 0.847 0.584 0.691 14

YOLOv3 (multi-sequence images) 0.894 0.792 0.840 11

YOLOv3-Filter (multi-sequence images) 0.942 0.787 0.858 9

FPS, frames per second; RGB, Red Green Blue; SSD, single-shot multibox detector. The

mean of the bold values is the best valve in current column.

preliminary distinguishing of the deep neural network model,
and then the contour of the lamp in the thermal image was
extracted by the fixed threshold processing, and the contour
of the headlight halo was extracted from the RGB image. The
extracted contour was retained when it was within the vehicle
candidate box; otherwise, it was discarded. Therefore, we can get
the headlight features in Figure 14B.

After testing, not only had this method made an achievement
of distinguishing between high beam and low beam, but it

also overcame the interference caused by halo efficaciously in
Figure 15. The precision, recall, and F-Score have been improved
effectively by our methods. As shown in Table 1, we found that
the recall rate on the RGB image was 15.2% which was higher
than that on the thermal image. The reason is that the resolution
of the thermal image was low, and it was impossible to separate
the high beam headlight from the low beam headlight.

For the training image data, the recall and the precision of
the YOLOv3 on multi-sequence images obtained by dynamic
adjustment were 5.6 and 6.3% higher than the RGB image,
respectively. The precision and the recall were both increased
effectively by using the dynamic adjustment on the thermal
image. The halo of headlight information was retained by the
multi-sequence images. Moreover, the contour information of
distant vehicles and the contour of the vehicle beam can be
obtained from the thermal image. For the performance of
training models, the precision of the model with adding the
filter (YOLOv3-Filter) was improved by 4.8% effectively, and F-
Score of YOLOv3-Filter was increased by 1.8%, compared with
YOLOv3 on multi-sequence images. In this situation, the filter
played a decisive role in the model.

Finally, the dynamic adjustment and distinguishing method
have been tested. For the method performance, YOLOv3-Filter
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(Multi-sequence images) is the best among these three methods.
The precision and the recall were increased by 11.1 and 5.1%
compared with YOLOv3 on the RGB image, respectively. Our
method has been tested based on single-shot multibox detector
(SSD) network which has good performance in small-object
detection [25]. After improved, the precision and the recall
were increased by 8.2 and 4.6% compared with SSD network
on the RGB image, respectively. The data show that the
method of this paper has greatly improved the ability of vehicle
headlight distinguishing.

In order to confirm the feasibility of using the YOLOv3-Filter
method in real-time applications, we carried out comparative
experiments on different networks. The single forward inference
time for the YOLOv3-Filter (Multi-sequence images) method
is 111ms, which is 34ms longer than that of the YOLOv3
(RGB image). The main reason for the slightly decreased
speed is a complex filter structure and thermal image dynamic
adjustment used in the YOLOv3-Filter. Our method shows
a big advantage over the SSD network in the performance
of detection with a similar term of the operation speed.
Overall, YOLOv3-Filter (Multi-sequence images) method does
not compromise on the operation time while considerably
improving the detection accuracy.

However, there were many factors that lead to low recall in
a series of testing methods. Firstly, due to the low resolution
of the thermal imager, the thermal image was distorted after
being amplified to a certain extent, and the entire contour cannot
be effectively restored. Therefore, the information obtained by
the thermal imager was inaccurate. Secondly, there were various
types of vehicles, and the size of the vehicle is determined by
the type of vehicle. As a result, this method has certain errors
because of the uncertain size of vehicles. It was necessary to
establish a complete database of vehicle types and sizes to solve
this problem. Finally, the calculation error 1Ec was only effective
when the camera and the vehicle were in the same straight
line. When the deviation angle of the vehicle and the camera
can be changed, 1Ec would also be changed. Digital cameras
are projected on a complex system of lens and sensor array
susceptible to a variety of undesirable effects. The main effects
can be described considering the exposure triangle: aperture,
shutter speed, and sensitivity (ISO) [26]. The size of the halo
can also be affected by exposure settings of the RGB camera.
As the exposure time, aperture, and ISO decreases, the area
of the headlight halo captured by the camera decreases. The
measurement error 1Em can correct for this effect. In this paper,
these parameters of the camera have been set before leaving
the factory.

CONCLUSION

A vehicle headlight dynamic adjustment and distinguishing
method based on data access of a thermal camera was proposed
in this paper. Thermal image enhancement and multi-sequence
image feature fusion were used as the dynamic adjusting
for extracting object features clearly, and the YOLOv3 with
adding a filter (YOLOv3-Filter) was used for the dynamic
distinguishing. The features between high beam and low beam
can be distinguished easily by the filter. So, the proposed dynamic
adjustment and distinguishing method not only can enhance the
thermal image but also can realize an accurate distinguishing
of the high beam and low beam, which provides an effective
method for distinguishing the vehicle headlight in night driving
and traffic supervision.
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Photonics-Assisted Multi-Band
Microwave Receiver Based on
Spectrum Analysis and Coherent
Channelization
Huan Huang1, Chongfu Zhang1,2*, Wei Zheng1, Yong Chen1, Haifeng Yang3, Zichuan Yi2,
Feng Chi2 and Kun Qiu1

1School of Information and Communication Engineering, Zhongshan Institute, University of Electronic Science and Technology of
China, Chengdu, China, 2School of Electronic Information, University of Electronic Science and Technology of China, Zhongshan
Institute, Zhongshan, China, 3Southwest Institute of Electronic Technology (SIET), Chengdu, China

Due to the limitation of analog-to-digital/digital-to-analog converters, photonics-assisted
channelized receivers are thought to be a promising approach to receiving wideband
microwave signals. Herein, based on the spectrum analysis and the coherent
channelization, we develop a photonics-assisted channelized receiver for multi-band
microwave signals. In the proposed channelized receiver, the instantaneous spectral
analysis is introduced to determine the frequencies and bandwidth of a dynamic wideband
signal. The dynamic wideband signal is then received by a multi-band coherent
channelizer. By exploiting transparency of the optoelectronic devices, we equivalently
build a multi-band coherent channelizer that can work for dynamic microwave signals,
where a few optoelectronic devices are required. Compared with the existing coherent
channelizers, the operative bandwidth of the proposed multi-band coherent channelizer is
much larger (up to 28 GHz). The proposed photonics-assisted channelized receiver
doesn’t need tunable optical comb generators and radio frequency sources, and it
also doesn’t require knowing the spectrum information in advance. Moreover, the
designed example of the proposed photonics-assisted channelized receiver for a
4 GHz original signal in 2–30 GHz microwave bands is given and discussed. The
spectrum information of the dynamic original signals is obtained by monitoring the
optical power in each sub-channel. We verify the feasibility of the multi-band coherent
channelizer by channelizing two 4 GHz linearly-chirped signals with center frequencies of 4
and 28 GHz into four 1 GHz sub-channels, respectively.

Keywords: optical signal processing, optoelectronic device, spectrum analysis, radio frequency photonics,
channelization

INTRODUCTION

Microwave signal receivers with larger bandwidth and higher frequency are a pressing need in both
commercial and defense applications such as modern radars, communication satellites, radio over
fiber systems, and the 5th generation mobile network [1–5]. However, wideband signal receivers are
limited to analog-to-digital/digital-to-analog converters [6]. To handle the wideband signal reception
with this limitation, channelized receivers that are a specialized class of pre-processors have attracted
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much attention. A channelized receiver is employed to channelize
a wideband signal into N narrowband slices and then these
narrowband slices are processed in parallel [7–11], where the
processing band of each narrowband is reduced to 1/N. Generally,
the operative bandwidth of an electric channelized receiver is
limited to a few GHz, because the “Electronic Bottleneck” resists
in it [12, 13]. In a photonics-assisted channelized receiver, the
operative bandwidth can reach several GHz (tens of GHz)
[14–18]. Moreover, photonics-assisted channelized receivers
have other advantages such as high compactness, low loss, and
immunity to electromagnetic interference [19, 20].

The existing works about photonics-assisted channelized
receivers can be classified into three typical categories. In the
first channelization category, a radio frequency (RF) signal is first
modulated on an optical carrier (OC), and a series of optical filters
with consecutive passbands are then introduced to slice the
modulated optical signal [10]. The optical filters such as
integrated Bragg grating Fabry–Perot devices [10], diffraction
gratings [21], and acousto-optic crystals [22] are available. This
channelization scheme requires narrowband, flat-top, steep-edge,
and precisely centered filter banks to ensure effective separation
of slices, hence it suffers from limitations in spectral slice
resolution and the available number of channels [19, 23].
Therefore, the second channelization category has been
proposed, where multicast copies were generated by
modulating the original RF signal on a series of OCs. Then an
optical comb filter such as a Fabry-Perot filter (FPF) with a special
free spectrum range (FSR) was employed to separate different
slices from multicast copies [7–9, 17, 24]. This photonic
channelizer is also limited to the comb filter, so the comb
filter is desired to have narrowband, flat-top, and steep-edge
transmission peaks (TPs). In practice, optical filters with ideal
TPs are difficult to achieve. Therefore, application scenarios for
these two channelization categories are mostly the instantaneous
spectral analysis [7, 25].

Recent approaches to photonics-assisted coherent
channelization without optical filters have also been
demonstrated [11, 23, 26–30]. This channelization scheme,
i.e., the third photonic channelization category demands no
optical filters, but it requires a couple of coherent comb light
sources with detuning comb line spacing [23, 30]. Specifically,
one coherent comb light source provides comb lines for
generating optical multicast copies, and the other is employed
to generate local oscillators (LOs). It is worth mentioning that the
LOs in the third photonic channelization category can be replaced
by dual-polarization LOs [31, 32], where the required optical
comb lines (OCLs) are reduced. Moreover, other photonics-
assisted channelized receivers have also been reported, for
instance, the approach relying on wavelength scanning
structures [33]. The third-category photonic channelization
requires no optical filters, so it can reach the maximum
suppression ratio of spurs in each sub-channel. For different
scenarios, microwave signals are required to have different bands
such as the S-band, C band, and K band [34–37]. Therefore, a
microwave signal receiver working at many microwave bands is
demanded. However, in existing works about the third photonic
channelization category, the operative bandwidth is generally

several GHz, and it is difficult to achieve tens of GHz
operative bandwidth. Moreover, most of the existing coherent
channelized receivers are designed for fixed microwave bands,
where the spectrum information should be known in advance.
Although the work in [11] has presented a reconfigurable
coherent channelized receiver, tunable RF sources are required.

In this work, a photonics-assisted channelized receiver based
on the spectrum analysis and the coherent channelization is
proposed for multi-band microwave signals. The
implementation of this photonics-assisted channelized receiver
is twofold including the instantaneous spectral analysis and the
coherent channelization. First, the instantaneous spectral analysis
is employed to obtain the spectrum information. In the
instantaneous spectral analysis, an efficient second-category
photonic channelizer is built to obtain the spectrum
information because of the large operative bandwidth and
low-complexity of the second-category photonic channelizer.
Second, a multi-band coherent channelizer belonging to the
third-category photonic channelization is designed for a virtual
signal covering the entire frequency range. Based on the
transparency of photonic devices, we equivalently build a
multi-band coherent channelizer that can work for dynamic
microwave signals by using a few devices. After determining
the spectrum information of the original dynamic signal, this
wideband signal with dynamic microwave bands is received by
the multi-band coherent channelizer.

PRINCIPLES

Photonics-Assisted Channelized Receiver
for Multi-Band Microwave Signals
Figure 1 schematically depicts the proposed photonics-assisted
channelized receiver for multi-band microwave signals. The
implementation of this channelized receiver is twofold
including the instantaneous spectral analysis and the coherent
channelization. First, the instantaneous spectral analysis is
performed for an original wideband signal to determine its
frequencies and bandwidth, i.e., the spectrum information, as
shown in the upper part of Figure 1. Second, introducing two
ultra-flat optical comb generators (U-FOCGs), the original
signals are received by the multi-band coherent channelizer,
which is illustrated in the lower part of Figure 1. By
introducing a controller to control the selected OCLs, we
equivalently build a coherent channelized receiver by a few
devices for multi-band microwave signals.

In the instantaneous spectral analysis, an efficient photonic
channelizer belonging to the second category is designed to
analyze the spectrum information of the original dynamic signal.

Firstly, an U-FOCG is implemented to provide OCLs, where
two intensity modulators (IMs) and one phase modulator (PM)
are cascaded in turn. A demultiplexer called DeMux 1 is then
employed to select a series of OCLs from the output of U-FOCG,
where adjacent OCLs have the wavelength spacing of δc.
The center frequencies (CFs) of the selected OCLs are termed
as f1

c, f2
c . . . and fn

c, where n is equal to [(fH − fL)/2Δδ], the original
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dynamic signal has frequencies between fL and fH, [(fH − fL)/2Δδ]
represents that rounds (fH − fL)/2Δδ to the nearest integer, and Δδ
is defined as the detuning parameter. The spectra of the selected
OCLs are depicted in Figure 2A.

The wavelength spacing δc is determined by the driven RF
source in the U-FOCG. Besides, we assume that the original

dynamic signal has frequencies between fL and fH. Generally, the
bandwidth B of the original signal is much less than the frequency
range (fH − fL). By setting the driven RF source, the OCLs selected
from the U-FOCG satisfy the following spectral relationship [11,
30],

f ci � f c1 + 4(i − 1) fbas − Δδ, (1)

where fbas � (fH + fL)/2 and 1 ≤ i ≤ n.
Secondly, the optical powers of the selected OCLs are adjusted

by an optical power control module, and these OCLs are then
injected into a Mach-Zehnder modulator. After double sideband
(DSB) modulation, 2n multicast copies are generated and located
on the ±1st sidebands of each OCL, as shown in Figure 2B.
Observe that the original signal is amplified by a low noise
amplifier [38, 39] before DSB modulation.

Thirdly, a FPF is taken as a comb filter whose FSR δFPF is equal
to δ + Δδ/2, as plotted in Figure 2C, where the detuning parameter
Δδ represents the bandwidth of each sub-channel. In other words,
the wavelength spacing of those selected OCLs, the FSR of the
FPF, and the frequency range of the original signal are optimized
as

δc � 2δFPF − Δδ � 4 fbas − Δδ � 2(fH + fL) − Δδ (2)

The FPF with 2n TPs is introduced to channelize the original
signal into a series of narrowband sub-channels, which is termed
as Sub-ch1, Sub-ch2 . . . Sub-ch2n. Specifically, the relationship
between the CFs of the first TP and the first OCL satisfies the
following equation,

FIGURE 1 | Schematic diagram of the proposed photonics-assisted channelized receiver based on the spectrum analysis and the coherent channelization for
multi-band microwave signals. U-FOCG, ultra-flat optical comb generator; OPC, optical power control module; DeMux, demultiplexer; MZM, Mach-Zehnder modulator;
FPF, Fabry-Perot filter; LNA, low noise amplifier; PD, photodetector; OWS, optical wavelength selection; EQH, electrical quadrature hybrid; LPF, low-pass filter.

C

FIGURE 2 | Spectra diagrams of (A) the selected optical comb lines, (B)
modulated optical comb lines after double sideband modulation, and (C)
transmission peaks of the Fabry-Perot filter.
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f peak1 � f c1 − fH − Δδ
2

(3)

Moreover, the relationship between the full width half
maximum pass-band width δ3dB and the δFPF has the following
form,

ΔδFPF
Δδ3dB

� π
����
1 − t

√
t

(4)

where t is the power transmission coefficient of the mirrors in
the FPF.

Finally, these 2n slices are separated by a demultiplexer termed
as DeMux 2, where the channels of DeMux 2 match the FPF’s
TPs. These slices can be detected by photodetectors (PDs) in
parallel, and the frequency range and bandwidth are then
determined according to the optical power in each sub-
channel. Only a few sub-channels have significant optical
power after detecting by PDs because the bandwidth B is
much less than the frequency range (fH − fL). The spectrum
information will be employed to control the next coherent
channelization.

In the coherent channelization, we equivalently build the
multi-band coherent channelizer that can work for microwave
signals with a large frequency range (fL ≤ f ≤ fH). We assume that a
virtual multi-band microwave signal with frequencies from fL to
fH is channelized and then received, where the bandwidth and CF
of the virtual microwave signal are equal to (fH–fL) and
(fH + fL)/2, respectively.

Firstly, we prepare m {m � [(fH − fL)/4δS]} uniformly-spaced
comb lines with specific wavelength spacing as OCs, which can be
generated by a U-FOCG termed as U-FOCG 1. An optical
wavelength selection (OWS) module such as a wavelength
selector switch is introduced to select those OCs from the
output of U-FOCG 1, as shown in Figure 1. The CF of the
rth OC can be express as,

f ocr � f oc1 + (r − 1)(4 fbas − 2δs) (5)

where f1
oc represent the CF of the first OC, 1 ≤ r ≤ m, and δs

represents the bandwidth of each sub-signal after channelization.

Secondly, the virtual wideband signal is modulated on those
OCs to generate multicast copies, and the virtual wideband signal
is saved in a cache before modulation. Assuming those mOCs are
all modulated, 2m optical multicast copies of the virtual wideband
signal termed as v-copies are obtained after DSB modulation, as
illustrated in Figure3A.

Thirdly, 2m LOs are introduced for coherent detection which
can be selected from other U-FOCG (U-FOCG 2), as shown in
Figure 3B. These 2m LOs have a fixed wavelength spacing of 2fbas.
Besides, the CFs of the first LO and the OC have the following
relationship that is

f LO1 � f oc1 − fH + δs (6)

Next, the photonic processor such as the tunable optical filter
(TOF) whose channels match those 2m v-copies is introduced to
separate them, and an OWS 2 is then employed to separate those
2m LOs, as shown in Figure 1. When the existing works about the
third-category photonic channelization are built for directly
channelizing the virtual wideband signal, there are 2m optical
hybrids (OHs) [40], 8m PDs or 4m balance photodetectors
(BPDs), 2m electrical quadrature hybrids (EQHs), and 4m
electrical low-pass filters (LPFs) at least. Therefore, the
coherent channelized receiver will be very complex and
redundant, where huge photonic and electrical deceives are
wasted. By exploiting the reconfigurability proposed in [11],
although 2k OHs, 8k PDs or 4k BPDs, 2k EQHs, and 4k LPFs
[k � (B/4δS)] are enough for channelizing the original wideband
signal with dynamic microwave bands, the RF sources must be
tunable. In practical application, the bandwidth of a microwave
signal is much less than its frequency range, so k is far less than m
(k << m). Generally, the bandwidth and microwave bands of an
original signal are invariant, except the reconfigurable coherent
channelizer in [11]. Moreover, in the previous coherent
channelized works, it is assumed that the spectrum
information is known before the reception.

In this work, we designed a multi-band coherent channelizer
which only requires 2k OHs, 4k PDs, 2k EQHs, and 4k electrical
LPFs, and the CFs of RF sources are fixed. Moreover, for an
original signal with dynamic frequencies between fL and fH, its
bandwidth and microwave bands are given via the instantaneous
spectral analysis. So, the spectrum information is not required
knowing in advance.

Assuming 2m separated v-copies and LOs have been
generated. Every v-copy consists of different components
termed as C1, C2 . . . CN, where N � [(fH − fL)/δS]. Most of the
components in a v-copy are null because the bandwidth B is much
less than (fH–fL). Taking the first and second v-copies as
examples, the spectrum diagrams of the detected signal after
the OH and PDs are shown in Figures 4A, B. Due to the square-
law detection of a PD, the left components of the v-copy 1 that
have lower frequencies than f1

LO overlap the right components,
which is called “Spectrum Aliasing.” Moreover, some
components are transformed into symmetrical forms after
PDs, which are written as C1*, C2* . . . CN*. This effect can be
eliminated by digital signal processing. Similarly, the spectrum
diagrams for the first four v-copies and LOs can be obtained and
Figure 4.

FIGURE 3 | Spectra diagrams of (A) the modulated optical carriers s
after double sideband modulation and (B) local oscillators generated from
ultra-flat optical comb generator 2.
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To address the spectrum aliasing problem, symmetric EQHs
displayed in Figure 1 are employed. According to the scattering
matrix of the EQH [41], the two output signals of the first EQH
have the following form,

( I
Q
)∝( 1 j

j 1
)( Ip

Qp ) � 2( Cp
N

jCp
N−1/jCp

1
) (7)

In Eq. (7), the I* and Q* signals are generated after processing by
the OH and PDs which have the following form,

( Ip

Qp )∝R
������
PsigPLO

√ ⎛⎝ cos[(ωsig − ωLO)t + (φsig − φLO)] + n1

sin[(ωsig − ωLO)t + (φsig − φLO)] + n2

⎞⎠
(8)

whereR is the responsivity of the PDs,Psig andPLO denote the powers
of v-copy 1 and LO 1, ωsig and ωLO represent the angular frequencies of
v-copy 1 and LO 1, φsig and φLO are the phases of v-copy 1 and LO 1.
Moreover, n1 and n2 are the additive Gaussian white noise induced by

the PDs. From Eq. (8), it is known that the phase and amplitude noise
of a laser affect the performance of the proposed channelized receiver.
More details about the noise limitations can refer to [11].

Two tunable LPFs with a bandwidth of δs are introduced to
select the corresponding components from those I and Q signals
respectively. Namely, two components CN* and C(N − 1)* can be
obtained from the v-copy 1. Similarly, other components can also
be selected from other v-copies. Finally, parallel signal processing
is performed for those narrowband components, where the
electrical processers only require a processing band of δs.

The optoelectronic devices such as the OHs, PDs, EQHs, and
LPFs in Figure 4 are transparent for the input. The output
components after LPFs are only determined by different v-copies
and LOs. Then we can only work effective sub-channels and stop
those sub-channels that are corresponding to the null components
of the virtual multi-band microwave signal. For example, the virtual
multi-band microwave signal only contains components C1, C2,
CN − 1, and CN, we can channelize and receive this microwave signal
by employing v-copy 1, v-copy 2, LO 1, and LO 2. When the virtual

FIGURE 4 | Schematic diagrams of 2 × 4 90° optical hybrid reception for the first four v-copies and local oscillators (LOs), where (A–D) show the spectra of the
v-copy1 and the LO 1, the v-copy2 and the LO 2, the v-copy3 and the LO 3, as well as the v-copy4 and the LO 4, and the spectra of them after detecting by
photodetectors (PDs), respectively.
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multi-band microwave signal contains components CN − 3, CN − 2,
CN − 1, and CN at other times, it can be channelized and received by
using v-copy 2, v-copy 3, LO 2, and LO 3. However, the OHs, PDs,
EQHs, and LPFs used in the coherent channelization are the same
for these two different virtual multi-band microwave signals,
because these optoelectronic devices are transparent for the input.

As shown in Figure 1, a controller connected to OWS 1 and
OWS 2 is introduced to select the necessary OCs (corresponding
to specific v-copies) and LOs by the spectrum information from
the instantaneous spectral analysis. Therefore, many photonic
and electronic devices can be saved. For simplicity, we assume
that the fH − fL/4δS is a positive integer, so the integerN is equal to
4m. The relationship among v-copies, LOs, and the channelized
components is shown in Table 1.

In other words, we equivalently build a coherent channelized
receiver for multi-band microwave signals (between fL and fH) by
using T*k devices rather than T*m devices (k << m), where T is a
positive integer. Compared with the work in [11], the RF sources
do not require tuning, and there is no need to know the spectrum
information in advance.

Photonics-Assisted Multi-Band Receiver
for Dynamic Signals in 2–30GHz Bands
Most of the initial coherent channelized receivers [23, 26–32]
were designed for fixed microwave bands, where the spectrum
information must be known in advance. Those coherent
channelized receivers can only work for specific microwave

bands. When those coherent channelized receivers are
deployed for receiving dynamic 4 GHz signals with frequencies
between 2 and 30 GHz, they must have an operative bandwidth of
28 GHz regardless of the actual bandwidth. Therefore, lots of
active processing devices are wasted. Moreover, the work in [11]
has presented a reconfigurable coherent channelized receiver.
Although only 4 GHz operative bandwidth is required based on
this scheme, the RF sources employed must be tunable.

Based on the proposed scheme, the instantaneous spectral
analysis for the dynamic 4 GHz signals has been finished by the
following steps. Setting the detuning parameter Δδ to be 1 GHz,
28 sub-channels are required to monitor the dynamic 4 GHz
signal. Firstly, 14 OCLs with a wavelength spacing of 63 GHz
were generated, where f1

c � 192.722 THz and fbas � 16 GHz.
These OCLs can be generated from the U-FOCG, and the

structure of the U-FOCG is illustrated in Figure 5A. First, two
IMs and one PMwere cascaded in turn, where a continuous-wave
laser was connected to the IM1 after a polarization controller.
Second, an RF signal source with a frequency of δc/2 is separated
into three branches. The 1st branch was used to directly drive the
IM1. The 2nd branch was employed to drive the IM2 after the
first phase shifter (PS1). The 3rd branch was served to drive the
PM, where an electric PS (PS2), a × 2 frequency multiplier, and a
variable attenuator were employed to eliminate the 1st
undesirable term. Third, after processing by the PS3, a voltage
control module including a tunable amplifier and attenuator was
used to adjust the voltage of the PM’s driven signal.

A configuration system used for verifying the feasibility of the
U-FOCG was established by VPItransmissionMaker. In the
verification system, an RF signal source with a CF of 31.5 GHz
and an amplitude of 5 V was employed to drive the modulators,
and the CF of the continuous-wave laser was equal to 193.1 THz.
Moreover, the phase-shift value of the PS1 was set to π/4. In order
to fully eliminate the 1st undesirable term, the variable attenuator

TABLE 1 | Relationship among multicast copies, local oscillators, and
components.

Multicast copies v-copy 1 v-copy 2 v-copy (2m−1) v-copy 2m

Local oscillators LO 1 LO 2 LO (2m−1) LO 2m
Components CN CN−1 C1 C2 C(N−2m) C(N−2m+1) C(2m−1) C2m

FIGURE 5 | (A) Schematic diagram of the ultra-flat optical comb generator (U-FOCG), (B) Spectra of the output of the U-FOCG with 4-dB gain, and the employed
14 optical comb lines with about 0 dBm optical powers. CW, continuous-wave laser; PC, polarization controller; IM, intensity modulator; PS, phase shifter; PM, phase
modulator; x2, x2 frequency multiplier; VA, variable attenuator.
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and the PS2 were set to (1/16)2 and π, respectively. After setting the
PS3 to π/9, the driven signal of PM was amplified by the voltage
control module and then about 4-dB gain has been available for the
driven signal. Finally, the output comb is illustrated in Figure 5B,
where the employed 14 OCLs with about 0 dBm optical powers are
also illustrated in the inset in Figure 5B.

Secondly, the dynamic 4 GHz signal was modulated on these
OCLs. After DSB modulation, 28 optical multicast copies located
on the ±1st sidebands of these OCLs were generated. Thirdly, an
FPF with an FSR of 32 GHz was introduced to channelize the
original signal into 28 narrowband sub-channels, where the CF of
the first TP f1

peak must satisfy (3). Finally, by monitoring the
optical power in every sub-channel, the spectrum information of
the dynamic original signal is then determined. For example,
when the optical powers in Sub-ch.1 and Sub-ch.2 are significant,
the original signal contains frequency bands of 2–3 GHz and
29–30 GHz. Moreover, the relationship among CFs of these
OCLs, CFs of these TPs, sub-channels, as well as the
monitoring frequency-band range is shown in Table 2.

After obtaining the spectrum information, the 4 GHz dynamic
signal was received by the proposed multi-band coherent
channelizer. Firstly, U-FOCG 1 in Figure 1 was used to
provide 7 OCs, where the RF signal source had a frequency of
31 GHz. The CF of every generated OC satisfies (5), where f1

oc �
192.914 THz and δs � 1 GHz. Secondly, 14 v-copies were
generated after DSB modulation. Thirdly, 14 LOs with

wavelength spacing of 32 GHz were generated from U-FOCG
2, where f1

LO � 192.885 THz. It is worth mentioning that CWs
used in U-FOCG 1 and U-FOCG 2 should be generated from the
same optical laser source [23, 27–31]. For the dynamic 4 GHz
signal with microwave bands between 2 GHz and 30 GHz, the
relationship among CFs of the OCs, v-copies, CFs of the LOs, and
the channelized sub-signals is clearly shown in Table 3. Finally,
by selecting the corresponding v-copies and LOs according to the
spectrum information, the 4 GHz dynamic signal was
channelized into four 1 GHz sub-signals and then received.

RESULTS AND DISCUSSION

To verify the feasibility of the proposed photonics-assisted multi-
band microwave receiver, a proof-of-concept system based on the
statements in “Photonics-Assisted Multi-Band Receiver for
Dynamic Signals in 2–30 GHz Bands” section has been
implemented by OptiSystem and VPItransmissionMaker. First,
we performed the instantaneous spectral analysis for 4 GHz

TABLE 2 | Relationship among OCLs, TPs, sub-channels, and monitoring bands
for dynamics 4 GHz signal.

CFs of OCLs
(THz)

CFs of TPs
(THz)

Sub-
channels

Monitoring range
(GHz)

192.722 192.6925 Sub-ch.1 29–30
192.7245 Sub-ch.2 2–3

192.785 192.7565 Sub-ch.3 28–29
192.7885 Sub-ch.4 3–4

192.848 192.8205 Sub-ch.5 27–28
192.8525 Sub-ch.6 4–5

192.911 192.8845 Sub-ch.7 26–27
192.9165 Sub-ch.8 5–6

192.974 192.9485 Sub-ch.9 25–26
192.9805 Sub-ch.10 6–7

193.037 193.0125 Sub-ch.11 24–25
193.0445 Sub-ch.12 7–8

193.100 193.0765 Sub-ch.13 23–24
193.1085 Sub-ch.14 8–9

193.163 193.1405 Sub-ch.15 22–23
193.1725 Sub-ch.16 9–10

193.226 193.2045 Sub-ch.17 21–22
193.2365 Sub-ch.18 10–11

193.289 193.2685 Sub-ch.19 20–21
193.3005 Sub-ch.20 11–12

193.352 193.3325 Sub-ch.21 19–20
193.3645 Sub-ch.22 12–13

193.415 193.3965 Sub-ch.23 18–19
193.4285 Sub-ch.24 13–14

193.478 193.4605 Sub-ch.25 17–18
193.4925 Sub-ch.26 14–15

193.541 193.5245 Sub-ch.27 16–17
193.5565 Sub-ch.28 15–16

OCLs, optical comb lines; TPs, transmission peaks; CFs, center frequencies.

TABLE 3 | Relationship among v-copies, LOs, channelized components for
dynamics 4 GHz signal.

CFs of OCs (THz) Multicast copies CFs of LOs (THz) Sub-signals (GHz)

192.914 v-copy 1 192.885 29–30
28–29

v-copy 2 192.917 2–3
3–4

192.976 v-copy 3 192.949 27–28
26–27

v-copy 4 192.981 4–5
5–6

193.038 v-copy 5 193.013 25–26
24–25

v-copy 6 193.045 6–7
7–8

193.100 v-copy 7 193.077 23–24
22–23

v-copy 8 193.109 8–9
9–10

193.162 v-copy 9 193.141 21–22
20–21

v-copy 10 193.173 10–11
11–12

193.224 v-copy 11 193.205 19–20
18–19

v-copy 12 193.237 12–13
13–14

193.286 v-copy 13 193.269 17–18
16–17

v-copy 14 193.301 14–15
15–16

LOs, local oscillators; CFs, center frequencies, OCs, optical carriers.

TABLE 4 | Considering seven cases and their corresponding frequency ranges.

Seven
cases

Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7

Frequency
range (GHz)

2–6 6–10 10–14 14–18 18–22 22–26 26–30
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dynamic signals. Second, we received the 4 GHz dynamic signals
by coherent channelization.

In the instantaneous spectral analysis for the 4 GHz dynamic
signals, we considered the following seven cases, as shown in
Table 4. We employed four-tone signals to equivalently replace
the 4 GHz original signals. For case 1, the four-tone signal with
frequencies of 2.5, 3.5, 4.5, and 5.5 GHz was employed. After the
second-category photonic channelization, the optical powers
received from all sub-channels were illustrated in Figure 6.
We can see that the optical powers in Sub-ch.2, Sub-ch.4, Sub-
ch.6, and Sub-ch.8 are significantly greater than others.

Namely, we can find the sub-channels with significant optical
powers and then determine the spectrum information according
to the received optical powers and Table 2. For all seven cases, the
received optical powers after the effective second-category
photonic channelizer were shown in Figure 6. In practical
application, by monitoring the optical power in each sub-
channel, the spectrum information is obtained. Based on the
spectrum information, different OCs and LOs are selected to
implement channelized reception of the original dynamic signal.

For simplicity but without loss of generality, we employed
4 GHz linearly-chirped signals with CFs of 4 and 28 GHz to
represent the 4 GHz dynamic signals, as shown in Figure 7. After
determining the spectrum information of the linearly-chirped
signals, the two linearly-chirped signals were received by the
coherent channelization.

According to Table 3, v-copy 2 and v-copy 4 were required for
receiving the “low-frequency” linearly-chirped signal, where the
CFs of the TOFs were set to 192.918 THz and 192.980 THz, and
the bandwidths of the TOFs were 5 GHz. The spectra of the EQHs
were plotted in Figure 8A. Because the TOFs are non-ideal in
practice, the OC with the CF of 192.914 THz cannot be effectively
suppressed. After heterodyne detection of the OC and the LO
with the CF of 192.917 THz, a 3 GHz tone was generated which
was shown in Figure 8A, i. After filtering by four 1-GHz LPFs, the
4-GHz dynamic signal was channelized into four 1 GHz sub-
signals (δs � 1 GHz), where we assume that the LPFs had
rectangular TPs. Moreover, the waveforms of the channelized
sub-signal were depicted in Figure 8B, respectively.

Similarly, the “high-frequency” linearly-chirped signal can
also be received, where v-copy 1 and v-copy 3 were required.
Moreover, the CFs of the TOFs should be set to 192.886 and

192.948 THz. The obtained spectra after processing by the EQHs
and the waveforms of the channelized sub-signals were given in
Figure 9.

Based on the results shown in Figures 8, 9, the proposed
channelized receiver can provide a much larger operative
bandwidth by using the same number of devices when
compared with the existing works in [23, 26–32]. Using two
OHs, four BPDs, two EQHs, and four electrical LPFs, the
equivalent operative bandwidth of the proposed multi-band
channelized receiver can be up to 28 GHz. To the best of our
knowledge, it is the first time that a photonics-assisted
channelized receiver is built which doesn’t require knowing
the spectrum information in advance.

CONCLUSIONS

In this work, based on the spectrum analysis and the coherent
channelization, a photonics-assisted channelized receiver has
been proposed for multi-band microwave signals. After
determining the spectrum information by the spectrum
analysis, the original wideband signal with dynamic microwave
bands was received by the coherent channelization. For seven
cases considered, the spectrum information can be obtained by
monitoring the optical power in each sub-channel. Moreover, two
4 GHz linearly-chirped signals with CFs of 4 and 28 GHz have
been channelized into four 1 GHz sub-channels and received,
respectively. We equivalently can build a multi-band coherent

FIGURE 6 | Received optical powers in all 28 sub-channels for seven cases with different frequency ranges, where the spectrum information for each case is
obtained by monitoring the optical power in all sub-channels.

FIGURE 7 | Spectra of original linearly-chirped signals with center
frequencies of (A) 4 GHz and (B) 28 GHz.
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channelizer that works for dynamic microwave signals by using a
few devices. For scenarios requiring multi-band microwave
signals such as modern radars, communication satellites, radio
over fiber systems, and the 5th generation mobile network, the
proposed photonics-assisted channelized receiver provides the
low-complexity and low-cost implementation and shows a
tremendous advantage and potential.
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FIGURE 8 | (A) Spectra of the output signals processed by optical hybrids and electrical quadrature hybrids and (B) waveforms of channelized signals after low-
pass filters, where the 4 GHz linearly-chirped signal has a 4 GHz center frequency.

FIGURE 9 | (A) Spectra of the output signals processed by optical hybrids and electrical quadrature hybrids and (B) waveforms of channelized signals after low-
pass filters, where the 4 GHz linearly-chirped signal has a 28 GHz center frequency.
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Optoelectronic Performance Analysis
of Low-Energy Proton Irradiation and
Post-Thermal Annealing Effects on
InGaAs Solar Cell
Y. Zhuang1, A. Aierken1*, Q. Q. Lei2,3*, L. Fang4, X. B. Shen2,3, M. Heini 2,3, Q. Guo2,3, J. Guo1,
X. Yang1, J. H. Mo1, R. K. Fan1, J. Li 1, Q. Y. Chen1 and S. Y. Zhang1

1School of Energy and Environment Science, Yunnan Normal University, Kunming, China, 2Xinjiang Key Laboratory of Electronic
Information Materials and Devices, Xinjiang Technical Institute of Physics and Chemistry, Chinese Academy of Sciences, Urumqi,
China, 3Key Laboratory of Functional Materials and Devices for Special Environments of Chinese Academy of Sciences, Xinjiang
Technical Institute of Physics and Chemistry, Chinese Academy of Sciences, Urumqi, China, 4Uniwatt Technology Co. Ltd.,
Zhongshan, China

The electrical and spectral properties of 150 KeV proton-irradiated MBE-grown
In0.53Ga0.47As single junction solar cell and its post-thermal annealing properties were
investigated. Both simulation and experimental methods were applied to analyze the
irradiation-induced displacement damage and degradation mechanism of cell
performance. The results show that most protons would penetrate through the
In0.53Ga0.47As emitter and stop in the base region, causing differing extents of electric
and spectral degredation. When proton fluence were 1 × 1012 and 5 × 1012 p/cm2, the
remaining factor of Isc, Voc, Pmax, and FF were degraded to 0.790, 0.767, 0.558, 0.921 and
0.697, 0.500, 0.285, 0.817, respectively. Severer degradation was found in short wave
lengths compared to long wave lengths of the solar cell spectral response. After annealing
treatments, the normalized Isc, Voc, Pmax, and FF, significantly recovered from 0.697,
0.500, 0.285, and 0.817 to 0.782, 0.700, 0.499, and 0.912 (fluence: 5 × 1012 p/cm2), and
the irradiation-induced defects in the whole emission area and part of the base area were
annihilated, so the observed recovery of the short wavelength of the solar cell was greater
than the long wavelength. The performance analysis in this work provided valuable ways to
improve the photoelectric efficiency of space solar cells.

Keywords: InGaAs solar cell, proton irradiation, displacement damage, degradation, annealing

INTRODUCTION

Ⅲ-Ⅴ-basedmulti-junction solar cells as a direct energy provider are currently used for different space
applications; radiation resistance of the solar cell will directly determine the service life of spacecraft
and satellites. In order to accomplish extremely tough and long-term space missions, it is important
to develop space solar cells with excellent radiation resistance and high conversion efficiency and
stability. Over the past ten years, lattice-matched GaInP/GaAs/Ge three-junction solar cells with
relatively high efficiency (η ≈ 30%, in AM0, 1sun) compared to Si cells have been used as the main
power source for space applications. However, the fact that sub-cells of this type of three-junction
solar cells are not optimized for solar spectrum hindered the further improvement of photoelectric
conversion efficiency [1–3]. So, current researchers are attempting to further improve the efficiency
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by selecting dilute nitride materials as the other sub-cell
incorporated into the three-junction cell to obtain the
GaInP(1.9 eV)/GaAs(1.4 eV)/Ga(In)NAs(Sb) (1.04 eV)/Ge (0.67 eV)
four-junction solar cell [4, 5] in different forms, such as wafer
bonding solar cells [6], upright metamorphic solar cells [7, 8],
and inverted metamorphic solar cells (IMM) [9]. At present, the
GaInP/GaAs//InGaAsP/InGaAs four-junction solar cell
fabricated by using the wafer bonding technique not only
fixed the lattice mismatch issue of multi-junction solar cells,
but also obtained high photoelectric conversion efficiency
compared to other new-type cells, and so is expected to
become the main direction for developing the next
generation of space solar cells [10, 11].

There are already many studies about the electrical
properties of both InGaAs-based single and multi-junction
solar cells. However, the radiation effects for InGaAs sub-
cell of GaInP/GaAs//InGaAsP/InGaAs full spectra four-
junction solar cells are still limited. Dai et al. [12] studied
the 1 MeV electron irradiation effects of wafer bounded GaInP/
GaAs//InGaAsP/InGaAs four-junction solar cells and revealed
that the degradation of each InGaAs sub-cell and InGaAsP sub-
cell are mainly responsible for the deterioration of overall
performance. Walters et al. [13] studied the 1 MeV electron-
irradiated In0.53Ga0.47As solar cell and found that electron
irradiation would induce two trapping centers for the
majority carrier, causing degradation of the cell
performance. Karlina et al. [14] investigated the 3/10 MeV
proton and 1 MeV electron radiation effects of InP/InGaAs
solar cells and indicated that InGaAs is an optimum candidate
for InP/InGaAs triple-junction solar cells to improve the
efficiency. In our previous work, the radiation damage of
3 MeV electron and 1 MeV proton-irradiated In0.53Ga0.47As
single cells was well studied and we concluded that the major
degradation of spectral response (EQE) usually occurs in the
long wave region [15].

Many scholars investigated the effects of proton irradiation
with varying energy levels on Ⅲ-Ⅴ multi-junction solar cells,
and concluded that the degradation caused by low-energy
protons is more serious than high-energy protons [2,

16–18]. At present, there is no report about InGaAs sub-
cells subjected to low-energy proton irradiation, especially
InGaAs sub-cell designed for GaInP/GaAs//InGaAsP/InGaAs
four-junction wafer bonded solar cell. So, the low-energy
proton irradiated degradation mechanism of this type of
solar cell is still unclear. Moreover, space solar cells work at
a temperature range of –160∼200°C in mission [19, 20]. When
the temperature is high enough, solar cells may be annealed.
Therefore, the annealing process of solar cells is an important
factor that cannot be ignored. In addition, a special feature of
the GaAs solar cells found in early research is their ability to
recover from radiation damage by annealing at relatively low
temperatures under 200°C [21]. So, the annealing effect on
InGaAs sub-cells after low-energy proton irradiation is studied
in this work, and the annealing temperature is selected as 150°C.
Research in this article is part of our ongoing project. The
degradation properties of the main solar cell parameters for
150 KeV low-energy proton-irradiated In0.53Ga0.47As single
junction solar cells have been clearly discussed and the
physical mechanism was well investigated. Moreover, the
performance recovery of irradiated In0.53Ga0.47As under
different annealing conditions is also discussed. Our
experiments could provide evidence for the proper design of
annealing cycles for space missions to enhance the performance
of solar cells in space.

EXPERIMENTAL DETAILS

In0.53Ga0.47As single junction solar cell was investigated in
this work and its detailed structure is shown in Figure 1A.
The cell was grown on a 350-μm-thick p-InP substrate by
molecular beam epitaxy (MBE) system, and has a 3-μm-thick
base layer with a doping concentration of 1 × 1017 cm−3 and a
200-nm-thick emitter layer with a 1 × 1018 cm−3 doping
concentration. Si and Be were used as the n-type and
p-type doping source, respectively. A detailed description
for the growth and fabrication process of this solar cell has
been reported in our previous work [15]. All tested samples

FIGURE 1 | Structure representative of (A) InGaAs sub-cells studied in this work; SRIM simulation results of (A) 150 KeV proton (number of 105) trajectories and (B)
calculated vacancy densities in In0.53Ga0.47As sub-cells.

Frontiers in Physics | www.frontiersin.org November 2020 | Volume 8 | Article 5857072

Zhuang et al. Irradiated Solar Cell’s Annealing Effects

57

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


are 2.5 × 2.5 mm2 in size and have an initial conversion
efficiency of around 11% under the standard AM0 spectra
(136.7 mW/cm2 at 25°C). The 150 KeV proton irradiation
experiments were conducted at room temperature with
uniform flux, and the total dose was 1.0 × 1012 and 5.0 ×
1012 p/cm2 for comparison. After proton irradiation,
thermal annealing treatments at 150°C for 20, 60, 120,
180, and 360 min were carried out.

RESULTS AND DISCUSSION

Simulation Results
In order to understand proton irradiation-induced displacement
damage distribution in In0.53Ga0.47As sub-cells, the SRIM
(Stopping and Range of ions in Matter) program was utilized
to simulate the trajectories of 105 incident protons. Figure 1B,C
show the trajectories of 150 KeV protons and the corresponding
irradiation-induced vacancy densities in In0.53Ga0.47As sub-cells.
Results gathered from the simulation indicate that the maximum
penetration depth would be at 1.36 µm below the implantation
surface, with peak damage occurring at around 1.0 µm, which
illustrates that most protons could penetrate through InGaAs
emitter region but stop in the base range. This also proves that the
proton energy of 150 keV meets the requirement for our
experiments.

Degradation of Electric and Spectral
Properties
Figure 2A shows the I-V characteristics of the In0.53Ga0.47As
solar cell before and after proton irradiation with different proton
fluence. The basic electrical parameters of solar cells, such as the
short-circuit current (Isc), open-circuit voltage (Voc), fill factor
(FF), and maximum output power (Pmax), could be directly
derived from the I-V curve. Other parameters, like photo-
generated current (Iph), saturation current (I0), shunt
resistance (Rsh), series resistance (Rs), and diode ideal factor
(n), could be extracted from the I-V curves using a theoretical
model [22]. The symbols shown in Figure 2A are fitted results
and their values are listed in Table 1, which were obtained based
on the equivalent circuit method described as the following
expression:

I � Iph − I0[exp(v + IRS

nVT
)] − v + IRS

RSH
(1)

where VT is the thermal voltage. It should be noticed from
Figure 2A that extracted results by theoretical model are
highly consistent with the experimental results. The results
show that I0 and Rs increased with the increasing proton
fluence and Rsh and Iph decreased conversely.

Changes in the remaining factor of Isc, Voc, Pmax, and FF of
In0.53Ga0.47As solar cells before and after differing proton fluence
irradiation levels are shown in the curves of Figure 2B. When
proton fluence was 1 × 1012 and 5 × 1012 p/cm2, the remaining
factor of Isc, Voc, Pmax, and FF were 0.790, 0.767, 0.558, 0.921, and
0.697, 0.500, 0.285, 0.817, respectively. All of them degraded
seriously when the proton fluence increased, and the Pmax was the
most degraded.

The displacement damage caused by proton irradiation is
mainly responsible for the degradation of In0.53Ga0.47As solar
cells’ performance and electrical parameters. When solar cells
are under proton irradiation, the incident proton interacted
with atoms on the pristine lattice position and transferred

FIGURE 2 | 150 KeV proton with different fluence-irradiated In0.53Ga0.47As solar cells’ (A) I-V characteristics, solid lines are experimental curves and the theoretical
values are denoted by hollow symbols, (B) the remaining factor of electrical parameters, and (C) EQE spectra.

TABLE 1 | Extracted parameters of In0.53Ga0.47As solar cells from I-V curves.

Fluence
(p/cm2)

Isc
(mA)

Voc

(V)
FF Pmax

(mW)
Iph
(mA)

I0
(A)
(E)

Rsh

(Ω)
Rs

(Ω)
n

0 3.92 0.280 0.604 0.663 3.96 2–7 1,500 5.5 1.114
1 × 1012 3.13 0.215 0.553 0.371 3.13 1.7–6 1,100 5.6 1.115
5 × 1012 2.74 0.140 0.493 0.189 2.79 1.8–5 900 5.7 1.114
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energy to the atoms by elastic or inelastic collisions, which removed
atoms from their initial position, causing large amounts of defects
[23, 24]. These irradiation-induced defects introduced five types of
new charge-trapping defect levels into the forbidden band, as
shown in Figure 3. The first mechanism is carrier generation
(labeled Ⅰ), which generates electron-hole pairs assisted by thermal
excitation of deep-level defects. Recombination (labeled Ⅱ) occurs
when it is suitable for electron-hole pairs to recombine at the defect
sites, and this type of defect usually reduced the minority carrier
life. Trapping (labeled Ⅲ) happens when a carrier is captured by
the defect level and emitted to the origin site before recombination
or other processes occur. Compensation (labeled Ⅳ) occurs when
the defect level obtains the free carriers from dopant atoms. The
type of defect level Ⅳ could reduce the amount of the majority
charge carrier. The last influence of defect level is tunneling
(labeled Ⅴ), where carriers can get through the depletion region
through trap-assisted tunneling.

The degradation of Isc is mainly due to the displacement
damage defects induced by proton irradiation in the active
region of solar cells. There are two main mechanisms that
cause the degradation of solar cell performance. First, the
displacement damage generates non-irradiative recombination
centers (defect level Ⅱ in Figure 3) in the band gap to reduce the
minority carrier diffusion length, and consequently decreases the
collection efficiency of photo-generated carriers. The change of
minority carrier diffusion length with respect to the proton
irradiation flux can be expressed by the following equation [25]:

1
L2ϕ

� 1
L2
0

+ KLϕ (2)

where L0 and Lφ are the diffusion lengths of minority carriers
before and after irradiation, and KL and φ are the damage
coefficient and the proton irradiation fluence. Equation 2
reveals that Lφ decreases with increasing proton irradiation
fluence. Second, the carrier removal effect (defect level Ⅲ and
Ⅳ in Figure 3) caused by displacement damage is also an
important factor resulting in the deduction of Isc. The carrier
removal effect would reduce the majority carrier concentration in
emission and base regions and weaken the built-in electric field,
so as to affect the collection of photo-generated carriers. The
correlation between the built-in electric field and majority carrier
concentration can been expressed as below:

VD ≈
KBT
q

ln(nn0pp0
n2
i

) (3)

where nn0 and pp0 are the majority carrier concentrations of
emitter and base, T is the temperature, KB is the Boltzmann
constant, and ni is the intrinsic carrier concentration. It can be
seen from Eq. 3 that the concentration decreased after irradiation
and reduced the built-in electric field, consequently lowering the
collecting efficiency of photo-generated carriers. The carrier
removal effect, which reduced the majority carrier
concentration, increased the series resistance Rs of solar cells
[26]. Therefore, the Rs increased with increasing proton fluence.
The fact that Voc decreased after proton irradiation can be
explained by the following equations [27]:

VOC � KBT
q

ln(Iph
I0

+ 1) (4)

I0 ∝ JS � qDnnp0

Ln
+ qDppn0

Lp
(5)

where I0 is the reverse saturation current and is proportional to
the reverse saturation current density JS, Iph is the photo current,
Ln is the minority carrier diffusion length in p-type base region,
and Lp is the minority carrier diffusion length in the n-type
emitter region. The variation of the Voc is mainly influenced by
I0 and Iph; both the decrease of Isc and the increase of I0 would
lead to the degradation of Voc. From the above analysis, it can be
seen that the displacement damage defect caused by proton
irradiation in the active area of In0.53Ga0.47As solar cells
combined with the carrier removal effect in emission and
base regions leads to the total degradation of Isc. I0 decreases
and Rsh increases with the increase of proton irradiation doses.
Proton irradiation produces a large number of defects in the
junction region of the solar cell, which induce additional deep
level defects and increase the recombination rate of electrons
and holes at both sides of the junction region, and, as a result,
increase the leakage current of the solar cell and decrease the I0
and Rsh at the same time. Therefore, the change of Isc and I0 is
mainly responsible for the degradation of Voc. In addition,
Figure 2A and Table 1 show that the FF decreased after
proton irradiation due to the decrease of Isc and Voc. Finally,
the degradation of Voc, Isc, and FF results in the reduction of
Pmax, which can be described as Pmax � FF × Isc × Voc.

FIGURE 3 | Schematic diagram of irradiation-induced defect levels in band structure.
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The EQE spectra of 150 KeV proton-irradiated In0.53Ga0.47As
solar cells is shown Figure 2C. It can be seen that EQE degraded
with the increase of proton irradiation fluence, and the
degradation mainly occurred in the short-middle wavelength
range. The degradation of the EQE spectral response of solar
cells reveals the displacement damage located in different regions,
i.e. the displacement damage of the solar cell’s emission and base
region will lead to the degradation of the short-wavelength and
long-wavelength of the EQE spectrum, respectively [17].
According to SRIM simulation results presented in Simulation
Results, protons are mainly deposited in the whole emission,
junction region, and part of the base region. Therefore, 150 KeV
proton irradiation has caused displacement damage concentrated
upon the whole emission region and junction region, and,
consequently, more obvious degradation of EQE spectra
occurs in the short-middle wavelength range.

Thermal Annealing of Proton Irradiated
In0.53Ga0.47As
Thermal annealing experiments were then carried out on
In0.53Ga0.47As single junction solar cells irradiated by
150 KeV proton with doses of 5 × 1012 p/cm2; the annealing
temperature was set to 150°C. For the purpose of evaluating the
influence of annealing time, the duration of annealing was set to
20, 60, 120, 180, and 360 min. Figure 4 shows the variation of
electrical parameters for irradiated In0.53Ga0.47As sub-cells after
different annealing times. The I-V characteristic curves in
Figure 4A reveal the significant recovery that occurred after
annealing for 20 min, but there is no substantial recovery in
continuous annealing up to 360 min. It should be noticed from
Figure 4B that the electrical parameters, such as normalized
Voc, Isc, Pmax, and FF, significantly recovered after annealing for
360 min, changing from 0.5, 0.697, 0.285, and 0.817 to 0.7,
0.782, 0.499, and 0.912, respectively. Figure 4C shows the
degree of cell recovery as a function of annealing time in
terms of the EQE. Obvious recovery occurred at 20 min and

was maintained at around the same level during the longer
annealing processing. After annealing at 150°C for 360 min, the
EQE of In0.53Ga0.47As solar cells recovered by 7.96% and 1.15%
at 1050 and 1500 nm wavelengths, respectively. Therefore, the
recovery degree of the spectral response of In0.53Ga0.47As solar
cells in the short wave region is greater than that in the long
wave region after annealing.

After annealing at 150°C, the performance of In0.53Ga0.47As
solar cells irradiated by protons was obviously restored. There are
two possible reasons for this phenomena. First, during the
annealing process, a large number of carriers are generated
inside the In0.53Ga0.47As solar cell, which induce a “carrier
injection annealing effect”, and some proton irradiation-
induced defects were annihilated. This consequently increased
the minority carrier life and the performance of the In0.53Ga0.47As
solar cell could be restored [28–30]. Second, 150 KeV proton
irradiation produced a large number of displacement damage
defects in the In0.53Ga0.47As solar cell; some studies showed that
thermal annealing can remove some of these displacement
damage defects [31] and reduce the number of defects and
recombination centers to improve the In0.53Ga0.47As solar
cell’s electrical and optical properties. In our work, when the
In0.53Ga0.47As solar cell was annealed at 150°C, a part of the sub-
stable displacement damage caused by proton irradiation was
annihilated, which resulted in a degree of recovery in cell
performance. And the short wavelength recovery of EQE
spectrum was more obvious than in the long wavelength. By
integrating the SRIM simulation results, which showed that the
damage caused by proton irradiation in the solar cell emission
area was greater than in the base area, it can be seen that the
degradation of the short wavelength of the solar cell spectral
response was more serious. After annealing, the defects induced
by proton irradiation in the whole emission area and part of the
base area were annihilated, so the recovered degree of the short
wavelength of the solar cell was greater than in the long
wavelength.

FIGURE 4 | The variation of electrical parameters (A) I-V curve and (B) normalized Voc, Isc, Pmax, and FF, and the variation of (C) EQE of the solar cell of
In0.53Ga0.47As solar cells after annealing at 150°C for different times.
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CONCLUSION

In the present article, In0.53Ga0.47As single junction solar cells
were subjected to 150 KeV proton radiation with different
fluence. In order to understand low-energy proton
irradiation-induced displacement damage distribution in
In0.53Ga0.47As single junction solar cells, SRIM simulations
were firstly carried out to simulate the trajectories of 105

incident protons and the induced trap density. And the
corresponding electrical and spectral properties after
irradiation were well characterized by experimental means.
The sequential annealing process from 20 to 360 min were
then implemented to reveal the recovery of cell performance
correlated with the thermal annealing treatments. The results
show that most protons would penetrate through InGaAs
emitter and stop in InGaAs base region, causing differing
extents of electric and spectral degradation. When proton
fluence was 1 × 1012 and 5 × 1012 p/cm2, the remaining
factor of Isc, Voc, Pmax, and FF were degraded to 0.790, 0.767,
0.558, 0.921 and 0.697, 0.500, 0.285, 0.817, respectively. Severer
degradation of short wave lengths then long wave lengths of the
solar cell spectral response was observed. After annealing for
different time at 150°C, it was shown that significant recovery of
cell performance occurred after annealing for 20 min, and there
is no obvious substantial recovery in continuous annealing up to
360 min. And the recovered degree of the short wavelength of
the solar cell was greater than in the long wavelength, which
reveals the fact that the defects induced by proton irradiation in

the whole emission area and part of the base area were
annihilated. Our performance analysis could provide
evidence for the proper design of annealing cycles for space
missions to enhance the performance of solar cells in space.
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Ultrasmall precious metal clusters have attracted extensive attention for providing a
very specific surface and promoting electron transfer. In this work, ultrasmall Au
clusters based on defective TiO2 nanosheets (Au/D-TiO2) were prepared and
introduced into photocatalytic hydrogen evolution. Different defects of TiO2

nanosheets (D-TiO2) were constructed using a heating process and then loaded
with Au clusters. Compared with bare TiO2, Au clusters established on defective
TiO2 nanosheets with a narrower band gap showed higher light absorption
performances, resulting in obviously enhanced photocatalytic hydrogen production
performances. The Au/D-TiO2 displayed the greatly enhanced photocatalytic hydrogen
evolution activity of 3,142.33 μmol h−1 g−1, which was over 45 times than the pure TiO2.
The results showed that the catalysts had good prospects in the field of photocatalytic
hydrogen production.

Keywords: Au, cluster, defect TiO2, H2 evolution, photocatalytic

1. INTRODUCTION

Photocatalytic H2 evolution, which utilizes water decomposition under solar energy, is a promising
route to overcome the growing energy crisis and environment issues. However, in this process, the
photocatalyst plays a key role. At present, photocatalysts such as nitrides [1, 2], metal sulfides [3, 4],
and metal oxides [5, 6] have been demonstrated in hydrogen evolution systems. Among the
traditional photocatalysts, anatase is one of the most extensively studied photocatalysts due to
its reasonable price, nontoxicity, and remarkable photochemical stability [7, 8]. However, TiO2 with
a comparatively large band gap (3.2 eV) can absorb only the ultraviolet portion of the solar spectrum,
resulting in insufficient photocatalytic activity of TiO2 for H2 production.

Photocatalytic efficiency of TiO2 for water decomposition is limited due to the high
recombination rate of photogenerated carriers. Hence, many measures have been taken to solve
the problem of low photocatalytic performance of TiO2, involving the mingling of transition metals
[9, 10], adding of the nonmetal ions [11, 12], loading of the precious metals [13, 14], the surface for
dye-sensitized [15], and the generation of hybrid semiconductor [16, 17]. The manufacture of metal-
semiconductor oxide composite materials is another very dynamic research area that can improve
the photocatalytic activity of semiconductor oxide photocatalysts [18]. It has been reported that the
transfer of electrons from semiconductor oxides to metals may reduce electron hole recombination
events and improve the photocatalytic performances of semiconductor oxide-based catalysts. Thus,
the electron hole pairs in the recombined semiconductor oxide produced by photons can be reduced
by a large part [19, 20].
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Therefore, in this work, the electron hole recombination rate
was reduced, we have demonstrated a method of constructing
defects on metal oxides to support Au clusters. Both oxygen
vacancies and a Ti-O-Ti structure were formed in this process.
Oxygen atoms were lost through the formed oxygen vacancies,
and the original oxygen vacancies were occupied by metal
clusters, thus effectively reducing the recombination rate of
photogenerated carriers. Au clusters built on defective TiO2

nanosheets (Au/D-TiO2) were applied to the production of
photocatalytic hydrolysis hydrogen and showed significantly
enhanced performances. Compared with the traditional TiO2

catalyst, the catalysts of Au/D-TiO2 could produce up to 45 times
more hydrogen than TiO2. The results demonstrated that the
structural defects on the surface of metal oxide could improve the
catalytic performance of Au/D-TiO2 catalysts. This work laid a
foundation for the preparation of catalysts in the future.

2. EXPERIMENTAL SECTION

2.1. Materials
The chemical reagents Tetra-n-butyl Titanate (Ti(OC4H9)4,
99.0%, AR grade), hydrofluoric acid solution (HF, 40.0 wt%,
AR grade), ethanol (99.7%, AR grade), and ammonium
carbonate (40%, AR grade) were bought from Tianjin Damao
Chemical Reagent Factory, China. HAuCl4·3H2O (99.9%, AR
grade) was bought from Aladdin, China. All experimental
materials were used directly in the experiment after purchase.

2.2. Sample Preparation
2.2.1. Preparation of D-TiO2 Nanosheets
TiO2 nanosheets were obtained by hydrothermal method. In a
common synthesis, Ti(OC4H9)4 (50 ml) and HF (6 ml) were

added to the Teflon-lined autoclave. Then, the hydrothermal
reaction occurred at 180°C for 24 h. After the reaction, the white
sediment of the Teflon-lined autoclave was centrifuged and
rinsed three times with water and ethanol, and dried in an
oven at a temperature of 80°C for 12 h. Different defects of
D-TiO2 sample were obtained after being calcined at reducing
atmosphere (10 vol.% H2 and 90 vol.% Ar, 2 h) with unequal
temperatures (The D-TiO2 were treated at 100°, 150°, and 200°C,
respectively).

2.2.2. Synthesis of Au/D-TiO2

Au/D-TiO2 was composite according to the deposition-
precipitation method. First, 1 g of pure or defective TiO2

nanosheets powders were suspended in 50 ml distilled water
and stirred for 20 min. Then, the aqueous solution (25 ml) of
2.4 g (NH4)2CO3 and 0.01 g HAuCl4

.3H2O were mixed into the
above solution drop by drop and stirred for 1 h at room
temperature. And then, the samples were collected by
centrifugation, and washed with distilled water and ethanol for
three times, respectively. Au/D-TiO2 samples were gained after
being dried at 70°C for 6 h and calcined (200°C, 10 vol.% H2 and
90 vol.% Ar) for 2 h. For comparison, Au/TiO2 was synthesized
with the same method on TiO2 nanosheets instead of D-TiO2.

2.2.3. Characterization
The crystalline structures of the acquired samples were analyzed
by a powder X-ray diffractometer (XRD, BRUKER D8
ADVANCE) with a scan range of 10°–90° and a step size of
0.02°. The measurement of electron paramagnetic resonance
(EPR) was performed at room temperature using a BRUKE
A300 EPR spectrometer. The transmission electron
microscopy (TEM) and high angle annular dark-field
(HAADF) were performed on a JEM-2100HR operating at

FIGURE 1 | (A) XRD of pure TiO2, Au/TiO2, and Au/D-TiO2 (The D-TiO2 were treated at 100°, 150°, and 200°C, respectively) (B) EPR of TiO2 and Au/D-TiO2 (treated
at 150°C).
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200 kV. The surface analysis of every sample was examined by
X-ray photoelectron spectroscopy (XPS) using a Thermo Fisher
Scientific K-Alpha spectrometer. The Metal contents of samples
were analyzed by analysis of inductively coupled plasma
spectroscopy (ICP, Agilent 700). The UV-vis diffuse
reflectance spectra (DRS) recorded on a Lambda 750
spectrophotometer. The photoluminescence (PL) spectra
gained by a F-4600 FL Spectrophotometer.

2.2.4. Photocatalytic Hydrogen Evolution
The photocatalytic hydrolysis reaction was carried out in a heat-
resistant glass reactor, which was connected to a sealed single
channel glass system, a circulating water system, a controller,
and a vacuum pump. A 300 w xenon lamp was applied as a light
source and fixed with the distance of 1 cm from the glass
reactor. The glass reactor was charged with 80 ml of distilled
water, 20 ml of methanol solution and 50 mg of photocatalyst.

Before the start of the reaction, in order to keep the entire
reaction device free of air, the vacuum pump was turned on for
1 h, and the valves of the glass system were rotated while
evacuating, and the air of the system was extracted as much
as possible. The circulating water and the controller were
opened while the vacuum pump was being punched, and the
magnetic stirrer placed under the glass reactor was turned at
500 rpm to avoid overheating of the reaction during the
experiment and to guarantee uniform dispersion of the
photocatalyst in the solution. In the photocatalytic hydrogen
production experiment, a gas chromatograph was used to
analyze the produced hydrogen gas, and the gas
chromatograph was equipped with a packed bed column
having a temperature of 70°C and a detector. In the
hydrogen production experiment, the xenon lamp irradiation
time was 1 h for each time, and the intake air was detected every
hour with a total of 4 h [21, 22].

FIGURE 2 | (A) TEM image of TiO2 nanosheets (B) HRTEM image of the selective area (C) TEM image, Au clusters high-lighted by red arrows (D) elemental
mappings show the distribution of Ti (red) and Au (gold).
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3. RESULTS AND DISCUSSION

The compositions and phase structures of the samples were
studied by using XRD (Figure 1). It could be seen from the
XRD patterns that both pure and defective TiO2 were with a
palpable structure of anatase phase (JCPDS no. 21-1272). In the
case of Au/D-TiO2, the crystallographic peaks of Au could be
detected (Figure 1A). Defects in D-TiO2 were tested by electron
paramagnetic resonance (EPR) measurements (Figure 1B),
which indicated an aerobic vacancy defect with a g value of
2.015 [23–25].

The preparation of defective TiO2 was the first and an
important step in the synthesis process of the catalyst Au/
D-TiO2. The transmission electron microscopy (TEM) image
(Figure 2A) demonstrated the nanosheet structure of D-TiO2

with a length of about 50 nm. And the high-resolution
transmission electron microscopy (HRTEM) showed a lattice
spacing of approximate 0.358 nm (Figure 2B) corresponding to
(101) planes of TiO2. In addition, Figure 2C had many Au
clusters distributed and marked by the red arrow. Further, the

high angle annular dark-field (HAADF) and the element
mapping image (Figure 2D) further indicated that the Au
clusters were well dispersed on the defective TiO2 carrier.

In order to further explore the surface defects of the pure TiO2

and the defective TiO2, the X-ray photoelectron spectroscopy (XPS)
spectra were conducted. The O 1 score-level XPS spectrum
manifested two peaks in Figure 3A, one of which at 530.0 eV
was considered as the oxygen band of Ti-O-Ti, and another one
at 531.5 eV could be attributed to oxygen vacancy. The peak area of
531.5 eV of 150°C treated sample was larger than that of the other
samples, indicating the highest oxygen vacancy concentration
(Figure 3A). Figure 3B showed the O 1 s XPS spectrum of Au/
TiO2 and Au/D-TiO2 (treated at 150°C). It was found that the
binding energy of Au/D-TiO2 was significantly shifted to higher
binding energies comparedwithAu/TiO2. And the strength of Ti-O-
Ti of Au/D-TiO2 (treated at 150°C) was greater than that of Au/
TiO2. Usually, such binding energy transfer is explained by a strong
interaction between the two components. Figure 3C displayed the Ti
2p XPS spectrum of TiO2 andAu/D-TiO2 (TheD-TiO2 were treated
at 100°, 150°, and 200°C, respectively) and demonstrated that they

FIGURE 3 | (A) XPS of TiO2 and D-TiO2 (The D-TiO2 were treated at 100°, 150°, and 200°C, respectively) (B) XPS of synthesized Au/TiO2 and Au/D-TiO2 (treated at
150°C) (C) Ti 2p spectrum (D) Au 4f spectrum.
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were not obvious differences. The Au 4f of Au/D-TiO2 (treated at
150°C) core-level XPS spectrum displayed one special peak at
83.9 eV in Figure 3D, and this peak could be attributed to Au
clusters [26, 27].

The measurements of UV-visible diffuse-reflectance spectrum
(UV-vis DRS) were carried out to investigate the light absorption
intensity. As can be seen from Figure 4A, the intensity of light
absorption for Au/D-TiO2 was significantly enhanced in the
wavelength ranging from 250 to 800 nm compared with the
untreated TiO2 nanosheets. And Au/D-TiO2 (treated at 150°C)
showed the strongest absorption intensity. According to the UV-
vis DRS, the optical band gap value Eg of all samples was estimated
from these absorption profiles using the Tauc’s relation
(Figure 4B) [28]. As shown in Figure 4B, the band gaps of
these samples were analogous. However, after combining with
Au clusters, the band gap of the samples mildly narrowed, whereby
the results of pure TiO2, Au/TiO2, Au/D-TiO2 (treated at 100°C),
Au/D-TiO2 (treated at 150°C) and Au/D-TiO2 (treated at 200°C)
were 2.93, 3.05, 3.03,2.86 and 2.98 ev, respectively [29, 30].

Figure 5 presented a comparison of the PL spectra of
synthesized TiO2 and Au/D-TiO2 (The D-TiO2 were treated
at 100°, 150°, and 200°C, respectively). PL emission in
semiconductors was due to the recombination of free
carriers. The PL peak at about 396 nm was attributed to the
emission of the bandgap transition. At an excitation wavelength
of 230 nm, the light energy was approximately equal to the
bandgap energy of anatase (387 nm). As expected, the PL
intensity of the prepared Au/D-TiO2 was significantly
reduced as compared with pure TiO2. This indicated that the
recombination rate of electrons and holes of Au/D-TiO2 sample
was low. This might be owing to the fact that electrons were
excited from the valence band to the conduction band, and then
moved to Au, thereby preventing the direct recombination of
electrons and holes. In general, low recombination rate of
electrons and holes are often associated with high
photocatalytic activity [31, 32].

In order to understand the band structure change of TiO2

nanosheets after Au loading, the Mott-Schottky experiment (MS)
was conducted (Figure 6).

Based on the MS equation, the capacitance (C) depend on
applied potential and could be fitted as follows [33]:

1
C2

� + 2
eεε0Nd

(E − EFB − kb
e
) (1)

Where the slope expresses the type of semiconductor (negative to
p-type and positive to n-type). TheNd denotes the carrier density.
The C, E (corrected by the AgCl vs 0.197 eV) denote the space
charge capacitance and applied potential. Ɛ denotes the relative
permittivity. Ɛ0 denotes the vacuum permittivity. Where e

FIGURE 4 | (A) UV-vis DRS of synthesized of TiO2, Au/TiO2 and Au/D-TiO2 (The D-TiO2 were treated at 100°, 150°, and 200°C, respectively) (B) the forbidden band
width of synthesized of TiO2, Au/TiO2, and Au/D-TiO2 (The D-TiO2 were treated at 100°, 150°, and 200°C, respectively).

FIGURE 5 | PL spectra of TiO2, Au/TiO2 and Au/D-TiO2 (The D-TiO2

were treated at 100°, 150°, and 200°C, respectively).
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denotes the electron charge. Besides, the intercept on the x axis
denotes the Efb (band potential).

As revealed in Figure 6, the positive slope in the
Mott–Schottky plot for the samples indicated that TiO2

nanosheets was typical n-type semiconductors according to the
MS equation. Furthermore, the conduction band (CB) of the
samples were obtained corrected by the AgCl by calculating, and
the flat band potential (Efb (Vs RHE)) of pure TiO2, Au/TiO2, Au/
D-TiO2 (treated at 100°C), Au/D-TiO2 (treated at 150°C) and Au/
D-TiO2 (treated at 200°C) were gained to be –0.16, –0.13, –0.07,
–0.04, and –0.01 V, respectively. Moreover, the valence band
(VB) was calculated by adding the band gap value to the CB
level. whereby the results of pure TiO2, Au/TiO2, Au/D-TiO2

(treated at 100°C), Au/D-TiO2 (treated at 150°C) and Au/D-TiO2

(treated at 200°C) were 2.77, 2.92, 2.96, 2.82, and 2.97 V,
respectively compared with NHE.

The photocatalytic H2 production activities of the bare TiO2,
Au/TiO2 and Au/D-TiO2 were further examined in Figure 7.
Under the same experimental conditions, the test was performed
every 1 h, and a total of 4 h of experiments were performed. Bare
TiO2 and Au/TiO2 only exhibited a very low photocatalytic H2

production rate of 69.18 and 138.7 μmol h−1 g−1, respectively.
However, after coupling with Au clusters, the production rate
of photocatalytic H2 was significantly enhanced. Au/D-TiO2

(treated at 150°C) exhibited the highest photocatalytic H2

production rate of 3,142.33 μmol h−1 g−1, suggesting that the
construction of Au/D-TiO2 could effectively boost the
production activity of photocatalytic H2. Besides, the
production rate of photocatalytic H2 first increased and then
declined when the treated temperature of D-TiO2 increased from
100° to 200°C for Au/D-TiO2 samples, indicating that the treated
temperature could efficiently adjust the defects of TiO2

nanosheets and effect the H2 production activity [34–36].
The stability test with Au/D-TiO2 was carried out by a total of

16 h of cycling experiments, which were divided into four groups
of 4 h, respectively, and an injection was performed every hour
for data recording. The result suggested a good stability of Au/
D-TiO2 at fully photocatalytic hydrogen production experiment
process without obvious decrease, which might be due to the Au
clusters could be effectively stabilized on TiO2.

A reaction mechanism for the evolution of hydrogen is shown
in Figure 8. First, the valence band electrons of TiO2 are excited
to the conduction band, and then immediately transferred to Au
through the intimate interface contacts. Since it is well known
that H2O has an ionization balance in the natural state, the water
contains trace amounts of H+ and OH−. Therefore, the releasing
H+ binding in the e− of H2O to produce H2. H

+ adsorption on the
surface of the Au and accepting excited electrons is a key step in the

FIGURE 6 | The Mott–Schottky curves of using Ag/AgCl as a reference
electrode of TiO2, Au/TiO2, and Au/D-TiO2 (The D-TiO2 were treated at 100°,
150°, and 200°C, respectively).

FIGURE 7 | (A) H2 production of TiO2, Au/TiO2, and Au/D-TiO2 (The D-TiO2 were treated at 100°, 150°, and 200°C, respectively) under sunlight irradiation (B)
Circulation experiment of hydrogen evolution of Au/D-TiO2 (treated at 150°C).
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hydrogen evolution reaction. On the other hand, H2O/OH
− reacts

with h+ in Au/D-TiO2 to produce H2 and OH. When H2 is
released, O2 is also formed. Then O2 reacts with the e− to form
O2

−. Finally, the O2
− reacts with CH3OH to formH2O.When TiO2

is coupled with Au clusters, it can provide more active sites for the
hydrogen release reaction due to the characteristics of the Au/
D-TiO2 catalyst, thereby increasing photocatalytic activity [37, 38].

CONCLUSION

In conclusion, Au based on defective TiO2 nanosheets (Au/D-TiO2)
has been successfully prepared and applied to the production of
photocatalytic hydrolysis hydrogen. Compared with bare TiO2 and
Au/TiO2 only exhibit a very low production rate of photocatalytic
H2 of 69.18 and 138.7 μmol h−1 g−1, respectively, the production rate
of photocatalytic H2 was significantly enhanced after coupling with
Au clusters. The Au/D-TiO2 treated at 150°C exhibited the highest
production rate of photocatalytic H2 of 3,142.33 μmol h−1 g−1. The
stability test suggested a good stability of Au/D-TiO2 at fully
photocatalytic hydrogen production experiment process due to
the Au clusters could be effectively stabilized on TiO2. Overall,
this could be an effective approach for enhancing photocatalytic
hydrogen production efficiency and stability by catalyst.
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Scheme for Reducing Hysteresis
Effect of Electrowetting Displays
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Electrowetting display (EWD) is a new reflective display technology, which has the
advantages of ultra-low power consumption, high contrast, fast response and full-
color. However, due to a hysteresis effect, accurate gray scale display of EWDs
cannot be achieved, which seriously restricted the display effect and performance of
EWDs. In order to reduce the influence of hysteresis effect, a multi waveform adaptive
driving scheme was proposed in this paper. Firstly, a multi waveform driving system was
designed and implemented by a STM32 master chip and an AD5304 driver chip. The
driving system could automatically select different driving waveforms according to the
preset switching conditions. Then, different driving waveforms were designed and
implemented according to different driving stages of EWDs. Finally, driving waveforms
were mapped with each stage of the driving process one by one to realize the adaptive
driving of multiple waveforms. The experimental results showed that, compared with the
conventional square wave, themaximum hysteresis difference of hysteresis curve could be
reduced by 39.19% with the multi waveform driving scheme.

Keywords: driving waveform, electrowetting display, hysteresis, driving scheme, multi waveform

INTRODUCTION

As a new optical reflective display device, electrowetting displays (EWDs) have been greatly
developed. EWDs have the advantages of ultra-low power consumption, high contrast, fast
response and full-color [1]. The concept of EWDs was first proposed by G. Beni [2, 3]. The
basic principle of EWDs is to manipulate the liquid transport in a microporous structure by
electrowetting effect, so as to change the optical spatial coherence of porous surface and realize an
optical display effect of white or transparent switching.

In 2003, a new reflective EWD principle based on oil-water two-phase dielectric wetting system
was reported [4, 5]. In 2004, an EWD with high reflectivity was developed [6], which was four times
as bright as a reflective liquid crystal display (LCD). At the same time, it also had the advantages of
high contrast and fast video response. In 2005, a novel single-layer multi-color EWD which used a
variety of dye pastes instead of the conventional color polarizer technology was proposed [7]. In
2010, a three-layer structure color EWDwas fabricated by superimposing three primary colors [8]. In
2011, a scheme was proposed to realize a single-layer multi-color EWD by adding different colors of
oil into sub-pixel by ink-jet printing (IJP) technology [9].

However, there are still many defects in EWDs, such as oil splitting, oil backflow, charge trapping,
hysteresis effect, etc. [10, 11]. In order to solve these defects and further improve the optical
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performance of EWDs, many scholars have made a lot of efforts.
An asymmetrical driving concept was proposed and a charge
trapping suppressionmethod was developed [12], but the variable
electrode could lead to the instability of electric field force. And
the hysteresis effect would be more significant. Then, a method
was proposed to reduce oil splitting by adding a voltage rising
gradient in the driving waveform [13], but the rising gradient
could increase the response time of EWDs. In addition, an error
diffusion algorithm based on pixel neighborhood gray
information and direct current (DC) balanced driving
waveform was proposed for suppressing the oil backflow [14].
However, the oil backflow caused by the charge trapping cannot
be solved effectively. Recently, an amplitude-frequency mixed
modulation driving systemwas proposed to improve the response
speed for driving gray scales and enhance the oil stability [15], but
the driving scheme was based on a single waveform, which
limited the development of driving waveforms.

In order to reduce the influence of hysteresis effect and improve
the display performance of EWDs. The reason of hysteresis effect
was analyzed, and the hysteresis curve of EWDs was obtained by
experiments. Then, a multi waveform adaptive driving system was
designed and implemented, and it could effectively reduce the
influence of hysteresis effect in EWDs.

PRINCIPLES OF ELECTROWETTING
DISPLAYS

Driving Principle of Electrowetting Displays
An EWD is mainly composed of glass substrate, indium tin
oxides (ITO) guide electrode, hydrophobic insulation layer
(HIL), pixel wall, colored oil, polar liquid, and top plate [16,
17], as shown in Figure 1A. Gray scale is realized in EWDs by
applying an external voltage to control the movement of the
colored oil [18]. The colored oil in a pixel spreads naturally and
covers the whole pixel when no external voltage is applied, and
the color of oil is displayed, as shown in Figure 1B. The colored
oil is pushed to a corner in the pixel when the external voltage is
applied, and the color of the substrate is displayed, as shown in
Figure 1C. Figure 1D is the top view of oil spreading. Figure 1E is
the top view of oil contracting.

The different degrees of oil contraction represent different
optical states, which are characterized by the aperture ratio. The
aperture ratio is a proportion of opening area in a whole pixel.
The formula is defined as Eq. 1 [5].

WA(V) � (1 − Soil(V)
Spix

) × 100% (1)

FIGURE 1 | Principle of the EWD. (A) Pixel structure of the EWD. (B)Without an applied external voltage, the color of oil is displayed in a pixel (C)With an applied
external voltage, the color of substrate is displayed. (D) The top view when the pixel is turned off. (E) The top view when the pixel is turned on.
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In Eq. 1,WA(V) represents the aperture ratio, Soil(V)and Spix
represent the surface area of oil in a single pixel and the surface
area of a whole pixel respectively,V represents the driving voltage
applied to EWDs, and the area of pixel wall can be ignored in
calculating the aperture ratio. The pixel wall is a transparent grid
structure which can divide an EWD into several pixels.

Principle of Hysteresis
The conventional sine wave is used to drive an EWD, as shown in
Figure 2, the change of aperture ratio with driving voltage was
tested. The results showed that the aperture ratio values of the
same driving voltage value were different in the process of driving
voltage rising and falling. This difference in optical response is
called hysteresis effect [19].

The hysteresis effect is caused by the contact angle hysteresis in
the driving process. It is also the inconsistency between the
advancing contact angle and the receding contact angle (oil
contracting and spreading) of a droplet. As shown in
Figure 3, θA is the advancing contact angle, θR is the receding
contact angle [20].

It can be verified by Young’s equation and Lippmann-Young
equation [21]. Young’s equation describes the relationship
between the contact angle and the surface tension of droplets.
As shown in Eq. 2, cLG is a liquid-gas contact line, cSGis a solid-gas
contact line, cSLis a solid-liquid contact line and θis a three-phase
contact angle.

cLG cos θ � cSG − cSL (2)

The Lippmann-Young equation describes the relationship
between the contact angle and the applied voltage in an
electrowetting model. As shown in Eq. 3, where θ is the
contact angle when the driving voltage is V , and θ0 is the
contact angle when the driving voltage is 0, ε0 and εr
respectively represent the vacuum dielectric constant and the
relative dielectric constant of the dielectric layer. dis the
thickness of the dielectric layer, cLGis the liquid-gas contact line.

cos θ � cos θ0 + 1
2

ε0εr
dcLG

V2 (3)

The fundamental reason of contact angle hysteresis is the
rough surface of hydrophobic insulation layer and the viscous
resistance of two-phase liquid. And this process could be
deduced and verified [22], the relationship between the
contact angle and driving voltage in a driving process of
EWDs can be described as Eq. 4, where, θ is the contact
angle when the driving voltage is V , θ0 is the contact angle
when the driving voltage is 0, θs is the saturation contact angle,
θm is the contact angle when the driving voltage is Vm, cpin is the
maximum pinning force per unit length, c12is the surface
tension at the interface between insulating fluid and
conduction droplet, ε0 and εrrespectively represent the
vacuum dielectric constant and the relative dielectric
constant of the dielectric layer, dis the thickness of the
dielectric layer, and k1 is a constant, C � ε0εr/dis the effective
capacitance per unit, ζis the coefficient of contact line friction,
ηis the kinematic viscosity of the liquid, and G is the Langevin’s
function, V1, V2, V3and Vm represent threshold voltage,
saturation voltage, turning voltage and maximum voltage
respectively.

cos θ �

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

cos θ0 0 − V1

cos θ0 − cpin
c12

+ ε0εrV2

2dc12
− k1C(ζ + 6η)

2ηc12
V2 V1 − V2

cos θ0 + (cos θs − cos θ0)G( ε0εrV2

2dc12(cos θs − cos θ0)) V2 − Vm

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭
advancing

cos θm Vm − V3

cos θ0 + cpin
c12

+ ε0εrV2

2dc12
+ k1C(ζ + 16η)

2ηc12
V2 V3 − 0

⎫⎪⎪⎪⎬⎪⎪⎪⎭receding

(4)

The hysteresis effect seriously affects the gray scale display of
EWDs, resulting in an inability of accurate gray scale. Without
changing the structure and the surface material of hydrophobic
insulating layer, the hysteresis effect can be reduced by driving
methods. So, a multi-waveform driving system was designed and
implemented, and different driving waveforms were designed for
each driving stage.

FIGURE 2 | The change of aperture ratio in the process of voltage rising
and falling when an EWD is driven by a sine driving waveform.

FIGURE 3 | The inconsistency between the advancing contact angle
and the receding contact angle.
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DRIVING SYSTEM DESIGN FOR MULTI
WAVEFORM

The driving system of EWDs has been reported in many papers.
These driving systems were implemented with an FPGA (field

programmable gate array) [23–25]. Although the performance
was stable and the functions were rich, the multi waveform
loading and conditional switching cannot be realized. In this
paper, a multi waveform driving system was proposed, which
could automatically select different waveforms according to

FIGURE 4 | The hardware circuit board consists of a power module, a control unit, a DAC unit, a buck circuit, a boost circuit, an amplifier circuit, a SD-Card and
communication interfaces. (A) The framework of the hardware circuit board. (B) The physical picture of the hardware circuit board. 1) SD-Card. 2) Power Module. 3)
Buck Circuit. 4) Boost Circuit. 5) Boost Circuit. 6) Control Unit. 7) Amplifier Circuit. 8) DAC Unit. 9) Amplifier Circuit. 10) Interface A for EWDs. 11) Interface B for EWDs.
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preset conditions. The whole driving system was mainly
composed of a hardware circuit board, a driving program and
a waveform editor. The implementation of these three parts is
shown as follows.

Hardware Circuit Board
The framework of hardware circuit board is shown in
Figure 4A. The power module supplied power, and the
control unit provided control logic for a whole circuit
system, the main control chip was a STM32
(STM32F103RCT6). The control unit could communicate
with a PC (personal computer) by a UART (universal
asynchronous receiver transmitter) interface to receive
command information and data information. In addition, it
could communicate with digital-to-analog conversion (DAC)
unit by a SPI (serial peripheral interface) interface to send
waveform data and receive feedback information. At the same
time, a SD-Card was attached to the control unit for the
storage of waveform files. An AD5304 chip was used in the
DAC unit, which was mainly used to convert the received
digital signal of the control unit into analog signals. Finally,
the analog signal was amplified to output an appropriate
voltage for achieving the control purpose of EWDs. As
shown in Figure 4B, it is a physical picture of the
hardware circuit board.

Driving Program
Driving program is the realization of control logics in a whole
driving system. When the program is running, the initialization
operation is performed first to reset each pin and
communication interface. Then the system enters the
command waiting interface. At this time, the control
command can be entered. Users can control the system to
load waveform files or set waveform switching conditions.
Then, the driving program will analyze the waveform files
when users give a driving instruction, and send the waveform
data to drive EWDs according to switching conditions. In this
paper, a STM32 (STM32F103RCT6) was adopted as the main
control chip. The driving program was implemented on
Windows 10 platform. The integrated development
environment was Keil μVision5, and the development
language was C programming language. The flow chart of
the driving program is shown in Figure 5.

Waveform Editor
The waveform editor could implement the design of an arbitrary
waveform and generate waveform data quickly. The generated
waveform data can be saved in a hexadecimal format file, so that
the backend hardware system can parse the file and output the
corresponding waveform. The design interface of the waveform
editor is shown in Figure 6. The waveform editor can edit seven
waveforms at the same time. In the parameter setting area, the
default voltage value of unedited driving waveforms channel can
be set, and the waveform repeated interval and repeat times can
also be set. In the generated hexadecimal format data, every 11
bytes were in a group. In order to reduce the file size, all channel
values were compared in each data interval. If there were any

changes, the group of data would be saved, otherwise the group of
data could not be saved.

The proposed multi waveform driving system can achieve the
purpose of multi waveform loading and condition switching. By
using this driving system, the hysteresis effect of EWDs can be
reduced. The workflow of the whole system is shown in Figure 7.

Firstly, driving waveforms were designed by the waveform
editor and saved as waveform files. By the reserved loading
interface, the waveform files were loaded and parsed into
waveform data. Then, switching conditions of the waveforms
can be set. Switching conditions were the setting of voltage values.
Finally, the corresponding waveform data was sent to the core
driving chip by the driving program according to the current
condition. So, EWDs can be driven to display contents by the
interface of the hardware.

DRIVING WAVEFORM DESIGN FOR
REDUCING HYSTERESIS

For EWDs, if the pixel structure and oil material cannot be
improved, the hysteresis effect cannot be completely eliminated.
Moreover, due to the variability of driving processes, it is difficult
to satisfy different driving processes with a same driving

FIGURE 5 | The flow chart of the driving program. When the program
starts to run, the initialization operation is performed first. Then the system
enters the command waiting interface. Finally, the corresponding operations
are executed according to command types.
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waveform. Therefore, it is necessary to design different driving
waveforms for different driving processes. At the same time, the
different driving waveforms can be switched automatically by the
multi waveform driving system, so as to realize a better display
effect. There are many ways to divide the driving process, and
many kinds of multi waveform schemes can be designed.

First scheme, according to Eq. 4, the driving process of EWDs
can be divided into advancing and receding processes. Between
them, the advancing process can be divided into three stages, and
the receding process can be divided into two stages. Then driving
waveforms can be designed for these five stages. Finally, it is
necessary to determine switching conditions of driving
waveforms. The starting and ending voltage values of
segmented waveforms in this scheme can be used as switching
conditions.

Second scheme, the hysteresis curves of EWDs driven by
square wave, sine wave and triangle wave are tested by
experiments at first. Then three hysteresis curves are
superimposed, and the better waveform segment can be used
as the driving waveform of the corresponding stage, so as to form
a multi waveform. Finally, it is necessary to determine the
switching condition of waveform segments, the starting and
ending voltage values of selected waveform segments can be
set as switching conditions.

In this paper, the second scheme was used to design the multi
waveform. As shown in Figure 8, the hysteresis curves of EWDs

driven by a square wave, a sine wave and a triangle wave were
measured by experiments. It can be seen from Figure 8 that under
the same voltage, the square wave has the largest aperture ratio
and the triangle wave has the smallest aperture ratio. This is
because the overall power of the square wave is larger, so the
electric field force is relatively larger. In order to reduce the
hysteresis effect as much as possible, the following selections
were made according to Figure 8. From 0 to 10 V, a square
wave was selected as the first segment. From 10 to 18 V, a square
wave was selected as the second segment. From 18 to 35 V, a
sine wave was selected as the third segment. From 35 to 0 V, a
triangle wave was selected as the fourth segment.

Due to the influence of threshold voltages, the aperture ratio of
the first segment was zero. But it could be activated by an
activation voltage. Therefore, the first segment can be
optimized as the driving waveform which is shown in
Figure 9, EWDs were activated for 2ms with the maximum
voltage in each waveform cycle. Finally, the multi waveform can
be obtained, as shown in Figure 10.

EXPERIMENTAL RESULTS AND
DISCUSSION

For the sake of evaluating the display performance of the
proposed multi waveform driving scheme, an experimental

FIGURE 6 | The screenshot of the waveform editor. The waveform editor could implement the design of an arbitrary waveform and generate waveform data quickly.
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platform was developed to measure the aperture ratio of EWDs,
as shown in Figure 11. This experimental platform included a
conventional driving system, a multi waveform driving system, a
testing system, and an EWD panel. The conventional driving
system was used to input the conventional driving waveform,
which was consisted of a computer, a function generator, and a
high-voltage amplifier. The multi waveform driving system was
used to load the proposed multi waveform. The testing system
was used to measure and record testing results, including a
microscope, a high-speed camera, and a computer, and the
EWD was the measured object. Its parameters are shown in
Table 1. By this experimental platform, the conventional driving
waveform and the adaptive multi waveform can be tested and
compared.

FIGURE 7 | The workflow of the multi waveform driving system. It
includes of waveform editing, waveform saving, waveform loading, conditions
setting, waveform parsing, waveform translating and voltage amplifying.

FIGURE 8 | The hysteresis curves of EWDs driven by a square wave, a
sine wave and a triangle wave.

FIGURE 9 | The driving waveform for the first segment of the multi
waveform was optimized with an activation voltage. A waveform cycle
includes a 2 ms activation phase, an 8 ms driving phase and a 6ms
reset phase.

FIGURE 10 | The multi waveform proposed in this paper. There were
four segments in total. The first segment was from 0 to 10 V, which was a
square wave optimized with an activation voltage. The second segment was
from 10 to 18 V, which was a square wave. The third segment was from
18 to 35 V, which was a sine wave. The fourth segment was from 35 to 0 V,
which was a triangle wave.
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First, the EWD was driven by the conventional driving system
with conventional driving waveforms. Therefore, the hysteresis
curves of the EWD driven by conventional driving waveforms
could be tested. The experimental process can be divided into two
steps. Firstly, the EWD was driven by the conventional driving
system. The driving waveform was edited by a computer with
ArbexPress software, and it was sent to a function generator by a
serial communication, and then, the driving voltage of the driving

waveform could be output when it was amplified by a high-
voltage amplifier for driving an EWD. Secondly, the experimental
data was measured by the testing system. The high-speed camera
captured the display state by microscope in real time and
transmitted testing data to a computer for calculating the
aperture ratio. During the experiment, the temperature was
kept a constant to avoid the influence of the external
environment. The aperture ratio and driving voltage of the
EWD with conventional driving waveforms were measured by
the above-mentioned experimental platform. The measurement
results are shown in Figure 12.

Second, the EWD was driven by the multi waveform driving
system with the adaptive multi waveform. So, the hysteresis curve
of EWDs driven by an adaptive multi waveform could be tested.
Firstly, the multi waveforms were designed with the waveform
editor and saved as the corresponding waveform files. Then, the
multi waveform files were loaded by the reserved loading
interface and switching conditions of the multi waveform were
set. In the design process of multi waveforms, switching
conditions of waveforms have been given. Finally, EWDs
could be driven, and the aperture ratio data was tested and
recorded by the testing system. The aperture ratio and driving
voltage of the EWD with adaptive multi waveforms was
measured. The measurement results are shown in Figure 13.

FIGURE 11 | Experimental platform of the driving waveform for EWDs. (A) A multi waveform driving system. (B) A computer. (C) An arbitrary function generator
ATA-2022H (Agitek, Xi’an, China). (D) An AFG-3052C (Agitek, Xi’an, China) high voltage amplifier. (E) A Microscope. (F) A high-speed camera. (G) A PC for measuring
system. (H) An EWD panel.

TABLE 1 | Parameters of an EWD panel.

Panel size Oil color Resolution Pixel size Pixel wall
height

Hydrophobic layer
thickness

Driving voltage

10 × 10 cm Magenta 200 × 200 150 μm × 150 μm 5.6 μm 1 μm 0–35 V

FIGURE 12 | The hysteresis curve of an EWD driven by the square wave.
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Compared with Figures 12, 13, it can be seen that the multi
waveform driving system and adaptive multi waveform can
effectively reduce the hysteresis effect of EWDs. The absolute
value of the difference of aperture ratio in the process of driving
voltage rising and falling with a same voltage value was defined as
hysteresis difference. Then, a comparison of hysteresis difference
with a square wave and a multi waveform could be obtained, as
shown in Figure 14. Compared with the square wave, themaximum
hysteresis difference of hysteresis curve could be reduced by 39.19%
when the multi waveform driving scheme can be used.

CONCLUSIONS

In this paper, a multi waveform adaptive driving scheme was
proposed. This driving scheme includes a driving system and a
multi waveform. The driving system could automatically select
different driving waveforms according to the preset conditions.
The influence of the hysteresis effect of EWDs could be reduced
by using the driving scheme. And the driving scheme could
provide a strong guarantee for the realization of the accurate gray
scale display in EWDs. Although the structural parameters (pixel
size, pixel wall height, insulation layer thickness) of the EWD can
affect the hysteresis curve, it cannot affect the result that the
hysteresis difference of the adaptive multi waveform driving
scheme is smaller than that of the conventional driving
waveforms. So, the multi waveform adaptive driving scheme
proposed in this paper provides a new idea for the design of
driving waveforms.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

AUTHOR CONTRIBUTIONS

WL and LW designed this project and carried out most of the
experiments and data analysis. AH gave suggestions on the
project management and conducted helpful discussion on the
experimental results.

FUNDING

Supported by the National Key Research andDevelopment Program
of China (2016YFB0401502), Scientific research project of
Guangdong Education Department (No. 2020ZDZX3083),
Science and Technology Program of Guangzhou (No.
2019050001), Program for Chang Jiang Scholars and Innovative
Research Teams in Universities (No. IRT_17R40), Program for
Guangdong Innovative and Enterpreneurial Teams (No.
2019BT02C241), Science and technology project of Guangdong
Province (No. 2018A050501013), Guangdong Provincial Key
Laboratory of Optical Information Materials and Technology
(No. 2017B030301007) and the 111 Project.

REFERENCES

1. Yi Z, Huang Z, Lai S, He W, Wang L, Chi F, et al. Driving waveform design of
electrowetting displays based on an exponential function for a stable grayscale and
a short driving time. Micromachines (2020) 11(3):313. doi:10.3390/mi11030313.

2. Beni G, Hackwood S. Electro-wetting displays. Appl Phys Lett (1981) 38(4):
207–9. doi:10.1063/1.92322.

3. Beni G, Tenan MA. Dynamics of electrowetting displays. J Appl Phys (1981)
52(10):6011–5. doi:10.1063/1.329822.

4. Hayes RA, Feenstra BJ. Video-speed electronic paper based on electrowetting.
Nature (2003) 425(6956):383–5. doi:10.1038/nature01988.

5. Roques-Carmes T, Hayes RA, Feenstra BJ, Schlangen LJ. Liquid behavior inside
a reflective display pixel based on electrowetting. J Appl Phys (2004) 95(8):
4389–96. doi:10.1063/1.1667595.

6. Roques-Carmes T, Hayes RA, Schlangen LJ. A physical model describing the
electro-optic behavior of switchable optical elements based on electrowetting.
J Appl Phys (2004) 96(11):6267–71. doi:10.1063/1.1810192.

7. Feenstra BJ. Rapid switching in multiple color active matrix driven
electrowetting displays. IDW Symp Digest (2005) 2005:861–4.

FIGURE 13 | The hysteresis curve of an EWD driven by the multi
waveform.

FIGURE 14 | Comparison of the hysteresis difference of an EWD when it
was driven by a square wave and a multi waveform.

Frontiers in Physics | www.frontiersin.org December 2020 | Volume 8 | Article 6188119

Li et al. Driving Scheme for Reducing Hysteresis

79

https://doi.org/10.3390/mi11030313
https://doi.org/10.1063/1.92322
https://doi.org/10.1063/1.329822
https://doi.org/10.1038/nature01988
https://doi.org/10.1063/1.1667595
https://doi.org/10.1063/1.1810192
https://www.frontiersin.org/journals/physics
www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles


8. You H, Steckl AJ. Three-color electrowetting display device for electronic paper.
Appl Phys Lett (2010) 97(2):023514. doi:10.1063/1.3464963.

9. Ku YS, Kuo SW, Huang YS, Chen CY, Lo KL, Cheng WY, et al. Single-layered
multi-color electrowetting display by using ink-jet-printing technology and
fluid-motion prediction with simulation. J Soc Inf Disp (2011) 19(7):488–95.
doi:10.1889/JSID19.7.488.

10. Ku YS, Kuo SW, Tsai YH, Cheng PP, Chen JL, Lan KW, et al. The structure and
manufacturing process of large area transparent electrowetting display. SID Symp
Digest Techn Papers (2012) 43(1):850–2. doi:10.1002/j.2168-0159.2012.tb05919.x.

11. Sun B, Heikenfeld J. Observation and optical implications of oil dewetting
patterns in electrowetting displays. J Micromech Microeng (2008) 18(2):
025027. doi:10.1088/0960-1317/18/2/025027.

12. Chen YC, Chiu YH, LeeWY, Liang CC. A charge trapping suppressionmethod
for quick response electrowetting displays. SID Symp Digest Tech Papers (2010)
41(1):842–5. doi:10.1889/1.3500607.

13. Zhang XM, Bai PF, Hayes RA, Shui LL, Jin ML, Tang B, et al. Novel driving
methods for manipulating oil motion in electrofluidic display pixels. J Disp
Technol (2016) 12(2):200–5. doi:10.1109/jdt.2015.2477947.

14. Lin S, Zeng S, Qian M, Lin Z, Guo T, Tang B. Improvement of display
performance of electrowetting displays by optimized waveforms and error
diffusion. J Soc Inf Disp (2019) 27(10):619–29. doi:10.1002/jsid.790.

15. Yi Z, Liu L, Wang L, Li W, Shui L, Zhou G. A driving system for fast and precise
gray-scale response based on amplitude-frequency mixed modulation in TFT
electrowetting displays.Micromachines (2019) 10(11):732. doi:10.3390/mi10110732.

16. Dou Y, Tang B, Groenewold J, Li F, Yue Q, Zhou R, et al. Oil motion control by
an extra pinning structure in electro-fluidic display. Sensors (2018) 18(4):1114.
doi:10.3390/s18041114.

17. Li W, Wang L, Zhang T, Lai S, Liu L, He W, et al. Driving waveform design
with rising gradient and sawtooth wave of electrowetting displays for ultra-low
power consumption. Micromachines (2020) 11(2):145. doi:10.3390/
mi11020145.

18. Feenstra J. Video-speed electrowetting display technology. Handbook Visual
Display Techn (2015) 1:1–13. doi:10.1007/978-3-642-35947-7_103-2.

19. Van Dijk R, Feenstra BJ, Hayes RA, Camps IGJ, Boom RGH, Wagemans
MMH, et al. Gray scales for video applications on electrowetting displays. SID
Symp Digest Tech Papers (2006) 37(1):1926–9. doi:10.1889/1.2433427.

20. Yi Z, Feng H, Zhou X, Shui L. Design of an open electrowetting on dielectric
device based on printed circuit board by using a parafilm M. Front Phys (2020)
8:193. doi:10.3389/fphy.doi:10.3389/fphy.2020.00193.

21. Yi Z, Feng W, Wang L, Liu L, Lin Y, He W, et al. Aperture ratio improvement
by optimizing the voltage slope and reverse pulse in the driving waveform for
electrowetting displays. Micromachines (2019) 10(12):862. doi:10.3390/
mi10120862.

22. Rui Z, Qi-Chao L, Ping W, Zhong-Cheng L. Contact angle hysteresis in
electrowetting on dielectric. Chin Phys B (2015) 24(8):086801. doi:10.1088/
1674-1056/24/8/086801.

23. Yi Z, Shui L, Wang L, Jin M, Hayes RA, Zhou G. A novel driver for active
matrix electrowetting displays. Displays (2015) 37:86–93. doi:10.1016/j.displa.
2014.09.004.

24. Chiu YH, Liang CC, Chen YC, LeeWY, Chen HY,Wu SH. Accurate-gray-level
and quick-response driving methods for high-performance electrowetting
displays. J Soc Inf Disp (2011) 19(11):741–8. doi:10.1889/JSID19.11.741.

25. Luo ZJ, Zhang WN, Liu LW, Xie ST, Zhou GF. Portable multi-gray scale video
playing scheme for high-performance electrowetting displays. J Soc Inf Disp
(2016) 24(6):345–54. doi:10.1002/jsid.444.

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

Copyright © 2020 Li, Wang and Henzen. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Physics | www.frontiersin.org December 2020 | Volume 8 | Article 61881110

Li et al. Driving Scheme for Reducing Hysteresis

80

https://doi.org/10.1063/1.3464963
https://doi.org/10.1889/JSID19.7.488
https://doi.org/10.1002/j.2168-0159.2012.tb05919.x
https://doi.org/10.1088/0960-1317/18/2/025027
https://doi.org/10.1889/1.3500607
https://doi.org/10.1109/jdt.2015.2477947
https://doi.org/10.1002/jsid.790
https://doi.org/10.3390/mi10110732
https://doi.org/10.3390/s18041114
https://doi.org/10.3390/mi11020145
https://doi.org/10.3390/mi11020145
https://doi.org/10.1007/978-3-642-35947-7_103-2
https://doi.org/10.1889/1.2433427
https://doi.org/10.3389/fphy
https://doi.org/10.3389/fphy.2020.00193
https://doi.org/10.3390/mi10120862
https://doi.org/10.3390/mi10120862
https://doi.org/10.1088/1674-1056/24/8/086801
https://doi.org/10.1088/1674-1056/24/8/086801
https://doi.org/10.1016/j.displa.2014.09.004
https://doi.org/10.1016/j.displa.2014.09.004
https://doi.org/10.1889/JSID19.11.741
https://doi.org/10.1002/jsid.444
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physics
www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles


A Pointer Type Instrument Intelligent
Reading System Design Based on
Convolutional Neural Networks
Yue Lin, Qinghua Zhong* and Hailing Sun

Guangdong Provincial Key Laboratory of Optical Information Materials and Technology and Institute of Electronic Paper Displays,
South China Academy of Advanced Optoelectronics, South China Normal University, Guangzhou, China

The pointer instrument has the advantages of being simple, reliable, stable, easy to
maintain, having strong anti-interference properties, and so on, which has long
occupied the main position of electrical and electric instruments. Though the pointer
instrument structure is simple, it is not convenient for real-time reading of
measurements. In this paper, a RK3399 microcomputer was used for real-time
intelligent reading of a pointer instrument using a camera. Firstly, a histogram
normalization transform algorithm was used to optimize the brightness and enhance
the contrast of images; then, the feature recognition algorithm You Only Look Once 3rd
(YOLOv3) was used to detect and capture the panel area in images; and Convolutional
Neural Networks were used to read and predict the characteristic images. Finally,
predicted results were uploaded to a server. The system realized automatic
identification, numerical reading, an intelligent online reading of pointer data, which
has high feasibility and practical value. The experimental results show that the
recognition rate of this system was 98.71% and the reading accuracy was 97.42%.
What is more, the system can accurately locate the pointer-type instrument area and
read corresponding values with simple operating conditions. This achievement meets
the demand of real-time readings for analog instruments.

Keywords: pointer instrument, deep learning, You Only Look Once 3rd, convolutional neural networks, automatic
reading

INTRODUCTION

The pointer instrument has been widely used in traditional industries, such as industrial production
and power transmission because of its properties of being simple, reliable, stable, less affected by
temperature, strong anti-interference, easy to maintain, and so on, but it does not reserve any digital
interface. Therefore, most of them must be read by humans. This method has disadvantages of low
accuracy, poor reliability and low efficiency. So, the pointer position of the instrument should be
converted into digital signals by sensors to realize automatic meter reading, which is of great
significance in the application of unattended substation [1].

In order to solve this problem, many automatic recognition numerical reading algorithms
based on computer readings have emerged in recent years. The existing pointer instrument
recognition algorithms can be divided into two kinds, traditional algorithms based on digital
image processing technology and modern algorithms based on machine learning or deep learning
[2]. Traditional algorithms are the foundation of dilation and corrosion, and noise reduction
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filtering and feature matching of image matrixes must be done
to perform target recognition. The common traditional
algorithms included a binarization threshold segmentation
method based on symmetry for dial recognition, and an
improved random sample consensus algorithm for pointer
reading recognition [3], but this algorithm had high
requirements for picture resolution and relatively high
definition. Then, a method of accurately positioning the
pointer by the Circle-based Regional Cumulative Histogram
method was proposed [4]. The adaptability of this method for
complex scenes was poor, and the recognition rate was not
high. In addition, a visual inspection method was used to detect
the transformed image to get the reading of the pointer meter
[5]. And a regional growth method was used to locate the dial
area and its center, then the improved center projection method
was used to perform scale marking and boundary detection by
the dial image [6]. Such algorithms based on computer vision
and machine learning have poor portability and general
versatility. Modern algorithms are machine learning
techniques which are used to build and simulate neural
networks for analytical learning. From a statistical point of
view, this method can predict the distribution of data, learn a
model from the data and then use the model to predict new
data. So, we can carry out data classification without too much
related knowledge [7, 8]. Then, the Mask-RCNN was used to
divide the meter dial and the pointer area, the line fitting and
angle reading method was used to calculate the pointer reading
[9]. The requirement of the instrument placement position in
these algorithms was relatively high. At the same time, Faster
R-CNN was used to detect the position of the target instrument,
and reading by feature correspondence and perspective
transformation [10]. However, it had a high requirement for
system operation performance. Mask R-CNN was also used to
detect key points of tick marks and pointers, then used the
intersection of circle and straight line to calculate the reading
[11], but the algorithm was complex, and computationally
intensive.

Therefore, we proposed a pointer type instrument intelligent
reading system based on CNN. The system used a histogram
normalization algorithm for image brightness optimization and
contrast enhancement, and then YOLOv3 feature recognition
algorithm was used to detect a panel area in an image and the
corresponding area was saved as a feature image. Then, a
multilayer convolution neural network was introduced to read
the numerical prediction. The system mainly includes four
algorithms: histogram normalization transformation, dial gray-
scale transformation, YOLOv3 feature recognition, and
convolutional neural network reading prediction, which can
accurately locate the panel area and read corresponding
numerical values.

SYSTEM DESIGN PRINCIPLE

Histogram Normalization Transformation
The electrician and electric pointer meters are often placed in
some special rooms, and the surrounding light environment is

complicated so that the quality of the surveillance images is
low contrast and has a poor image clarity. Since the gray value
distribution of image pixels conforms to the law of probability
and statistics distribution, the image is preprocessed by the
histogram normalization transformation to realize the
balanced distribution of image gray levels for improving
image contrast and optimizing image brightness [12].
The row of the input image I is r and the column is c. And
I(r, c) is the gray value of input image I in row r and column
c, O(r, c) is the gray value of output image O in row r and
column c. The minimum gray value of I is Imin and the
maximum value is Imax. The minimum gray value of O is
Omin and the maximum value is Omax. Then relationship
among them is shown in Eq. (1).

O(r, c) − Omin

Omax − Omin
� I(r, c) − Imin

Imax − Imin
(1)

And it can be converted to Eq. (2).

O(r, c) � Omax − Omin

Imax − Imin
p I(r, c) + Omin − Omax − Omin

Imax − Imin
p Imin (2)

The process is called histogram normalization transformation.
At the same time, O(r, c) can be calculated as Eq. (3), α and β are
weight and bias variate.

O(r, c) � α p I(r, c) + β (3)

Therefore, Eq. (4) can be obtained.

α � Omax − Omin

Imax − Imin
, β � Omin − Omax − Omin

Imax − Imin
p Imin (4)

As a result, histogram normalization transformation is a linear
transformation method to automatically select α and β. General
order Omin � 0, Omax � 255, then Eq. (4) can be converted to Eq.
(5).

α � 255
Imax − Imin

, β � − 255
Imax − Imin

p Imin (5)

Dial Gray-Scale Transformation
Most of the panel area of pointer meters is a relatively simple
color, either black or white. In order to reduce the amount of
computation, image data can be transformed into grayscale.
According to the importance of three primary colors, and the
sensitivity of human eyes to different colors, the three
components of color are given weighted averages by different
weights [13], and it can be carried out by Eq. (6) to obtain a
grayscale image, where i and j represent coordinates of horizontal
and vertical of images, R(i, j), G(i, j) and B(i, j) respectively
represent components of a points in row i and column j of three
primary colors.

f (i, j) � 0.299 pR(i, j) + 0.587 pG(i, j) + 0.114 pB(i, j) (6)
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You Only Look Once 3rd Feature
Recognition
There are two common features in recognition algorithms. One
involves candidate regions, and then the region of interest (ROI)
is classified, and location coordinates are predicted. This kind of
algorithm is called two-stage feature recognition algorithm [14].
Another is one-stage detection algorithm, which needs one
network to generate the ROI and predict the category, such as
the YOLOv3 feature recognition algorithm [15]. Compared with
the two-stage feature recognition algorithm, YOLOv3 uses a
single network structure to predict object category and
location for generating candidate regions, and each real box of
YOLOv3 only corresponds to a correct candidate area [16]. These
features provide YOLOv3 with less computation and a faster
detection speed, which is more suitable for porting to an
embedded computing platform due to weak computing
performance.

A standard network structure of YOLOv3 has 107
convolutional layers. The first 74 are based on the Darknet-53
network layer and serve as the main network structure. The 75th
to 107th layers are the feature interaction layers, which realizes
local feature interaction by means of convolution kernel [17].
Because the target operating platform is an embedded platform,
and recognition characteristics of pointer meters are relatively
obvious, a simplified version of YOLO network structure
YOLOv3 Tiny was used as a network structure by us. Its
network structure is shown in Figure 1, CONV was a
convolution operation, POOL was a pooling operation, and
UPSAMPLE was an up sample operation. To reduce

computation, the input layer used color images which was
resized to a width of 640 pixels and height of 640 pixels, and
the YOLO Layer was used as the output layer. Although YOLOv3
Tiny network only retained 24 convolutional layers, it still
retained two YOLO network layers, which greatly reduced the
amount of computation and still ensured the accuracy of model
recognition [18, 19].

Convolutional Neural Network Reading
Prediction
As a feedforward neural network, the convolutional neural
network has excellent performance in large-scale image
processing and it has been widely used in image
classification and positioning. Panel image data cannot be
linearly classified. To deal with this kind of data, we
proposed a multi-layer convolutional neural network, which
could perform the classification by mapping the original data
to a linearly separable high-dimensional space, and then a
specific linear classifier was used [20, 21]. A three-layer neural
network model including an input layer, a hidden layer and an
output layer was used to train the image data of panel areas by
numerical reading [22], as shown in Eq. (7).

fi(x) � act(WT
i x + bi) (7)

If input x has m nodes and output f(x) has n nodes, then
weight vectorW is a matrix with n rows and m columns. Input x
is a vector with length m, bias vector b is a vector with length n,

FIGURE 1 | YOLOv3 Tiny Network structure diagram. CONV is a convolution operation, POOL is a pooling operation, and UPSAMPLE is an up sample operation.
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act is an activation function, and f (x) returns an n-dimensional
vector.

The input layer to hidden layer is a fully connected network,
each input node is connected to all hidden layer nodes. So, each
hidden layer node is equivalent to a neuron, then the output of all
nodes of the hidden layer becomes a vector. If the input layer is a
vector x, and hidden layer node h has a weight vector Wh, a bias
vector bh, and tanh function is used for the activation function,
the output expression of the hidden layer node is shown as Eq.
(8).

fh(x) � tanh(WT
h x + bh) � eW

T
h x+bh − e−(W

T
h x+bh)

eW
T
h
x+bh + e− (WT

h
x+bh)

(8)

The hidden layer to output layer is also a fully connected
network, which can be held as a cascade of neurons on the hidden
layer. Since it is multi-classified, activation function can use
Softmax Regression function, and output formula in output
layer is shown in Eq. (9).

fo(x) � softmax(WT
o x + bo) (9)

The network structure of CNN used by us is shown in Table 1,
where CONV was a convolutional layer, POOL was a pooling
layer, and FC was fully connected layers. Input image was a
grayscale image with a size of 80 × 80 and there were 26 types of
output result.

EXPERIMENT AND DISCUSSION

The intelligent reading system consists of two parts: model training
and model invocation. Before training, histogram normalization
and grayscale transformation were carried out on an image. Then,
YOLOv3 feature recognition algorithmwas used to train the image
to obtain a model of instrument panel. Then, a multi-layer neural
network model was built, and numerical reading training was
carried out for the instrument panel to obtain a respective model.
An RK3399 microcomputer was used to get images by a camera in
real time, a histogram normalization algorithm was applied to
transform the image brightness optimization and enhance contrast
preprocessing. The instrument panel model is called to detect panel
area in an image, and extract corresponding regional image, the
model of multi-layer neural networkmodel was used for features of
an image to read numerical predictions. Finally, we uploaded data

by WIFI for subsequent operations. The specific process is shown
in Figure 2.

System Hardware Architecture
The instrument intelligent reading system designed in this
paper was composed of a host and a camera. A
microcomputer of an RK3399 hardware platform, which was
made by Friendly Arm, was used as the host. The RK3399
processor was a six-core 64-bit CPU newly developed with
“big.LITTLE” core architecture had two Cortex-A72 large
kernels and four Cortex-A53 small kernels by Rockchip. The

TABLE 1 | | Architecture of proposed CNN algorithm.

Layer Filters Size Output

CONV0 16 9 × 9 80 × 80 × 16
POOL0 — 2 × 2 40 × 40 × 16
CONV1 32 9 × 9 40 × 40 × 32
POOL1 — 2 × 2 20 × 20 × 32
CONV2 64 9 × 9 20 × 20 × 64
POOL2 — 2 × 2 10 × 10 × 64
FC0 1,024 — 1,024
FC1 26 — 26

FIGURE 2 | RK3399 microcomputer workflow flowchart.
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system had a computing performance close to a CPU whose
main frequency is up to 1.8 GHz. It supported WIFI and USB
peripherals, and could connect to the Internet and external
cameras. The camera used a generic industrial-grade USB
camera which had a Built-in Sony Complementary Metal
Oxide Semiconductor image sensor. The physical object of
the system is shown in Figure 3, a camera was connected to

the host by an USB interface, the system was connected to the
network by aWIFI module or an Ethernet network port, and the
power was supplied by a Type-C interface.

Software Architecture
An RK3399 hardware platform was used as the hosting
platform. An Ubuntu 18.04 operating system was installed on

FIGURE 3 | Instruments in our intelligent reading system, in which a camera was connected to the host by a USB interface, the system was connected to the
network by a WIFI module or an Ethernet network port, and the power was supplied by a Type-C interface.

TABLE 2 | | Comparison of the running time of the algorithm in different platforms.

CPU in platform Time of taking photo
(ms)

Time of histogram normalization
transformation (ms)

Time of calling YOLOv3 model
(ms)

Time of calling CNN model
(ms)

RK3399 33.3 39.1 7,315 27.18
I5-7200U 33.3 7.9 2,164 12.01

Both had 4G RAM and run Ubuntu 18.04 system, and RK3399 main frequency was locked at 1.8 GHz, I5-7200U was locked at 2.5 GHz.

FIGURE 4 | Histogram comparison before and after normalized transformation, blue represents the gray level distribution of an image before the normalized
histogram transformation, and yellow represents the transformed gray distribution
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the hardware platform, and python3.6, tensorflow1.12 and
opencv2.0 operating environments were deployed. Table 2 is
the comparison of the elapsed time. Both had 4G RAM and run
Ubuntu 18.04 system, and RK3399 main frequency was locked
at 1.8 GHz, I5-7200U was locked at 2.5 GHz. The time for taking
photo means how long it requires to take a picture, the time of
histogram normalization transformation means how long it can
complete histogram normalization transformation, the time of
calling YOLOv3 model means how long it takes call a YOLOv3
model, the time of calling CNN model means that how long it
takes to call a CNN model. It can be seen that, although the
computing performance of the RK3399 hardware platform was
worse than that of the ordinary computer platform, it has
satisfied the operational requirements of our project.
Moreover, it had a high degree of integration and the volume
was far smaller than that of ordinary computers, which has
greatly improved the portability and flexibility of the system. In
addition, it has more advantages in power consumption
and cost.

In experiments, a total of 3,745 images were collected as the
data set, the original size of images was 1,920 height and 1,080
width. 374 images were randomly chosen from the data, and
they were s1 et as validation data, and remaining images were
used as training data. In order to ensure the final training result,
the data set included images with different tilt angles, different

rotation angles, different lighting levels and different degrees
of cover.

Histogram Normalization Transformation
Histogram normalization transformation was carried out to
automatically adjust image brightness and enhance contrast,
so as to make the regional features of pointer instruments
more obvious, and the recognition accuracy of the target
recognition algorithm was also improved. Figure 4 is a
comparison of image histograms before and after a
normalized histogram transformation, in which the
horizontal axis x represents the gray level and the vertical
axis Y represents the number of pixel elements in each gray
level, the unit is 105 pixels, blue represents the gray
distribution of an image before the normalized histogram
transformation, and yellow represents the transformed gray
distribution. The image processing effect is shown in Figure 5.
The left is a pre-processing image, and the right is a finished
effect image. The brightness of the image was obviously
optimized, while the contrast was increased, which
produced clearer details in the darker areas.

Pointer Instrument Identification Training
To check the performance superiority of the proposed algorithm,
two kinds of two-stage feature recognition algorithms, Faster
R-CNN [10] and Mask RCNN [23], were transplanted to the
RK3399 hardware platform. Faster R-CNN used Vgg16 as the
feature extractor and Mask RCNN used Resnet-18 as the feature
extractor. Compared with the algorithm in our system, the
average value was calculated after the prediction of all data
sets. In order to achieve better results with a shorter training
time, we set the epoch to 2,000 and batch size to 8. The learning
rate was set to 0.01. The actual prediction results are shown in
Table 3. Compared with the Fast R-CNN algorithm of a Vgg16
network structure, the operation time used in this system was

FIGURE 5 | Histogram normalization transformation effect comparison, the left is the pre-processing image, and the right is the finished effect image. The
brightness of the image was obviously optimized, while the contrast was increased, which produced clearer details in the darker areas.

TABLE 3 | | The data comparison between our algorithms and others. Epoch was
set to 2,000 and batch size to 8. The learning rate was set to 0.01.

Model Operation time
(s)

Accuracy rating
(%)

Training time
(h)

This paper 6.3 98.71 7.3
Faster-RCNN [10] 8.0 98.04 26.9
Mask-RCNN [23] 9.7 98.25 37.5
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shortened by 1.7 s, the recognition accuracy was improved by
0.67%, and the time spent in model training was shortened by
19.6 h. Compared with the Mask RCNN algorithm with a resnet-
18 network structure, the operation time was reduced by 3.4 s,
the recognition accuracy was improved by 0.46%, and the time
spent in model training was reduced by 30.2 h. Three
algorithms were used to predict the target image, and the
target region prediction results of pointer instrument are
shown in Figure 6. The experimental results showed that
compared with the Mask RCNN and Faster R-CNN
algorithms, the proposed algorithm not only had a slight
improvement in the recognition accuracy, but also had a
great advantage in the call time of the model, which was
more suitable for transplantation to an embedded platform.
Moreover, it greatly shortened the length of time consumed by
the training model.

Pointer Meter Reading Training
Compared with the traditional machine vision algorithm, the
multi-layer neural network had the advantages of high
universality, wide application range, and high prediction
accuracy in the recognition application, especially in the
scene with complex environmental illumination. We used
the algorithm proposed by Lai et al [24] to predict the
readings of the data set. In complex situations, and in
some lights, the recognition accuracy rate was very low,
when the images’ angles were changed, either tilted,
rotated around, or the microscopic angle changed, the
identification accuracy could be reduced. As shown in
Figure 7, the identification result is very inaccurate, or even
unable to be identified. The image in Figure7A can only
identify the scale in the clockwise direction, and the
identification result of the scale value was unstable, as
shown in figure7B. Because the dial area in Figure7C was
fuzzy, only the pointer could be identified, the scale and scale
value cannot be identified. As shown in Figure7D, because of
the uneven dial scale values, special treatment was required.
So, in the four cases, the algorithm in this paper can carry out

FIGURE 6 | The target region predicted results of the pointer instrument
by the three algorithms. (A) The predicted result which used the algorithms by
this paper. (B) The predicted result which used Faster R-CNN algorithms. (C)
The predicted result which used Mask RCNN algorithms.

FIGURE 7 | The situation of inaccurate identification results. (A) It can only identify the scale in the clockwise direction, and the identification result of the scale value
was unstable, while the contrary was the case in (B), (C) was fuzzy, only the pointer can be identified, and the scale and scale value cannot be identified. (D) Because of
the uneven dial scale values, special treatment was required.
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perfect recognition without interference. In particular, the
trained model can even predict the reading result which
exceeded the accuracy of a scale value when the data set
was well processed. As shown in Figure8, it could have
read 70 or 80 V, but reading results showed that the voltage
was 75 V. Table 4 is the comparison of the verification results
of reading prediction for the data set between the algorithm
used in this system and a traditional algorithm [24]. The
accuracy rating is the average verification accuracy found by
training all data sets. The operation time means the average
time consumed by training all data sets. Although the
algorithm used in this system was time-consuming, its
accuracy rate was significantly increased, which greatly
improved the reliability of system readings.

CONCLUSION

An instrumental intelligent reading system was designed in this
paper, which had a recognition rate of 98.71% for pointer
instrument panel and a reading accuracy rate of 97.42% for
numerical values. It can accurately locate panel area and read
corresponding values to meet the demand of real-time detection
for pointer instruments. In addition, identification results can be

uploaded to a server synchronously for monitoring online, which
was convenient for real-time detection of on-site measurement
problems. At the same time, it was convenient to collect and
analyze historical data for system optimizations. Moreover, the
system had simple operating conditions, compact size and
convenient use. There was no need to modify the instrument
itself, and it retained the advantages of pointer instruments,
which has a high feasibility and a practical value.
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Design of an AC Driving Waveform
Based on Characteristics of
Electrowetting Stability for
Electrowetting Displays
Linwei Liu1, Zhuoyu Wu1, Li Wang2, Taiyuan Zhang1, Wei Li 1, Shufa Lai1 and Pengfei Bai1*

1Guangdong Provincial Key Laboratory of Optical Information Materials and Technology and Institute of Electronic Paper
Displays, South China Academy of Advanced Optoelectronics, South China Normal University, Guangzhou, China, 2School of
Information Engineering, Zhongshan Polytechnic, Zhongshan, China

In traditional electrowetting display (EWD) drivers, direct current (DC) voltage and pulse
width modulation are often used, which easily caused an electrowetting charge trapping
phenomenon in a hydrophobic insulating layer. Therefore, the driving voltage must be
increased for driving EWDs, and oil backflow cannot be solved. Aqueous solutions are
often used as polar liquids for EWDs, and the reverse voltage of alternating current (AC)
driving can cause chemical reactions between water and indium tin oxide (ITO). So, a
driving waveform was proposed, which included a DC waveform and an AC waveform, to
separately drive EWDs for oil rupture and open state. Firstly, a DC waveform was used
when the oil was broken, and the response time was reduced by designing the DC voltage
and duration. Secondly, an AC waveform was used when the oil required to be stable. Oil
backflow could be suppressed by the AC waveform. The main parameters of AC
waveform include reverse voltage, frequency and duty cycle. The reverse voltage of
EWDs could be obtained by voltammetry. The frequency could be obtained by analyzing
the rising and falling edges of the capacitance voltage curve. The experimental results
showed that the proposed waveform can effectively suppress oil backflow and shorten the
response time. The response time was about 86% lower than the conventional driving
waveforms, and oil backflow was about 72% slower than the DC driving waveform.

Keywords: electrowetting display, low energy consumption, oil backflow, response time, electrochemical reaction,
voltammetry

INTRODUCTION

With the rapid development of display technology in the world, liquid crystal display (LCD) and
electrophoretic display (EPD) have become mainstream display technologies [1–3]. Electrowetting
display (EWD) technology is an emerging technology to enhance the user experience of electronic
paper [4, 5]. It has the characteristics of fast response time, low energy consumption and so on, which
can meet the requirements of high energy saving in current network terminal devices [5–7].

At present, driving chips for EPDs is used for driving EWDs, and PWM modulation is still the
main control scheme for displaying grayscales in EWDs [8–10]. Aqueous solutions are often used as
polar liquids for EWDs, and the chemical reactions between water and ITO is caused by a reverse
voltage. So, EWDs are often damaged. The reverse voltage is not designed according to the structure
and material of EWDs, resulting in a short life of EWDs. By using an unipolar PWM waveform, the
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backflow can be suspended, but the response time is extended
[11]. Therefore, a driving waveform which can suppress backflow
and shorten response time must be designed for EWDs.

The EWD technology belongs to the micro-flow control
technology, which makes it difficult to accurately control the
pixel aperture in EWDs [12–14]. The driving voltage and
characteristics of EWDs are closely related to the process and
materials, the contrast and color gamut are affected by the
concentration of dye [15–18]. The main purpose of driving
waveform for EWDs is to control the pixel aperture and oil
movement accurately [19]. Because of the hysteresis effect, which
can make charge capture and oil backflow, the driving waveform
cannot be designed with EPD driver chips according to the
characteristics of EWDs [20, 21]. Therefore, an AC-common
driving waveform was proposed for more gray scales and a fast
response speed [22]. The oil splitting problem was improved with
an AC-common driving waveform. And the oil backflow effect
was suppressed effectively. AC-common driving waveform
provided a way to continuously improve the response time of
EWDs. Then, an active thin film transistor (TFT) EWD driving
system was proposed based on EPD ICs [23]. PWM waveform
was used in the driving system to display images and videos. The
driving system used an unipolar PWM waveform modulation to
realize the display of gray scales in EWDs. A reset frame was
designed to release the trapped charge and inhibit oil backflow,
and the pixel can remain stable in an open state for a longer time.
In 2016, a platform was proposed to display 16 gray scales
dynamic video based on a TFT EWD [24]. The driving
waveform was constructed by seven sub-frames and a dynamic
reset frame. The trapped charge was released by a dynamic reset
frame. In 2019, a frequency-amplitude mixed modulation driving
system was proposed to improve the response speed for driving
gray-scale and enhancing oil stability based on an active TFT
EWD [8]. The oil was pushed by a high voltage to close to a target
reflectivity, and then, the driving voltage was decreased to
stabilize the oil to a target reflectivity. The response time was
improved, but the second stage cannot solve the problem of oil
backflow.

So, we proposed a mixed driving waveform which included a
direct current (DC) driving waveform and an alternating current
(AC) driving waveform. And a voltammetry methodology was
proposed for the reverse voltage of AC driving waveform. The
response time and oil stability were improved by the DC driving
waveform. The oil backflow was optimized by the parameter
setting of the AC driving waveform. Then, the driving waveform
can realize a shorter response time and a slower backflow by
adjusting duty cycle and reverse voltage.

PRINCIPLE OF EWDS

The structure of EWDs is mainly composed of upper and
lower substrates, polar liquid, pixel wall, oil, sealant and
insulator [25, 26]. The EWD device was reported by Hayes
and Feenstra in 2003 [27]. The switching mechanism and
structure of EWDs are shown in Figure 1. Indium tin oxide
(ITO) glass is generally used as the common electrode on
upper substrate. The lower substrate can be made by ITO or
TFT. ITO is generally used to control fewer pixels, such as
segment display. TFT glass is used to control more pixels, such
as dot matrix displays. Polar liquids are usually aqueous
solutions, such as sodium chloride solutions. Decane
(C10H22) is used as oil. The color oil is made by
dissolving the colored dye in decane (C10H22, εr � 2.2).
The insulator material is Teflon af1600 and FC-43. The
pixel wall material is transparent polyimide.

The driving mechanism of EWDs is to control contact angle
between the insulator and oil by applying voltage. The reflectivity
of EWDs is determined by the contact angle. In 1805, Young
proposed an equation about interfacial tension and equilibrium
contact angle, as shown in Eq. 1.

cLG cos θ0 � cSG − cSL (1)

Where, csg is surface tension of solid-gas, csl is surface tension of
solid-liquid, clg is surface tension of liquid-gas, θ0 is the initial
contact angle of the droplet.

FIGURE 1 | The switching mechanism and the structure of an EWD. (A) The pixel is turned off when no voltage is applied, the oil is tiled in the pixel, and the color of
the oil is displayed. (B) The pixel is turned on when voltage is applied, the oil is pushed to a corner, and the reflected light is the color of the pixel substrate and the color of
a small portion of the oil.
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The relationship between interfacial tensions and
electromotive force V is described by Lippmann equation, as
shown in Eq. 2.

csl(V) � csl −
ε0εrV2

2d
(2)

Where, csl(V) and csl are surface tensions of the solid-liquid
interface when the voltage is applied and when the voltage is
canceled. ε0 and εr are dielectric constant in vacuum and the
effective dielectric constant of the dielectric layer, d is the
thickness of the dielectric layer.

The relationship between the contact angle and electromotive
force V can be derived from Eqs 1 and 2, as shown in Eq. 3.

cos θ � cos θ0 + ε0εrV2

2dcLV
(3)

V can directly control the contact angle θ. With an electric field,
the water canmove to the insulator in EWDs. The oil film tends to
rupture at the thinnest area where the electric field is the highest
in a pixel. When water contacts the insulator, three-phase contact
line and contact angles are formed. The relationship between
contact angle of aqueous solution and applying voltage can be
described by Eq. 3. With the applying voltage, the charge
distribution and oil status are shown in Figure 2. When the
electromotive force V is applied, the oil film is broken and driven
to a corner by a force from aqueous solution. The force of the
aqueous solution can be obtained by the Korteweg-Helmholtz
equation, as shown in Eq. 4

fe � σΕ − ε0
2
Ε2∇ε + ∇[ε0

2
Ε2 zε

zρ
ρ] (4)

Where, σ is the density of free charges, E is the intensity of electric
field, ε0 is a dielectric constant, ρ is the density of liquid, and the
second term is a mass dynamic, the third term is an
electrostrictive force.

The number of trapped charge in the insulator directly affects
the backflow. When voltage is applied to the pixel, positive ions

are gathered at the three-phase contact line, as shown in Figure 2.
The electric field near the three-phase contact line will be
distorted. The imbalance between Maxwell pressure and
Laplace pressure at the three-phase contact line will cause
backflow.

DESIGN PRINCIPLE OF ALTERNATING
CURRENT WAVEFORM

The capacitance of pixels have been widely used in EWDs, such as
oil distribution, design of driving waveform, threshold voltage.
The driving waveform is a superposition of a staircase wave and a
square wave. The AC driving frequency was obtained by
measuring EWD capacitance voltage (CV) Curve. When the

FIGURE 2 | Charge distribution in electric field of a EWD pixel. When
voltage is applied, ions squeeze the oil with the electric force, ions in the
aqueous solution can push the oil to a corner.

FIGURE 3 | The polarographic diagram. The curve represents the
change of the current with the voltage changes, and the analysis of the current
can be used to determine whether a chemical reaction occurs. The voltage at
point A is the starting voltage for chemical reactions.

FIGURE 4 | The mixed DC and AC waveform. In DC phase, the main
parameters that affect the oil movement are the voltage value and driving time.
In AC phase, the main parameters that affect the oil backflow are the reverse
voltage, duty cycle and frequency.
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rising edge curve and the falling edge curve were partly coincided,
we used this frequency as a driving frequency to design the
driving waveform. In the initial stage of oil rupturing, we used
different driving time in a DC waveform to drive a pixel for
reaching an aperture ratio, and then switch to a AC driving
waveform. Reverse voltage is the key point of waveform
parameters in AC driving waveform. Aqueous solution is used
as the polar liquid of EWDs. The upper substrate electrode is
made of ITO. The electrochemical reaction between water and
ITO material is produced by the reverse voltage, the
electrochemical reaction equation of ITO and water is shown
in Eq. 5.

SnO2 + 2H2O + 4e � Sn + 4OH(−) (5)

The oxidation-reduction reaction needs to reach half-wave
potential for displaying in EWDs. So, the reverse voltage was
designed lower than the voltage of the oxidation-reduction
reaction to avoid damage to the EWD.

The relationship between the driving voltage and current was
measured by voltammetry [28], the potential without oxidation-
reduction reaction and half-wave potential can be obtained [29].
The half-wave potential is shown in Eq. 6. Figure 3 shows the
polarographic diagram. Point A is the potential without
oxidation-reduction reaction, point B is the half-wave

FIGURE 5 | Experimental platform for EWDs. ① High voltage amplifier. ② waveform generator. ③ EWD. ④ Admesy colormeter. ⑤ Computer.

TABLE 1 | Specifications of EWDs.

Panel size
(cm2)

Oil color Resolution Pixel size
(μm2)

Pixel wall
height (μm)

Dielectric
(μm)

Hydrophobic layer
thickness (μm)

3.5 × 3.5 Magenta 50 × 50 300 × 300 5 1 1

FIGURE 6 | The waveform for measuring the hysteresis curve, the
frequency of AC signal was 500 Hz, the voltage peak to peak was 1 V, step
voltage was 2 V, step frequency was 0.2 Hz.

FIGURE 7 | EWDs CV curve. In the rising curve, the threshold voltage
was about 16 V. In the falling curve, the switch off voltage was about 7 V. The
CV curve can also represent the curve of aperture and reflectivity. When the
x-axis was less than 7, the rising edge curve was coincided with the
falling edge curve.
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potential, and point C is the potential when the current reaches
saturation. The maximum of the reverse voltage is the voltage
value at point A.

E � E1/2 − 0.059
n

ln
i

id − i
(6)

Where, i is the electrolysis current, id is the diffusion current
value, the temperature is 25°C.

The proposed driving waveform is shown in Figure 4. This
waveform contains two phases. The first phase is a DC phase, so
that the oil has a greater driving force. The second phase is an oil
stabilization stage, reverse voltage is used to suspend the oil
backflow.

FIGURE 8 | Oil backflow with different driving frequencies. The oil could maintain stability at the frequency of 0.05 KHz. The driving waveform at frequency of
0.5 KHz had a good backflow phenomenon, and the aperture could not be increased. The driving waveform at frequency of 5 KHz had a serious backflow phenomenon.
The driving waveform at frequency of 50 KHz had a backflow phenomenon and could reduce the aperture. The driving waveform at frequency of 500 KHz had the same
driving effect as 50 KHz.

FIGURE 9 |Oil backflow and response time with the different duty cycles. The waveform had the least response time when Duty � 70%. The smaller the duty cycle,
the smaller the effective voltage and the smaller the brightness value of EWDs.

FIGURE 10 | The electrochemical reaction between ITO and water. After
the reaction, part of ITO was reduced to metal Sn, which gradually reduced
the conductivity of ITO until it was completely non-conductive.
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EXPERIMENTAL RESULTS AND
DISCUSSION

The luminance measurement platform was buided for the
experiment, as shown in Figure 5. This experimental platform
included a waveform generator, a high voltage amplifier, an EWD
cell, a colormeter and a computer. And we designed software to
control the waveform generator in order to quickly switch the
waveform from the waveform generator. The main measuring
device is Admesy arg-45, which is a colorimeter developed by
Admesy. It has the characteristics of fast measuring speed and
high measuring accuracy. The specification of EWDs is shown in
Table 1.

The colorimeter emits light with an angle of 45° to irradiate
the pixels in an area. After the light is absorbed and
transmitted by the pixels, it reaches the substrate for
reflection. Then the colorimeter can monitor the intensity
of the reflected light.

The driving waveform for measuring the hysteresis curve is
shown in Figure 6. The driving waveform was a superposition of
a staircase wave and a square wave. The AC driving frequency was
obtained by measuring CV Curve. When the frequency of AC
square wave was 500 Hz, a clear CV curve can be obtained, as
shown in Figure 7. We used this frequency as the driving
frequency of the driving waveform.

By the analysis and comparison of the experimental results
with different frequencies, it was found that the oil backflow
phenomenon become slower when the driving frequency was
0.5 Hz. As shown in Figure 8, we used five different driving
frequencies for comparative experiments. From the experimental
data, it can be seen that oil backflow was more serious than the
frequency of 0.05 KHz. And the fluctuations in luminance were
visible at the frequency of 0.05 KHz.

The zero voltage helps to delay the phenomenon of charge
trapping, and the phenomenon of charge trapping gradually

increases as the driving frequency gradually increases. Because
the time at zero voltage is too short, the trapped charge cannot be
released.

Duty cycle is an important parameter in the AC waveform
design. The effective voltage value is also different when the
duty cycle is different. According to the Lippman equation, the
contact angle can be controlled by the duty cycle. We used 30 V
DC voltage for 100 ms to open pixels for obtaining a same
aperture, and then, the influence of different duty cycles on oil
backflow and response time were studied by the AC waveform,
as shown in Figure 9.

FIGURE 11 | The drop-down curve of voltage and current, voltage step
amplitude was −0.1 V, step time was 1 s. As the voltage gradually decreased,
the current of the device gradually decreased.

FIGURE 12 | Oil backflow with different reverse voltages. A bigger reverse voltage could reduce the initial aperture, and the backflow phenomenon was enhanced
by a high reverse voltage.

TABLE 2 | Straight line slope table at different reverse voltages.

Reverse voltage (V) 0 −0.5 −1 −1.5 −2

Straight line slope −41 −44 −26 −39 −97
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The duty cycle directly affects the release of trapped charges.
The duty cycle can effectively control the amount of trapped
charge and the amount of released trapped charge. The amount of
trapped charge is zero by adjusting duty cycle. So, the backflow
can be suppressed.

The ITO electrode is oxidized and reduced to a metal element.
As a result, the electric field cannot be formed due to the
disconnection of top ITO, as shown in Figure 10. The
maximum value of the reverse voltage was judged by the
drop-down curve in the voltammetry. As shown in
Figure 11, the measurement method uses a voltage range
of −4 to 0 V, and the current value is recorded 2 s after the
output voltage.

It can be seen in Figure 12 that the greater the reverse voltage,
the faster the oil backflow. In order to analyze the speed of
backflow more intuitively, we simplified the backflow curve to a
straight line. We can intuitively see the trend of oil backflow, as
shown in Table 2. It had the best performance when the reverse
voltage was −1 V.

The PWM was often used to drive EWDs. But the response
time was too long in PWM waveform, so we compared the
response time of a DC waveform, as shown in Figure 13. The
mixed DC and AC waveform response time was less than
300 ms, and the DC waveform response time was about 2.5 s.
In a traditional PWM waveform, pixels were periodically
switched on and off, which was the main energy for
pushing oil and maintaining state. PWM waveform had a
certain inhibition effect on oil backflow. The traditional
PWM waveform was similar to the AC waveform with a
reverse voltage of 0 V, and the linear slope was −0.0162. In
the mixed DC and AC waveform, the oil was pushed by DC
waveform, and the oil maintaining state depended on AC
waveform. After adding a reverse voltage (−1 V) and using
70% duty cycle to the AC waveform, the oil backflow
phenomenon was better than the PWM waveform, and the
linear slope was −0.0043.

CONCLUSION

This paper analyzed the driving principle of EWDs. Then,
compared the oil backflow and response time among existing
driving waveforms. According to the polar solution of water, a
design method of adding a safe reverse voltage was proposed. We
divided the driving waveform into DC and AC according to
different functions, which improved the response time and the oil
backflow phenomenon. The driving waveform had better
performance for static and dynamic display in EWDs.
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Specular Highlight Detection Based on
Color Distribution for Endoscopic
Images
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Endoscopic imaging systems have been widely used in disease diagnosis and minimally
invasive surgery. Practically, specular reflection (a.k.a. highlight) always exists in
endoscopic images and significantly affects surgeons’ observation and judgment.
Motivated by the fact that the values of the red channel in nonhighlight area of
endoscopic images are higher than those of the green and blue ones, this paper
proposes an adaptive specular highlight detection method for endoscopic images.
Specifically, for each pixel, we design a criterion for specular highlight detection based
on the ratio of the red channel to both the green and blue channels. With the designed
criteria, we take advantage of image segmentation and then develop an adaptive threshold
with respect to the differences between the red channel and the other ones of neighboring
pixels. To validate the proposed method, we conduct experiments on clinical data and
CVC-ClinicSpec open database. The experimental results demonstrate that the proposed
method yields an averaged Precision, Accuracy, and F1-score rate of 88.76%, 99.60%
and 72.56%, respectively, and outperforms the state-of-the-art approaches based on
color distribution reported for endoscopic highlight detection.

Keywords: adaptive detection, color distribution, endoscopic images, RGB color space, specular highlight
detection

1. INTRODUCTION

Endoscopic imaging systems have been widely used in disease diagnosis and minimally invasive
surgery, which, compared to traditional surgery, takes shorter recovery time. Since the angles of
lighting source and camera are almost identical, specular reflection always exists in endoscopic
images and may conceal valuable information such as vessels and lesions, which is essential for
surgeons’ observation and judgment. Therefore, specular detection and removal are significant for
endoscopic techniques, where the former is the prerequisite of the latter.

For natural images, most of the pioneer works are based on various color spaces. Xia et al. [1]
proposed a joint hue, saturation, value (HSV) and red, green, blue (RGB) space threshold detection
set using gradient magnitude in dark channel in RGB space. In [2], based on the global brightness of
the images, the threshold of HSV color space is automatically set to separate specular reflections.
Besides, the dichromatic reflection model is widely used for specular reflection detection of natural
images [3]. Specifically, this method uses intensity ratio to extract specular and diffuse components
from images [4, 5]. Owing to the different characteristics of natural images, such as uneven color

Edited by:
Zichuan Yi,

University of Electronic Science and
Technology of China, China

Reviewed by:
Dong Li,

Macau University of Science and
Technology, Macau

Xiao Zhang,
Lamar University, United States

Zhiming Dai,
Sun Yat-sen University, China

*Correspondence:
Baoxian Yu

yubx@m.scnu.edu.cn
Han Zhang

zhanghan@scnu.edu.cn

Specialty section:
This article was submitted to

Optics and Photonics,
a section of the journal

Frontiers in Physics

Received: 13 October 2020
Accepted: 11 November 2020
Published: 12 January 2021

Citation:
Yu B, Chen W, Zhong Q and Zhang H

(2021) Specular Highlight Detection
Based on Color Distribution for

Endoscopic Images.
Front. Phys. 8:616930.

doi: 10.3389/fphy.2020.616930

Frontiers in Physics | www.frontiersin.org January 2021 | Volume 8 | Article 6169301

ORIGINAL RESEARCH
published: 12 January 2021

doi: 10.3389/fphy.2020.616930

98

http://crossmark.crossref.org/dialog/?doi=10.3389/fphy.2020.616930&domain=pdf&date_stamp=2021-01-12
https://www.frontiersin.org/articles/10.3389/fphy.2020.616930/full
https://www.frontiersin.org/articles/10.3389/fphy.2020.616930/full
https://www.frontiersin.org/articles/10.3389/fphy.2020.616930/full
http://creativecommons.org/licenses/by/4.0/
mailto:yubx@m.scnu.edu.cn
mailto:zhanghan@scnu.edu.cn
https://doi.org/10.3389/fphy.2020.616930
https://www.frontiersin.org/journals/physics
www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org/journals/physics#editorial-board
https://www.frontiersin.org/journals/physics#editorial-board
https://doi.org/10.3389/fphy.2020.616930


distribution and lighting, oversaturated specular highlight, the
above methods designed for natural images are not applicable for
endoscopic images ones.

For endoscopic images, the highlight detectionmethods can be
mainly classified into methods based on different color spaces and
the ones with classifier. Considering the real-time detection on
highlight of endoscopic images, methods based on color spaces
entail lower computations in comparison with those using
machine learning techniques [6, 7] and thus have advantages
in practice, even though the latter can achieve higher accuracy. At
present, the most commonly used color spaces are gray-level [8,
9], HSV [10, 11], and RGB [12, 13]. Specifically, preset thresholds
on different color spaces are employed to determine specular
highlight. To reduce the impact of halo effect of highlight, Shen
et al. [8] proposed a specular detection method by adopting a
morphological dilation operation to enlarge the specular
reflection regions which is obtained by preset threshold on
gray-level image. To address the problem that some pixels in
specular reflection areas have lower intensity than nonspecular
reflection areas, Oh et al. [10] defined specular reflection area into
absolute bright area and relative bright area, which is determined
by outlier detection. However, the detected relative bright area
might include not only specular highlight, but also white tissues.
Zimmerman-Moreno et al. [11] used probabilistic modeling for
precise extraction of highlight from segmentation on hue and
saturation components for specular regions detection inside the
coarse regions. In order to detect the less intense specular
highlight, Arnold et al. [13] compared the original image and
median filtered image, which is modified by filling each possible
specular region with surrounding information. In addition to the
application of traditional color spaces, some innovative
approaches are proposed. Akbari et al. [14] applied nonlinear
SVM classifier trained by statistical features including the mean
and standard deviation extracted from each channel of both RGB
and HSV color spaces to evaluate the specular detection methods
with adaptive threshold. Meslouhi et al. [15] applied the
luminance and normalized chrominance of the CIE-XYZ color
space to identify specular regions by thresholding.

However, specular reflection detection based on color space
mainly suffers from two challenges. On one hand, empirical
thresholds are set in advance and, thus, are unable to be
adjusted adaptively in different scenes. On the other hand,
large specular reflection regions with high intensity cannot be
well detected due to the limited difference between highlights and
the neighboring areas [16].

To address the above issues, we, in this study, propose an
adaptive detection method based on the color distribution
characteristics of endoscopic images. The main contributions
are summarized in the following two points.

(1) We take advantage of color distribution and propose a
criterion characterized by the ratio of the red channel to
both the green and blue ones, which provides a more
distinguishable feature of specular reflection of endoscopic
images.

(2) We propose an adaptive threshold for specular reflection
detection. By taking advantage of the difference between the

red channel and the other ones, and integrating with
overlapped windowing, the proposed adaptive threshold
is applicable for large highlight regions with high
intensity.

2. PROPOSED METHOD

Without loss of generality, given that the intensity of highlight
pixel is higher in the surrounding area, this pixel in an image is
defined as

I(x)> α p Imean, (1)

where I(x) is the intensity of pixel x, Imean is the mean intensity of
small region to which pixel x belongs, and α represents a constant
parameter. The above criterion is suitable for small specular
region with high intensity which is more sensitive to
surrounding information. However, pixels within large
specular reflection regions are hard to be recognized due to
higher Imean.

To address the above issue, we propose a criterion based on the
distribution of RGB color space. Basically, in nonhighlight cases,
most of endoscopic images are reddish due to the presence of
hemoglobin; the value of red channel could be higher than those
of green and blue ones. In highlight cases, however, the values of
all three channels are nearly identical and saturated, especially for
large highlight regions. Therefore, we introduce the criterion for
saturated specular pixels by using the ratio between red channel
and the other ones as follows:

R � IR(x)
1
2 (IG(x) + IB(x)), (2)

where IR(x), IG(x), and IB(x) are the intensity of RGB channels of
pixel x, respectively. From (2), R of nonhighlight pixels is higher
than that of highlight ones. Therefore, a threshold t is introduced
to discriminate highlight and nonhighlight pixels, which is
defined as

t � μ1 p d
2 + μ2 p d + μ3, (3)

where d is the difference between the red channel and green and
blue ones of each small region,

d � mean(IR(x) − 1
2
(IG(x) + IB(x))) x ∈ A, (4)

where A represents the set of all pixels in each patch. With the
defined threshold, pixels with R lower than t are marked as
specular highlight pixels,

R< t, (5)

However, for darker pixels, the values of all three channels are
nearly identical, like highlight pixels. To avoid the confusion
between the dark and the highlight cases, we apply an empirical
value of threshold in grayscale of 200 as [8], i.e.,

I(x)> 200. (6)
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Using the above designed criterion, the pixels of an image
satisfying (5) and (6) are detected as highlight. In summary, the
overall flowchart of the proposed criteria with adaptive threshold
for highlight detection is shown in Figure 1.

To further improve the adaptation of the criteria of threshold
for highlight detection, we apply the preprocess of segmentation
by splitting an image into overlapped equal-sized windows.
Therefore, the problem of uneven illumination caused by
single light source can be solved through setting adaptive
threshold for each patch. Specifically, in each patch, the Imean

in (1) is defined as

Imean � mean(I(x)) x ∈ A. (7)

Additionally, as shown in (3) and (4), d is calculated from the
information of each patch, which means t in (5) computed by d is
adaptively set for each patch.

3. RESULTS AND DISCUSSION

To evaluate the proposed method, we conduct experiments with
clinical data provided by Guangzhou Improve Medical
Instruments Co., Ltd., and open dataset, namely, CVC-
ClinicSpec, which annotated specular highlight ground truth
of endoscopic images [6]. The size of images from clinical
data and CVC-ClinicSpec is 768 × 576 and 384 × 288,
respectively. According to extensive experiments on clinical

data using quadratic polynomial fitting, the parameter α in (1)
is 2.4 and the parameters μ1, μ2, and μ3 in (3) are set to
−2.151*10− 5, 2.031*10− 3, and 1.221, respectively.

For measurement, we assess the performance of the proposed
method with visual inspection and quantitative evaluation.
Specifically, true positive pixels (TPPs) and false positive pixels
(FPPs) are the pixels detected as highlights within and not in the
ground truth, respectively. Similarly, true negative pixels (TNPs)
and false negative pixels (FNPs) are the pixels marked as
nonhighlights not in and within the ground truth, respectively.
In this study, we employ Precision, Recall, Accuracy, and F1-score
to quantify the performance of the proposed highlight detection
method, which can be written as

Precision � TPPs
TPPs + FPPs

Recall � TPPs
TPPs + FNPs

Accuracy � TPPs + TNPs
TPPs + TNPs + FPPs + FNPs

F1−score � 2 · Precision · Recall
Precision + Recall

.

(8)

In the results of the experiment shown below, for the detection
results generated from clinical data, the white denotes the
detected highlight. As for the results from CVC-ClinicSpec,
the white, black, red, and blue denote TPPs, TNPs, FPPs, and
FNPs, respectively.

Firstly, we evaluate the detected results of highlight on clinical
data and CVC-ClinicSpec database, respectively. To be specific,
we conduct experiments on Figures 2A,B,C using different
criteria to evaluate the performance of each procedure of the
proposed detection method. Figures 2A,B are the original images
from clinical data, and Figure 2C is from CVC-ClinicSpec.
Figures 2D,E,F show the results using the detection procedure
in (1). Clearly, only sporadic specular pixels can be detected due
to the limitation of using only local information for comparison.
By using the proposed criteria in (1) and (5), highlight can be well
detected, especially for the case of large region, as shown in
Figures 2G,H,I. Besides, from the comparison between Figure 2I
and L, the effectiveness of distinguishing highlight from dark
regions using (6) is verified. We can learn from Figures 2J–L that
the proposed method can detect highlight precisely and achieve
visually satisfying results.

Next, we examine the performance improvement by using the
preprocess of image segmentation. As elaborated in Proposed
Method, in order to improve the adaptation of the thresholds in
(1) and (5) for highlight detection, we apply image segmentation
to the images from CVC-ClinicSpec database (Figure 3A,B,C)
and divide each image into nine equisized subgraphs with 50%
overlapping with each other. In Figures 3G,H,I, it can be
observed that there is misjudgment at the boundaries of each
window due to the inability to effectively use the boundary
information. As shown in Figure 3, the highlight detection
with image segmentation provides a superior solution in
comparison with that without image segmentation. The result
is expected, since the proposed adaptive thresholds in (1) and (5)

FIGURE 1 | Overall flowchart of the proposed highlight detection
method.
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are sensitive to uneven lighting, which leads to errors for pixels
with high intensity of highlight or dark regions, as shown in
Figures 3J–L. Comparatively, the image segmentation with

overlapping can effectively reduce the effect of uneven lighting
and enables a superior detection performance to that with
nonoverlapped windows and without segmentation.

FIGURE 2 | Performance of the proposed highlight detection method. (A)–(B) Original images from clinical data. (C) Original image from CVC-ClinicSpec. (D)–(F)
Applying (1). (G)–(I) Applying (1) and (5). (J)–(L) Proposed method.

FIGURE 3 | Performance of the proposed highlight detection method with different traversal methods. (A)–(C) Original images from CVC-ClinicSpec. (D)–(F) 50%
overlappedwindows one-fourth the size of the original images. (G)–(I)Nonoverlappedwindows one-ninth the size of the original images. (J)–(L)Using global information.
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To further validate the superiority of the proposed method, we
compare with the benchmark specular detection methods in [8, 13],
as shown in Figure 4. Figures 4A and B-C are the original images
from clinical data and CVC-ClinicSpec, respectively. As it illustrated
in Figures 4D,E,F, it is seen that method of [8] tends to detect a
larger area than the actual highlight because of the dilation operation.
Figure 4G shows the method in [13] is unable to detect large
specular highlight region due to the application of local surrounding
information. From Figures 4J–L, we can observe that the proposed
method can obtain accurate highlight detection results and can take
both large and small highlight regions into account. To further
compare the performance of different methods, we perform
quantitative evaluation on images of Figure 4. As shown in
Table 1, although the proposed method performs inferior to that
of [8, 13] in terms of Recall due to missing specular pixels, which are
marked in blue in Figures 4K,L, our method obtains the best
performance in terms of Precision, Accuracy, and F1-score.

Finally, to validate the robustness of the proposed method, we
test 24 images from CVC-ClinicSpec and compare the proposed

method with the benchmark methods from different perspective.
Figure 5 illustrates the statistical comparison on Precision, Recall,
Accuracy, and F1-score using boxplots. It can be observed that the
proposed method outperforms the benchmarks in terms of Precision,
Accuracy, and F1-score. Theoretically,Precision andRecall are negatively
correlated. Although the proposed method yields a lower averaged
Recall value, the efficiency of the method can be verified by the highest
F1-score, which is the harmonic mean of Precision and Recall.

4. CONCLUSION

In this paper, an adaptive specular highlight detection method for
endoscopic images is proposed. Taking the color distribution
characteristics of endoscopic images into account, the criteria
with adaptive thresholds for highlight detection are developed.
The experimental results demonstrate that the proposed method
outperforms conventional schemes based on color space and can
achieve averaged Precision, Accuracy, and F1-score of 88.76%,
99.60% and 72.56%, respectively.

FIGURE 4 | Comparison between different methods. (A) Original image from clinical data. (B)–(C) Original images from CVC-ClinicSpec. (D)–(F) [8]. (G)–(I) [13].
(J)–(L) Proposed method.

TABLE 1 | Comparison between TPPs, FPPs, Precision, Recall, Accuracy, and F1-score.

Image Method TPPs FPPs Precision (%) Recall (%) Accuracy (%) F1-score (%)

Figure 4B
[8] 1,031 1,461 41.37 96.45 98.64 57.91
[13] 612 788 43.71 57.25 98.87 49.57

Proposed 715 153 82.37 66.88 99.54 73.83

Figure 4C
[8] 2,880 2,504 53.49 94.15 97.57 68.22
[13] 3,014 1,619 65.06 98.53 98.50 78.37

Proposed 2,580 129 95.24 84.34 99.45 89.46
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Engineering Technology Research Center and Guangxi Key Laboratory of Superhard Materials, China Monferrous Metal (Guilin)
Geology and Mining Co., Ltd, Guilin, China

Non-invasive detection of theMajorana bound state (MBSs), a kind of quasiparticle without
charge and mass, is one of the core issues in current condensed matter physics. Here we
study in theory the quantum interference effect in parallel-coupled double quantum dots
which are connected either by Majorana bound states (MBSs) or regular fermions. We find
that the zero-energy conductance develops a sharp peak when the dots are connected by
the MBSs, whereas that in the case of the dots are coupled via regular fermions shows a
valley. By varying the coupling strength between the dots and the electron reservoirs, the
conductance in the two structures changes in different ways. By comparing the properties
of the linear conductance in the two systems, the information of the MBSs formed at the
two ends of a topological superconductor nanowire then can be inferred. We also find that
theMBSs in the present structure also induces the Fano effect, and is favorable in quantum
information processing.

Keywords: quantum dots, Majorana bound states, quantum interference, Fano effect, antiresonance

INTRODUCTION

In recent years, the preparation and detection of the exotic self-conjugate Majorana fermions have
been extensively studied both experimentally and theoretically [1–3]. In solid platforms, they are
realized in the form of zero-energy Majorana bound states (MBSs), and are promising in fault-
tolerant quantum computing over the last two decades because of their non-Abelian statistics and
robustness against decoherence [4, 5]. Up to now, MBSs have been prepared in various setups, in
which the simplest and the most frequently studied one is perhaps the topological superconducting
nanowires (TSNW). It involves the use of a nanowire having strong spin-orbit interactions under a
uniform magnetic field in the proximity of an s-wave superconductor [5–7]. The magnetic field
breaks the time-reversal symmetry in the TSNW and produces spinless electrons with p-wave
superconducting pairing [5–7]. With the rapid developments of the nano-fabrications, the MBSs
have also be successfully prepared in semiconducting nanowires [8, 9], magnetic atom chains [10],
and planar Josephson junctions [11, 12].

The detection of the MBSs is quite challenging due to its charge neutrality and massless nature.
One of the current strong evidence of the existence of MBSs is the zero-bias anomaly of the
conductance peak in tunnel-spectroscopy experiments [7, 11], whichmeans that under the condition
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zero bias, the conductance develops a peak other than the usual
zero value. The zero-bias anomaly of the conductance arises from
the hybridization between the quantum dot and the Majorana
bound state, and then can be used for deducing the existence of
the latter. However, such a phenomenon can also arise from some
other mechanisms, such as the Kondo effect [13–15]. The
Josephson effect has also been extensively investigated due to
its phase-sensitive nature as the MBSs in a Josephson junction
enable a nontrivial Josephson current having 4π periodicity in the
Josephson phase [1, 11, 12]. This is quite different from the
Josephson current with 2π periodicity in the usual junctions.
Meanwhile, there were also some proposes of hybridizing a
quantum dot (QD) to one end of a TSNW [16–20] in that the
information of the MBSs will “leak” into the QD and then can be
detected by spectroscopy transport measurements in a non-
invasive way [21, 22]. Some other proposals such as the
thermoelectric effect [23] and optical schemes [24, 25] based
on QDs were also put forward. For example in Ref. 24, they
argued that the MBSs will absorb and emit photons leading
photon-assisted side band peaks. Such processes result in non-
zero MBSs mode and then indicate a novel detection scheme for
MBSs. The height of the photon-induced side band peaks is
proportional to the magnitude of the photon field, and the time-
dependent conductance is negative for a certain period of time in
the presence of the MBSs [24].

Electronic transport through QD structures has been an active
research subject during the past several decades [26, 27]. Due to
the confinement of electrons in both the three directions, QD is
characterized by the quantized energy levels, and is usually called
‘‘artificial atoms’’ [26]. Coherence of electrons tunneling through
QD is greatly preserved, which has been demonstrated in
phenomena such as the Aharonov-Bohm oscillations in closed
ring-shape geometries [28], the subtle Kondo effect in QD
connected to leads [13, 14, 29], and Fano resonances in
systems with multiple channels [26–29]. In fact, two or more
QDs coupled to each other will form an ‘‘artificial molecule’’ and
result in the formation of bonding and antibonding states that are
interesting in potential applications in quantum computing
devices [26–29]. A lot of research works then have been
carried out on the quantum interference effects in diverse
parallel and T-shaped setups. In the systems of hybridized
QD-TSNW, there is usually more than one electron transport
channels and the quantum interference effect is an efficient mean
to detect the existence of the MBSs formed at the ends of the
TSNW [30–35]. For example, it was shown that when theMBSs is
coupled to the QD in multiple channel systems, antiresonance in
the conductance emerges and its location depends on the direct
hybridization between the MBSs [32, 33]. If the coupling
strengths between the QD and the two modes of the MBSs are
the same, the Fano effect is induced as the Fano lineshape in the
conductance or spectrum function [35]. Such interesting results
may provide new information for the detection of the MBSs or
find practical applications in design of high-efficiency quantum
devices.

In the present paper, we study Fano effect in parallel double
QDs in the presence of MBSs. We consider the cases of the two
dots are simultaneously coupled to the left and right leads with

different strengths, and to each other by the TNSW hosting MBSs
(QD-MBSs). Our numerical results show that the zero-energy
conductance is sensitive to the dot-lead coupling. We also
compare the results in our QD-MBSs structure with those in
the QDs connected to each other by the usual tunnel junction or
regular fermions (another QD), and show that the central (zero-
energy) peak in the two cases undergoes a peak to valley
evolution, which can be used for detecting the MBSs.

MODEL AND METHODS

The schematic plot of the present structure is shown in Figure 1,
in which two QDs are simultaneously coupled to the left and right
leads with different coupling strengths, and connected to each
other by a TNSW with MBSs. The Hamiltonian can be written as
the following form Refs. 36–40,

H � ∑
kα

εkαε
†
kαεkα + ∑

i�1,2
εid

†
i di + tc(d†

1d2 + h.c) +∑
kαi

(Vkαid
†
i ckα

+ h.c.) +HMBSs, (1)

where the creation (annihilation) operator c†kα(ckα) is for
electrons having wave vector k, energy εkα in the αth
(α � L/R) normal metal lead. The second term in the right
side of Eq. 1 is for electrons on the two QDs with energy level
εiwith creation (annihilation) operator d†i (di). The third term in
the right side of Eq. 1 stands for possible hopping between the
two QDs through a tunnel barrier with strength tc. The forth term
in the right side of Eq. 1corresponds to tunneling between the
QDs and the leads with amplitude Vkαi. The last term in right side
of Eq. 1 denotes the MBSs formed at opposite ends of the TSNW
and their couplings to the QDs [35–37].

HMBSs � λ1�
2

√ (d1 − d†
1)c1 + i

λ2�
2

√ (d2 + d†2)c2 + iδMc1c2, (2)

in which λi is the hybridization amplitude between the QD-i and
the mode-i of the MBSs, and the self-conjugate nature of the

FIGURE 1 | Schematic plot of the parallel double QDs coupled to the left
and right leads with coupling strength ΓL/Rij , and to each other by a TSNW
hosting MBSs. Dot 1(2) couples to the mode η1(2) of the MBηSs with
hybridization strength λ1(2). The chemical potentials of the leads are μL
and μR, which are set to be μL � μR � 0 in the linear response regime.
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MBSs requires c1(2) � c†1(2) and {ci, cj} � 2δij. Following previous
work [17], we transform the Majorana fermion operators c1(2)
into the regular fermion operators f and f † by defining
c1 � 1�

2
√ (f + + f ), c2 � i�

2
√ (f + − f ), and then Eq. 2 becomes into

the following form,

HMBSs � δM(f †f − 1
2
) + λ1�

2
√ (d1 − d†1)(f + f †)

+ λ2�
2

√ (d2 + d†2)(f − f †). (3)

At ultra-low temperature favorable for the preparation of the
MBSs, the linear conductance G is obtained with the help of the
transmission T(ε) of an electron by the Landauer formula G �
(2e2/h)T(ε). The transmission coefficient is calculated in terms of
the Green’s functions as T(ε) � Tr{Ĝa(ε)Γ̂RĜr(ε)Γ̂L}, in which
Ĝ
r(a)(ε) is the retarded (advanced) Green’s function and Γ̂L(R) the

line-width function denoting coupling between the dots and the
leads. For the present structure, they are all 6×6matrixes. We
calculate the retarded Green’s function Ĝ

r(ε) � [Ĝa(ε)]† by using
the Dyson’s equation method combined with the equation of
motion technique. After some straightforward calculations, the
Green’s function is given by Ref. 14
Ĝ
r � (ĝr− 1 − T̂c − K̂ − i(Γ̂L + Γ̂R)/2)− 1, in which ĝr is the

retarded Green’s function of the central region free
from couplings whose diagonal elements
are gr11(22)(ε) � 1/(ε ∓ ε1), gr33(44)(ε) � 1/(ε ∓ ε2), and
gr55(66)(ε) � 1/(ε ∓ δM). Matrix T̂c denotes the tunnel-coupling
between the dots whose elements are
T̂c,13 � T̂c,31 � −T̂c,24 � −T̂c,42 � tc. The matrix elements of
are K̂15(6) � K̂5(6)1 � −K̂25(6) � −K̂5(6) � ξ1 and
K̂3(4)5 � K̂53(4) � −K̂3(4)6 � −K̂63(4) � ξ2, where ξ1(2) �
πρiλ

2
1(2)/2 being the dot-MBSs coupling strength and ρi the

density of the states in QDs i. In the present paper, we assume
that the MBSs are coupled to the two QDs with equal strength,
and fix ξ1 � ξ2 � λ. The line-width function is given by

Γ̂L/R �

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

ΓL/R11 0
������
ΓL/R11 ΓL/R22

√
0 0 0

0 ΓL/R11 0
������
ΓL/R11 ΓL/R22

√
0 0������

ΓL/R11 ΓL/R22

√
0 ΓL/R22 0 0 0

0
������
ΓL/R11 ΓL/R22

√
0 ΓL/R22 0 0

0 0 0 0 0 0
0 0 0 0 0 0

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
,

(4)

in which the Γαij � 2πVkαiVp
kαjρα with ρα being the local density of

states in lead α.

RESULTS AND DISCUSSION

In the following numerical calculations, we fix the line-width
function ΓL11 � ΓR22 � Γ ≡ 1 as the energy unit, and assume ΓL22 �
ΓR11 � qΓ with q a dimensionless parameter throughout the paper.
We also fix the dots’ levels at ε1 � ε2 � 0 in that the MBSs exert
significant impacts on electronic transport around zero energy.

For 0 < q ≤ 1, the two dots are parallel-coupled to the two leads,
and q � 0 corresponds to the case of the serially coupled
configuration. Figure 2 presents the results of linear
conductance through the double QDs for different values of q.
For q � 0 and tc � 0, the system is an open circuit and the
conductance is zero (G � 0) as indicated by the solid black line in
Figure 2A. For 0 < q < 1, the two dots are connected in parallel
configuration with asymmetrical left-right couplings, and the
analytical expression of the linear conductance is Refs. 28 and 31

G � 2e2

h
4qε2Γ2

[ε2 − (1− q2 Γ)2]2 + [εΓ(1 + q)]2. (5)

From above equation, one can see that G develops a dip at ε �
0, and has two resonances located at ε � ±(1 − q)Γ/2 as shown by
the red dashed and blue dotted lines in Figure 2A. For the two
dots are coupled to the dots symmetrically q � 1, the conductance
exhibits a single wide peak centered at as indicated by the green
dash-dotted line, which can also be seen from Eq. 5. Under the
condition of tc ≠ 0, the conductance is composed by one Breit-
Wigner resonance at ε � tc and a Fano one at ε � tc, which
respectively correspond to the bonding and antibonding states in
this QDs molecular [28, 31]. The conductance now is given by

G � 2e2

h

4Γ2(1+q2 tc − �
q

√
ε)2

[ε2 − t2c + (1− q2 Γ)2]2 + 4Γ2[1+q2 ε + �
q

√
tc]2. (6)

FIGURE 2 | Linear conductance varying as a function of the Fermi
energy in the absence of QD-MBSs coupling (λ � 0) for tc � 0 in (A), and tc � Γ
in (B). The configuration of the structure is varied by the value of q.
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For q � 0 (serially connected double QDs), the conductance
shows two Lorentz peaks at the bonding and antibonding states,
respectively. Whereas for 0 < q < 1, the resonance at the
antibonding state ε � tc shows the typical asymmetrical Fano
line-shape, which has been systematically investigated in Refs. 28
and 31 and we do not discuss them in more detail.

We now study the case of the two QDs are connected by the
MBSs (DQD-MBSs configuration) in Figure 3A, and also shows
the results when the two dots are connected by regular fermions
(TQD configuration). For q � 0, the conductance remains at zero
in that the electrons can not transport through the TSNW for
tc � δM � 0 as shown by the black solid line in Figure 3A. The
conductance develops triple peaks for nonzero q≠ 0 which locate
about at ε � 0 and ε � ±(λ + Γ/2), respectively. Meanwhile, there
are two antiresonances (G � 0) at ε � ±λ. With increasing q, the
height of the three peaks increases with unchanged configuration,
and reaches its quantum value 2e2/h for q � 1. In structure of
single QD hybridized with the MBSs, the zero energy
conductance is half of its quantum value G(ε � 0) ≡ e2/h,
which is believed to be the evidence of the MBSs [19]. In the
present DQD-MBSs systems, however, this criterion will not hold
true, and the existence of the MBSs can only be deduced from the
properties of the resonances and antiresonances in the
conductance. For this reason, we show the results when the
MBSs connecting the two QDs is replaced by another QD

(dot-3) serving as a pair of regular fermions. For the
convenience of comparison, we use similar symbols of the
MBSs to denote dot-3, and then Hamiltonian in Eq. 1 is
changed into

H � ∑
kα

εkαε
†
kαεkα + ∑

i�1,2
εid

†
i di + tc(d†1d2 + h.c) + δMd

†
3d3 + (λd†

1d3

+ λd†3d1 + h.c) +∑
kαi

(Vkαid
†
i ckα + h.c.),

(7)

from which the retarded Green’s function and the conductance
can be easily obtained by the equation of motion method in the
absence of Coulomb interaction between the electrons [41].

As shown in Figure 3B, the conductance develops triple peaks
for 0 ≤ q < 1 with unchanged peaks’ value 2e2/h. With increasing

FIGURE 3 | Dependence of the linear conductance on the Fermi energy
for the case of the double QDs are coupled to each other by the MBSs (DQD-
MBSs) in (A) and the case of the two QDs connected by regular fermions,
i.e., another QD in (B). The latter corresponds to the triple-QD (TQD)
configuration.

FIGURE 4 | Linear conductance as a function of the Fermi energy for
DQD-MBSs and TQD configurations and different values of direct overlap
amplitude δM and fixed λ � 1 and q � 1. In (A) we set δM � 0.1Γ, and δM � Γ in
(B), δM � 5Γ in (C). The conductance in (C) displays typical asymmetric
Fano line-shape in higher energy regimes.
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q, the two dips move toward ε � 0 with the narrowing of the
central peak. For, the central peak involves into an antiresonance
G(ε � 0) ≡ 0 and the conductance reduces to a double-peak
configuration. By comparing Figures 3A,B, one can find that
the properties of the conductance in DQD-MBSs are quite
different from those in TQD, and then the information of the
MBSs can be then inferred. For example, the zero-energy
conductance develops a peak when the two dots are
symmetrically coupled to the leads (q � 1) in the DQD-MBSs,
whereas it becomes to be zero when the two dots are connected by
another QD (TQD). In fact, this is one of the interesting effects
induced by the interaction between the MBSs and the electrons
on the QDs that the behaviors of the conductance near the zero-
energy point are mainly influenced. The reason is that the MBSs
are zero energy like the electron-hole pair, and then induces a
peak at zero Fermi energy, or a peak in the differential
conductance when the bias voltage is zero (zero bias anomaly

in the conductance found in Ref. 13). In higher energy regime, the
impacts of the MBSs then are weak and the transport processes
are dominated by the electrons from different channels. For this
reason, the typical asymmetrical Fano line-shape in the
conductance in higher energy regimes emerges, but vanishes
around the zero-energy.

Figure 4 presents the calculation results in structures of DQD-
MBSs (black solid line) and TQD (red dashed line) with varied
inter-MBSs coupling strength δM (or energy level of dot-3). For
small value δM � 0.1Γ as shown in Figure 4A, the conductance’s
configuration in both of the two structures remains almost
unchanged, which is also quite different from the result in
single dot coupled to MBSs [19], in which the value of the
zero-energy conductance recovers 2e2/h as long as δM ≠ 0.
With increasing δM as shown in Figure 4B, the conductance
peak in negative (positive) energy regimes moves toward (away
from) the zero-energy state of ε � 0 for the case of DQD-MBSs
(the solid black line). The conductance in the TQD, however,
both the positions of the peaks and the dip move to higher energy
level, as indicated by the red dashed line. When the hybridization
between the MBSs is δM > Γ, the conductance in high energy
regime exhibits typical Fano line-shape, which holds true in both
the DQD-MBSs and TQD configurations. Around the zero-
energy state, however, the conductance in DQD-MBSs remains
the double-peak configuration with an antiresonance. The
conductance in TQD around ε � 0 shows the single wide peak
configuration, which is completely different from that in DQD-
MBSs.

Finally, we study the conductance in Figure 5 for different

values of q and fixed δM � 5Γ. For nonzero δM, the conductance

in serially coupled double QDs has three peaks individually abut

at ε � 0 and ε � ±
�������
λ2 + δ2M

√
in DQD-MBSs, as shown by the solid

black line in Figure 5A. The peaks are also equal in height but the
width of the central peak is much wider than that of the other two.
With increasing q as indicated by the sold lines in Figures 5B, C,
the peak in the negative energy regime is destroyed with the
splitting of the central one, exhibiting the Fano line-shape. The
peak in higher energy regime becomes higher and then also
displays the asymmetric Fano line-shape which is similar to the
case in Figure 4. The conductance in TQD has only two peaks for
q � 0, and then changes in similar way as that of DQD-MBSs.
Interestingly, in the case of q � 1, we find in Figure 5A that the
zero-energy conductance of DQD-MBSs develops a peak whereas
that of TQD is a dip with the value of G � 0. Such an evolution
from peak to valley is a good evidence of the MBSs. This
difference between the two cases can be attributed to the fact
that there is a resonant state at zero-energy induced by the MBSs.

SUMMARY

In summary, we have studied the properties of the conductance in
double QDs coupled to the left and right leads in parallel
configuration within the framework of the Green’s function
method. We find that when the two dots are connected by a
TSNWwithMBSs at its two ends, the conductance develops three

FIGURE 5 | Linear conductance as a function of the Fermi energy for
DQD-MBSs and TQD configurations for q � 0 in (A), q � 0.3 in (B), q � 0.6 in
(C). Except the parameters given in the figure, others are as in Figure 4.
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peaks, whose height is enhanced with increasing left-right
symmetry. Between the peaks, there are two dips with zero
conductance. If the dots are connected by regular fermions,
however, the dips is nonzero, and the central peaks will evolve
into a dip if the system is totally symmetric in left-right coupling
strength. Such a peak to valley change of the conductance
provides a non-invasive detection of the MBSs. When the
MBSs formed at the ends of the TSNW is overlapped, the
resonances at zero and positive energy regimes will display the
typical Fano line-shape, which is useful in quantum information
processing or design of novel quantum devices.
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In brain-computer-interface (BCI) devices, signal acquisition via reducing the electrode
channels can reduce the computational complexity of models and filter out the irrelevant
noise. Differential entropy (DE) plays an important role in emotional components of signals,
which can reflect the area activity differences. Therefore, to extract distinctive feature
signals and improve the recognition accuracy based on feature signals, a method of DE
feature signal recognition based on a Convolutional Gated Recurrent Unit network was
proposed in this paper. Firstly, the DE and power spectral density (PSD) of each original
signal were mapped to two topographic maps, and the activated channels could be
selected in activation modes. Secondly, according to the position of original electrodes, 1D
feature signal sequences with four bands were reconstructed into a 3D feature signal
matrix, and a radial basis function interpolation was used to fill in zero values. Then, the 3D
feature signal matrices were fed into a 2D Convolutional Neural Network (2DCNN) for
spatial feature extraction, and the 1D feature signal sequences were fed into a bidirectional
Gated Recurrent Unit (BiGRU) network for temporal feature extraction. Finally, the spatial-
temporal features were fused by a fully connected layer, and recognition experiments
based on DE feature signals at the different time scales were carried out on a DEAP
dataset. The experimental results showed that there were different activation modes at
different time scales, and the reduction of the electrode channel could achieve a similar
accuracy with all channels. The proposed method achieved 87.89% on arousal and
88.69% on valence.

Keywords: differential entropy, signal extraction, activation mode, convolutional neural network, bidirectional gated
recurrent unit network

INTRODUCTION

Signal recognition plays an important role in BCI devices [1]. The ability of perceived robots for
expressing similar human behaviors is considered to be more approachable and humanized, which
can obtain higher participation and more pleasant interaction in reality [2]. In recent years, an
increasing number of researchers are attracted to the research of signal recognitions by computers.
Electroencephalogram (EEG) signals can avoid the camouflage and subjectivity of human
behaviors [3]. Therefore, feature signal recognition based on BCI devices is becoming a
research focus.
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At present, there are two technical problems in the process of
feature signal recognition based on BCI devices. One is how to
extract distinctive feature signals from original signals, and the
other is how to establish a more effective feature recognition
calculation model [4, 5]. Fast Fourier transform (FFT) was a
common method to extract feature signals from the original
signal [6]. However, FFT cannot reflect temporal information in
frequency signal, so a short-time Fourier transform was used to
extract time-frequency domain features which were recognized
as a feature signal [7]. Human brain is a nonlinear dynamic
system. It is difficult to analyze the original signal by traditional
time-frequency feature extraction and analysis methods. So, by
calculating the DE of the original signal, the differential
asymmetry and rational asymmetry signals of the
symmetrical electrodes in the left and right hemispheres of a
brain were used for feature signal recognition, which achieved
an average recognition accuracy of 69.67% on the DEAP dataset
[8]. However, this could only explore the relationship between
symmetric electrodes, not connect all electrodes in a spatial
position. Recent research has shown that distinctive feature
signals were closely related to multiple areas of the cerebral
cortex in BCI [9]. The weights of brain areas were calculated by
attention mechanism and the sum of weights was taken as the
contribution value of brain areas, which showed that frontal
lobe areas play an important role in feature signal recognition
experiments [5]. The feature signals of different activation areas
were extracted by DE and PSD topographic distribution, which
found that prefrontal and temporal lobes of the cerebral cortex
were related to feature signal states [10]. However, they did not
use the relevant brain areas to improve the recognition rate of
feature signals. Hence, a feature extraction method of
multivariate empirical mode decomposition (MEMD) was
used to select feature signal of appropriate channels, which
achieved 75.00% on arousal and 72.87% on valence for feature
signal recognition based on an Artificial Neural Network (ANN)
classifier [11]. However, the traditional machine learning model
is unable to extract more subtle feature signals, which could lead
to a low performance of feature signal recognition. In recent
years, feature signal recognition methods based on deep
learning have developed rapidly. Especially, CNN model has
become a leading method to improve recognition performance.
A method of feeding time-frequency features of each channel
into a 2DCNN model for feature signal state recognition was
proposed, which achieved 78.12% on arousal and 81.25% on
valence [12]. The original signal was decomposed into time
frames, and the multi-channel time frame signals were used as
inputs of a 3DCNN model, which achieved a recognition
accuracy of 88.49% on arousal and 87.44% on valence [13].
The frequency domain feature, spatial feature and frequency
band features of fusion multi-channel signals were fed into a
Capsule Network (CapsNet) based on CNN, which achieved
68.28% on arousal and 66.73% on valence [14]. Although the
CNN model can effectively extract the spatial information from
feature signals, it cannot effectively extract the temporal
information. Therefore, a hybrid neural network model
combined CNN and Recurrent Neural Network (RNN) was
proposed [15]. They used CNN model to extract the correlation

of signals in physical adjacent channels, and used RNNmodel to
mine the context information of feature signal sequences, which
achieved 74.12% on arousal and 72.06% on valence. A Stack
AutoEncoder (SAE) was used to establish a linear mixed model,
and a long-short-term memory recurrent neural network
(LSTM-RNN) was used for feature signal recognition, which
could achieve 81.10% on arousal and 74.38% on valence.
However, the unidirectional RNN and LSTM cannot
backward learn the feature signal sequences, which was the
reason of a low recognition rate.

For solving existing problems in previous studies, firstly,
considering that different areas played different roles in
feature signal recognition, activation pattern was introduced to
reflect the weight of region contribution. So, a method of the DE
feature signal extraction based on an activation mode was
proposed. Secondly, a 1D and 3D feature signal representation
method of considering the spatial-temporal information were
also proposed, which could improve the recognition rate of
feature signals by utilizing the temporal information of
different areas and spatial connection of electrode positions.
Lastly, a recognition framework based on Convolutional Gated
Recurrent Unit network were proposed in this paper. The
recognition framework was composed of 2DCNN and BiGRU
in parallel, which could not only learnmore distinctive and robust
feature signals but also improve the recognition rate.

METHODLOGY

DE Feature Signal Extraction
Original signals collected by the BCI include rhythm signals,
event-related potentials, and spontaneous potential activity
signals [4]. A Butterworth filter [16] is used to decompose the
original signal (X) into four frequency band signals: Xθ, Xα, Xβ,
and, Xc where θ is 4–7 Hz, α is 8–13 Hz, β is 14–30 Hz, and γ is
31–45 Hz.

DE Algorithm
DE is suitable for decoding characteristic signals [7, 10]. Each
frequency band signal is divided into Xi/τ equal parts by a time
window τ, and then analyzed by aDE algorithm.DE can discretize the
value of continuous random variables. The signal sequence values are
divided into small parts with Δx. According to the mean value
theorem, there is always a value xi in each part to make Eq. 1 true.

∫(i+1)△x

i△x
p(x)dx � p(xi)△x (1)

where p(xi) is a probability density function of discrete signals.
Each point at i is assigned to xi, and then the Eq. 1 is substituted
into the Shannon formula for the discrete variables. The process is
shown in Eq. 2.

H(△x) � −∑n

i�1p(xi)△x ln[p(xi)△x]
� −∑n

i�1p(xi)△x ln p(xi) −∑n
i�1

p(xi)△x ln△x

(2)
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When△x approaches 0, ∑n
i�1p(xi)△x approaches 1 and ln△x

approaches −∞. So, the right side of the Eq. 2 approaches∞, and
the left side of Eq. 2 is seen as the DE of a continuous signal in Eq.
2. The DE can be defined as Eq. 3.

H(X) � −∫
X

f (X)log[f (x)]dx (3)

whereX is a random variable, f(x) is a probability density function
of X. Assuming that the original signal X obeys normal
distribution N(μ, σ2), the DE can be solved as Eq. 4.

H(X) � ∫+∞

−∞
1����
2πσ2

√ e
(x−μ)2
2σ2 log⎡⎢⎢⎢⎢⎢⎣ ∫+∞

−∞

1����
2πσ2

√ e
(x−μ)2

σ2
⎤⎥⎥⎥⎥⎥⎦dx

� 1
2
log(2πeσ2)

(4)

where μ is a mean of X, and σ2 is a variance of X. In Eq. 4, the DE
of signal source Xi can be calculated as long as σ2 is known, and
the variance of normal distributionN(μ, σ2) can be calculated via
Eq. 5.

σ2
∧

� 1
N
∑n

i�1x
2
i (5)

The spectral energy of the discrete signal is defined as
P � ∫+∞

−∞ f 2(t) dt. According to Eq. 5, the variance of signal
source Xi is an average spectral energy value P. From Eq. 4,
the variance of Xi is a constant multiple (Pi/N2) of the spectral
energy in each frequency band. So, the DE of a specific frequency
band can be defined as Eq. 6.

Hi(X) � 1
2
log(2πeσ2

i ) � 1
2
log(Pi) + 1

2
log(2πe

N
) (6)

where Hi(X) is the DE of Xi , Pi is a spectral energy of Xi , σ i
2 is a

variance of Xi , and N is a constant.

DE Feature Signal Vector
A distinctive feature vector is constructed by using Hi(X), the
processing process for a baseline signal of a specific frequency
band can be expressed as Eq. 7.

vij � vitrail(j) − ∑m
i�1v

i
base(k)
m

, j ∈ (N � t
τ
) (7)

Where t is a total signal time, τ is a time sliding window, vij is the
final DE feature vector at jth segment of ith band, vitrail(j) is a DE
feature vector at jth segment of ith frequency band, vibase(k) is a
DE feature vector of a baseline signal in jth segment of ith
band, and m is a number of segments in baseline signals. So, a
1D DE feature signal vector can be expressed as
vij � [c1τ , c2τ , ... , cnτ ]T ∈ Rn, where n is the number of electrode
channels, cnj is the pre-processed signal at nth channel of jth
segment.

The 1D data of n channels are filled into the space electrode
position of d×d, and the unused electrode position is filled with
zero value. Then, a 2D matrix (fτ) can be obtained. In order to

make the matrix denser, a radial basis function (RBF)
interpolation of Gaussian kernel function [17] is used to fill in
zero values. This process can be expressed as Eq. 8.

f
∧

τ(c) � ∑n
i�1

e(−‖x−ciτ‖22σ2
) (8)

Where σ is an extension constant of the RBF function, x is a center
point, c is an electrode channel point, and ‖ · ‖ is 2-norm.

Convolutional Gated Recurrent Unit
Network
The convolutional gated recurrent unit network is composed of
2DCNN and BiGRU in parallel, as shown in Figure 1.

Structural Principle of 2DCNN
CNN is a kind of forward feedback neural network. The model
structure mainly includes input layers, hidden layers and output
layers. The network structure of 2DCNN is shown in Figure 2.

The feature signal matrix f
∧
τ(c) is used as the input of 2DCNN.

The abstract feature extraction of the DE feature signal is
completed by setting the size of the 2D filters, the process can
be defined as Eq. 9.

s(i, j) � ( f
∧

τpW) � ∑
m

∑
n

f (i +m, j + n)w(m, n) (9)

where W is the convolution kernel, (m, n) is the size of the
convolution kernel W, f

∧
τ is the input matrix, (i, j) is the matrix

coordinate. After each convolution operation, the feature data of
each layer is batch-normalized (BN), and a RELU activation
function is added to make the model have nonlinear feature
transformation capability. The RELU function is expressed as
Eq. 10.

RELU(x) � max(x, 0) � { x, if x > 0
0, otherwise

(10)

where max is the maximum function, x is the inputs. The feature
matrix S is fed into the fully connected layer to make it more
expressive in space. The process is shown as Eq. 11.

FS � FC(S), FS ∈ R1024 (11)

where R1014 represents a dimension of 1,024, FC is the fully
connection layer, and FS is a 1,024-dimensional vector.

Structural Principle of BiGRU
GRU [18] is an improvement of LSTM [19]. Compared with
LSTM, GRU is capacity of dealing with a smaller amount of data,
which has a faster calculation speed and can better solve the
problem of gradient disappearance. The schematic diagram of
GRU is shown in Figure 3A. The GRU processes sequence
information by resetting gate rz and updating gate zt, and its
parameter update equation is shown in Eqs. 12–15.

rt � σ(wrxt ⊕ Urht−1) (12)

zt � σ(wzxt ⊕ Uzht−1) (13)
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~ht � tanh[whxt ⊕ Uh(rt ⊗ ht−1)] (14)

ht � (1 − zt) ⊗ ht−1 ⊕ zt⊗~ht (15)

where wr, wz, wh, Ur, Uz, and Uh are the weight parameters of the
BiGRU network, rt is reset gate, zt is update gate, ~ht is candidate
activation unit, ht is the hidden unit at time t, ht-1 is the hidden
unit at time t−1, σ is the activation function, Vt is the GRU input

at time t, ⊗ represents multiplying by elements, and ⊕ represents
adding by elements.

DE feature matrix V is exploited to be the original input of
BiGRUnetwork. The BiGRUnetwork is composed of forward GRU,
backward GRU, and forward-backward output state connection
layers. The structure of BiGRU network is shown in Figure 3B,
which mainly includes input layers, hidden layers and output layers.

FIGURE 1 | Schematic diagram of DE feature signal recognition model based on 2DCNN-BiGRU. The 1D feature sequences of each time step are fed into BiGRU
to extract the time information of feature signals. The 2D feature matrices of each time step are fed into 2DCNN to extract the spatial information of feature signals. Finally,
the decision layer gives the recognition result.

FIGURE 2 | Schematic diagram of the 2DCNNmodel. The inputs are a 3DDE feature matrix of 10 × 10 × 4, and its construction process is shown inConstruction of
3D DE Feature Matrix section. Padding � ‘SAME’ represents the edge information is filled with zeros, Stride � 1 means that the step size of each convolution operation is
1, and Dropout means that hidden neurons are deleted randomly.

FIGURE 3 | (A) Schematic diagram of GRU network. (B) Schematic diagram of BiGRU network.
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EXPERIMENTAL RESULTS AND
DISCUSSION

In this part, the experimental processes would be introduced and
our method would be compared with other methods. Then, the
effectiveness of our framework was evaluated on the DEAP
dataset. To achieve a more reliable emotion recognition
process, the emotion recognition performance of the EEG
access was analyzed by a 5-fold cross-validation technology.

Experimental Environment and
Experimental Dataset
Table 1 Shows the specific experimental environment for
experiments.

In the DEAP dataset [4], EEG signals of 32 subjects who watched
40 1-minutemusic videoswere recorded, and each subject contained
63s EEG data of 32 electrode channels. Among them, the first 3s was
the baseline signal recorded in the relaxed state, and the last 60s was
the trial signal recorded when watching the videos.

According to the level of arousal and valence, the distinctive
categories of DE feature signal states were obtained. In our
experiment, the DE feature signal recognition was divided into
two binary classifications. If scores of the arousal or valence were

less than or equal to 5, the label was marked as low. If scores were
greater than 5, the label was marked as high. Thus, there were four
labels on arousal and valence: high arousal (HA), low arousal
(LA), high valence (HV) and low valence (LV).

Data Preprocessing
In order to improve the accuracy of recognition, the influence
of baseline signals on trial signals needs to be considered.
Before extracting the DE feature signal of original signals,
the original signals are usually divided into short time
frames [15, 19, 20]. The baseline signal was divided into
three segments with a 1s sliding window and the trial signal
into n � 60/τ segments with a τwindow. As shown in Figure 4,
a channel signal of the original data was taken out, and the
original signal of each second is decomposed into θwave,
αwave, βwave, and cwave through the Butterworth filters.
The DE vectors Base_Vector (i) of the three baseline signals
and the DE vectors Trail_Vector (n) of the trial signals in each
time window were calculated by the DE algorithm. Then,
n-feature signals (DE1i�θ,α,β,c) in this channel could be
obtained by Trail_Vector (n) minus Mean∑i�1,2,3
Base_Vector (i) in turn. Finally, the 1D vector DEi �
[DE1

i , DE
1
i , ... , DE

32
i ] of 32 electrode channels could be

obtained, where i is the frequency band.

Construction of 3D DE Feature Matrix.
The DE feature signal value of 32 channels was filled to the orange
position in Figure 5B, and the gray point was filled with zero
values. The electrodes circled in orange were the test points used
in the DEAP dataset, as shown in Figure 5A. The electrodes of the
international 10–20 system [10] were connected with the test
electrodes of the DEAP dataset, which could construct a square
matrix N × N (N is the maximum number of points between
the horizontal test points and the vertical test points). In

TABLE 1 | Specific experimental environment.

Name Version

CPU Intel Core i7-9750H @2.60 GHz
GPU NVIDIA GeForce RTX 2060 6 GB
RAM DDR4 16 GB
OS Windows 10
Frameworks Tensorflow-GPU 1.14.0, MATLAB 2019b

FIGURE 4 |Schematic diagram of the original signal preprocessing flow. Among them, Trail_Vector (n) is the baseline signal feature vector. Trail_Vector (n) is the trial
signal feature vector. DEi � [DE1

i , DE
1
i , ... , DE

32
i ] is the DE feature signal vector of 32 channels. Mean ∑ Base_Vector (i) is the sum average DE of three baseline

segmentations.

Frontiers in Physics | www.frontiersin.org January 2021 | Volume 8 | Article 6296205

Zhu and Zhong DE-Based Recognition in 2DCNN-BiGRU

116

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


addition, in order to avoid the loss of edge information, a layer
of gray unused points was added to the outer layer of the
matrix, as shown in Figure 5B. In order to make the matrix
denser, the RBF interpolation was used to fill in the zero values
[17]. Finally, a 3D feature matrix was obtained by stacking the
2D feature matrices of four frequency bands, as shown in
Figure 5C.

The sliding windows of 1, 10, 30 and 60s were used to divide
the original signals, and the number of DE feature signal
samples obtained is shown in Table 2. Notably, the time step
window of 60s was the original signal length. The total samples
of each frequency band were 32 × 40 × n, where 32 was the
number of subjects, 40 was the number of experiments of each
subject, and n was the number of signals divided by the time
window. Finally, the same number of samples of the 1D feature
signal vectors and 2D feature signal matrices of each frequency
band were obtained.

2DCNN-BiGRU Model Training and
Parameter Setting
The 1D feature signal vectors and 3D feature signal matrices were
fed into BiGRU model and 2DCNN model respectively. The
proposed model was implemented with Tensorflow framework
and trained on an NVIDIA GeForce RTX 2060 GPU. The Adam
optimizer was adopted to minimize the cross-entropy loss
function. The keep probability of dropout operation was 0.5.
The penalty strength of L2 was 0.5. The hidden sates of the GRU
cell is the number of channels. The learning rate was initialized to
0.001. When the verification errors of the model stopped

dropping, the learning rate was divided by 10 until the
iteration stopped.

In the 2DCNN model of the first three convolutional layers,
64, 256, and 512 convolution kernels with a size of 4 × 4 were used
respectively. In order to reduce the amount of calculation, 64
convolution cores with a size of 2 × 2 were used in the fourth
convolution layer, which added a dropout operation. In addition,
in each convolutional layer, stride was set to 1, padding was set to
SAME, and zero padding was used to prevent information from
being lost at the edge of the inputs. A fully connected layer was
used to convert input features into spatial abstract features. In
order to avoid learning overfitting and improve the generalization
ability of the model, L2 regularization was added to the network.
And then, two layers BiGRU were used to fused the temporal
features obtained by the BiGRU model with the spatial features
obtained by the 2DCNN model. Finally, the DE feature signal
recognition result was obtained through a SoftMax classifier.

Results of 2DCNN-BiGRU in All Electrode
Channels
The 5-fold cross-validation technology was used to validate all
subjects and the recognition results of θ frequency band, α band
signal, β frequency band signal, c band signal and four band
signal combinations were counted at four-time windows. The
recognition results were shown in Table 3. In the dimensions of
arousal and valence, the high frequency band (β and c) had higher
average recognition accuracy than the low frequency band (θ and
α), which showed that the high frequency band had more
abundant DE feature signal information. It also could be
observed that the accuracy of all band combinations was
higher than a single band. The 2DCNN-BiGRU model
achieved the highest average recognition accuracy of 87.20 and
87.90% on arousal and valence at the 10s sliding window.

Results of DE Feature Signal Recognition in
Activation Mode
In order to explore the influence of electrode channels on the
recognition rate of DE feature signals, the activation model of DE
feature signals and PSD feature signals were studied [19]. The DE
feature signals were classified by reducing the electrode channels

FIGURE 5 | Schematic diagram of a 3D feature signal matrix construction. (A) International 10–20 system [10]. (B)A 2D squarematrix of 32 EEG channels. (C) A 3D
feature matrix of DEθ, DEα, DEβ and DEc.

TABLE 2 | The number of feature signal samples of each frequency band signal at
1, 10, 30, and 60s time windows.

Windows (s) Arousal Valence

LA HA Total LV HV Total

1 34,320 42,480 76,800 32,580 44,220 76,800
10 3,432 4,248 7,680 3,258 4,422 7,680
30 1,144 1,416 2,560 1,086 1,474 2,560
60 572 708 1,280 543 737 1,280
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under the activationmodel. A brief framework for the recognition
process is shown in Figure 6.

In the DEAP dataset, the average value of DE and PSD were
calculated, which were from the 32 electrode channels of all
subjects at different time windows. Figure 7A and Figure 7B
showed the averaged PSD and DE distribution, where four
frequency bands (theta, alpha, beta and gamma) represented
four activation models. It was found that the electrode channels
located in the frontal and occipital lobes had a higher activation
capacity. However, different time windows have similar activation
patterns on different frequency bands, which is the reason for the
lower recognition accuracy of DE feature signals. The activation
ability of high frequency bands (beta and gamma) is greater than
that of low frequency band (theta and alpha), which also explains
that beta and gamma bands have better recognition effect than
theta and alpha bands. According to the spatial locations of the

electrodes, the 32 electrodes used in the DEAP dataset were divided
into five clusters, namely, five brain areas, as shown in Figure 8A.
Table 4 summaries the electrode channels in each brain region,
where the frontal lobe represents the electrodes of FP1, AF3, F7, F3,
FP2, AF4, F8, F4, and FZ, the central lobe represents the electrodes
of FC1, CP1, C3, FC2, CP2, C4, and CZ, the temporal lobe
represents the electrodes of FC5, T7, CP5, FC6, T8, and CP6,
the parietal lobe represents the electrodes of P7, P3, P8, P4, and PZ,
and the occipital lobe represents the electrodes of PO3, O1, PO4,
O2, and OZ.

According to the activation areas of each time window, the
combinations of different areas were selected. As shown in
Figure 8B, the frontal, parietal, and occipital areas were
considered as the DE feature signal activation areas at 1, 10,
and 30s windows. The number of electrodes were reduced from
32 to 19, where the selected electrodes were FP1, AF3, F7, F3, FP2,

FIGURE 6 | A brief frame diagram of DE feature signal recognition of convolutional gated recurrent network based on activation mode.

FIGURE 7 | (A) Scalp distribution of the DE feature signal at 1, 10, 30, and 60s windows of different frequency bands. (B) Scalp distribution of the PSD feature signal
at 1, 10, 30, and 60s windows of different frequency bands.

TABLE 3 |When the inputs of the 2DCNN-BiGRUmodel were data of 32 electrodes, the DE feature signal recognition results of each frequency band signal and all frequency
band combinations under the time window of 1, 10, 30, and 60s, respectively.

Windows
(s)

Arousal accuracy (%) Valence accuracy (%)

θ α β γ All θ α β γ All

1 69.85 70.38 70.08 73.72 81.69 70.48 70.43 69.51 74.17 82.13
10 73.07 77.97 78.41 78.34 87.20 72.32 74.56 77.59 76.65 87.90
30 67.95 67.94 70.86 69.85 78.66 68.15 69.52 72.97 69.92 79.35
60 59.41 57.73 59.14 61.25 62.43 58.73 61.10 61.33 61.66 63.52
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AF4, F8, F4, FZ, P7, P3, P8, P4, PZ, PO3, O1, PO4, O2, and OZ.
Under the 60s-time step window, the frontal lobe and central area
were used as the activation areas of the DE feature signals, as
shown in Figure 8C. The number of electrodes were reduced
from 32 to 16, and the selected electrodes were FP1, AF3, F7, F3,
FP2, AF4, F8, F4, FZ, FC1, CP1, C3, FC2, CP2, C4, and CZ.

The DE feature signals of the four frequency bands were used as
the inputs of the 2DCNN-BiGRUmodel, and the DE feature signal

recognition experiments with the selected electrode were
performed at each time window. The recognition results were
shown in Figure 9. At 1s window, the recognition rate of 19
electrodes improved by 0.06% on valence compared with 32
electrodes, while decreased by 0.69% on arousal. At 10s
window, the recognition rate of 19 electrodes improved by
0.79% on arousal and 0.06% on valence compared with 32
electrodes. At 30 s window, the recognition rate of 19 electrodes
decreased by 0.77% on arousal and 1.21% on valence compared
with 32 electrodes. At 60 s window, the recognition rate of 16
electrodes improved by 0.04% on arousal and 0.19% on valence
compared with 32 electrodes. Notably, when the time window was
10 s, the 2DCNN-BiGRU model achieves the highest accuracy.
Experimental results showed that there were different activation
modes at different time scales. By reducing the number of
electrodes in the activation mode, not only could achieve the
recognition rate which was similar to all electrodes of DE
feature signal recognition, but also the performance and
robustness of the recognition models could be improved.

FIGURE 8 | (A) The 32 electrodes of the DEAP dataset are divided into five groups, and the same color represents the same group of areas. (B) The 19 electrodes
are selected by the activation modes at the 1, 10, and 30s windows. (C) The 16 electrodes are selected by the activation modes at the 60s windows.

TABLE 4 | The 32 electrodes in the DEAP dataset are divided into five areas and
the electrodes represents by each brain area.

Brain areas Electrodes name

Frontal FP1, AF3, F7, F3, FP2, AF4, F8, F4, FZ
Central FC1, CP1, C3, FC2, CP2, C4, CZ
Temporal FC5, T7, CP5, FC6, T8, CP6
Parietal P7, P3, P8, P4, PZ
Occipital PO3, O1, PO4, O2, OZ

FIGURE 9 | DE feature signal recognition results of 2DCNN-BiGRU in activation mode.
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In order to further verify the reduction of electrode channels
could achieve similar accuracy to all electrodes, and to verify that
the hybrid model is better than the single model, four models of
2DCNN, BiLSTM, BiGRU, and 2DCNN-BiLSTM are compared
with the 2DCNN-BiGRU. Table 5 shows the structure and inputs
of different models.

In the experiment, the data of the 10s window were used as the
inputs of the models, and the sum average of arousal and valence as
the final results. In order to make the experiment comparable, the
convolutional kernels of each model and the fully connected layer
parameter settings were consistent in experiments. The DE feature
signal recognition rate of each model was shown in Figure 10. The
recognition rate of the selected electrodes was slightly higher than
that of all electrodes in different models. The recognition rate
of 2DCNN-BiLSTM and 2DCNN-BiGRU is higher than that of
2DCNN, BiLSTM and BiGRU, which indicated that the hybrid
models could effectively extract the spatial-temporal features
of DE feature signals. The recognition rate of the 2DCNN-
BiGRU model was slightly higher than that of the 2DCNN-
BiLSTM model, which indicated that the GRU unit was
superior to the LSTM unit in handling small samples.

Comparison of the results of different
experimental methods.
The proposed method was compared with the current recognition
methods based on feature signals, which were applied to the DEAP

dataset. As shown in Table 6, the binary classification experiments
of valence and arousal were carried out, and the similar methods
were followed to evaluate the recognition accuracy.

Our model was compared with traditional machine learning
models of HMM [21], SVM [22] and ANN [11], as shown in
Figure 11. The accuracy of our method improved by 12.89% on
arousal and 13.06% on valence, which showed that the DE feature
signal recognition based on deep learning method could deeply
extract more subtle abstract features and achieve higher
recognition rate.

In order to further verify the effectiveness of the proposed
method, the 2DCNN-BiGRUmodel was compared with the latest
deep learning methods, such as 2DCNN [12], LSTM [19, 23] and
CNN-LSTM [15], as shown in Figure 12. Compared with the
2DCNN model, our model improved by 9.77% on arousal and
7.44% on valence, which indicated that BiGRU could handle the

TABLE 5 | The structure and inputs of 2DCNN, BiLSTM, BiGRU, 2DCNN-
BiLSTM, and 2DCNN-BiGRU models.

Models Data inputs Network structures

2DCNN 3D matrix 4 × (conv2D) + FC + SoftMax
BiGRU 1D vector 2BiGRU + FC + SoftMax
BiLSTM 1D vector 2BiLSTM + FC + SoftMax
2DCNN-BiLSTM 2DCNN: 3D input 4 × (conv2D) + FC + FC + SoftMax

BiLSTM: 1D input 2BiLSTM + FC
2DCNN-BiGRU 2DCNN: 3D input 4 × (conv2D) + FC + FC + SoftMax

BiGRU: 1D input 2BiGRU + FC

FIGURE 10 | At the 10s windows, the DE feature signal recognition
results of 2DCNN, BiLSTM, BiGRU, 2DCNN-BiLSTM, and 2DCNN-BiGRU in
the activation mode.

TABLE 6 | Comparison of the different experimental methods in the DEAP
dataset.

Studies Models Feature
signals

Evaluation
methods

Accuracy (%)

Arousal Valence

Chen
et al. [23]

HMM Fusion
feature

5-Fold 73.00 75.63

Zhuang
et al. [22]

SVM Intrinsic
mode
functions

leave-one-
trail-out

69.10 71.99

Mert
et al. [11]

ANN MEMD-
based
features

leave-one-
trail-out

75.00 72.87

Li et al. [15] CNN-
LSTM

Wavelet
transform

5-Fold 74.12 72.06

Alhagry
et al. [24]

LSTM Raw 4-Fold 85.65 85.65

Kwon
et al. [12]

2DCNN Wavelet
transform

10-Fold 78.12 81.25

Xing
et al. [16]

LSTM Frequency
band power

10-Fold 74.38 81.10

Our
proposed
method

2DCNN-
BiGRU

Differential
entropy

5-Fold 87.89 88.69

FIGURE 11 | The proposed method is compared with the traditional
machine learning methods.
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dynamic information of deep feature signal sequences. Compared
with the LSTM model, our model improved by 2.24% on arousal
and 3.04% on valence, which indicated that the 2DCNN model
could effectively extract the spatial feature. Compared with the
CNN-LSTM model, our model improved by 13.77% on arousal
and 16.63% on valence, which indicated that our spatial-temporal
features based on the activation modes are more effective. In
addition, the DE feature signal was compared with wavelet
transform (WT) [12, 15] power spectral density (PSD) [19]
and raw signals [24], which showed that the DE feature
signals are more effective in our model. However, on one
hand, the hybrid 2DCNN-BiGRU model contains massive
amounts of parameters, which is necessarily unfriendly to
hardware devices. On the other hand, a more advanced Graph
Convolution Network (GCN) [23, 25] can be considered to
further explain the relationship between the electrodes.

CONCLUSION

In this paper, a DE feature signal extraction method based on an
activation mode and its recognition in a Convolutional Gated
Recurrent Unit network were proposed. The DE and PSD feature
signals were used to mine activation patterns at different time
scales to reduce electrode channels. The 1D temporal and 3D
spatial feature signals were respectively fed into 2DCNN and
BiGRU models, which achieved a recognition accuracy of 87.89%
on arousal and 88.69% on valence of the DEAP dataset. It was
found that DE feature signals of reducing electrode channels
could achieve similar recognition accuracy to all electrode

channels, which was of great significance to develop a
recognition device based on BCI system.
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A Frequency Modulation
Fingerprint-Based Positioning
Algorithm for Indoor Mobile
Localization of Photoelectric Modules
Chi Duan1, Lixia Tian1*, Pengfei Bai1 and Bao Peng2
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Optoelectronic modules have a wide range of applications in the field of wireless
communication. However, the function of mobile localization has not been realized in
optoelectronic modules. In this paper, an indoor positioning algorithm, which was based
on frequency modulation (FM) signals, was realized in optoelectronic modules. Firstly, FM
monitoring receiver DB4004 was used to collect FM signals; Secondly, FM signals were
preprocessed and analyzed to build a FM dataset. Finally, weighted centroid k-nearest
neighbors (WC-KNN) precise positioning algorithm was proposed to obtain the position
information of the photoelectric module. Experimental results showed that the median
location error of the WC-KNN algorithm can reach 0.8 m and additional hardware
equipment was not required. The research results provided the feasibility for the
practical application of equipment based on optoelectronic devices in various fields.

Keywords: indoor localization, optoelectronic module, fingerprint-based positioning, frequency modulation (FM),
the weighted centroid k-nearest neighbors

INTRODUCTION

With the rapid development of optoelectronic technologies in recent years, various optoelectronic
devices were widely used in indoor mobile robots [1], Internet of Things [2] and other industries.
And they were related to professional fields, such as visual analysis [3] and display technology [4].
Optoelectronic technologies are a basic technology in the current industrial application fields.
Because of exponential growth in the use of optoelectronic modules, it is necessary to deploy
thousands of intelligent terminals which can integrate with optoelectronic modules in indoor
applications [5]. Especially, the location information of these modules is a basic information for fault
detection and other various application services in a mobile application environment [6]. It is the
core data for supporting specific applications. So, the research of indoor positioning algorithmmodel
has a great significance [7].

In recent years, global positioning system (GPS) technology had been a mainstream choice for
global positioning systems [8]. Assisted global positioning system (A-GPS) technology had the
advantages of high speed and high accuracy in outdoor positioning applications [9]. However, it
showed obvious shortcomings in indoor positioning. A-GPS localization required multiple network
communications with a server, which took up a lot of communication resources. Especially, A-GPS
localization was vulnerable to network congestion in areas where mobile phones were used intensively.
In addition, Wi-Fi positioning was a more popular positioning technology in the application of indoor
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positioning [10]. Wi-Fi positioning accuracy could reach a meter
level, butWi-Fi signals had a short wavelength, severe transmission
attenuation, which could limit the effective positioning range.
Moreover, the Wi-Fi signals have not been deployed in many
areas. So, FM signals were proposed for indoor positioning.
Compared with A-GPS positioning and Wi-Fi positioning, there
was no need to communicate with the server. Network congestion
problems were avoided when FM signals were used to position
[11]. What’s more, FM signals had a long wavelength, a long
transmission distance, and it was less affected by multipath effects.
It could form a better stability and robustness in a complex indoor
environment [12]. In addition, FM signals based stations were
widely available [13]. So, no additional hardware equipment was
required. It reduced the cost of popularization greatly.

In this paper, a fingerprint location algorithmWC-KNN based
on FM signals was proposed to solve the indoor location of
photoelectric modules. And a practical fingerprint positioning
model was proposed by simulation analysis. The model only used
a public FM transmission information and floorplans to predict
the distribution of RSS. So, it can achieve a high-precision
positioning.

ALGORITHM PRINCIPLE DESCRIPTION

The positioning process can be divided into two stages, offline
and online phase [14]. In the offline phase, the positioning area is
discretized, the received signal strength (RSS) information of each
discrete point is collected. Then, the RSS feature vector of each
discrete point is extracted as a fingerprint information. Finally, a
location fingerprint library is constructed based on feature vectors
of all discrete points [15]. In the online calculation process, the
matching algorithm WC-KNN is used to find the point with the
highest RSS feature similarity in the location fingerprint dataset as
an estimated location.

Offline Phase
Themain work of the offline phase can be divided into two points.
Firstly, the appropriate reference points (RPs) density for the
positioning area are selected after selecting experimental
environment, and the continuous positioning area is
discretized. Then, the RSS signals of each channel in the FM
broadcast are collected and entered into the dataset by a special
testing equipment [16]. Secondly, the collected RSS information
is preprocessed, outliers are eliminated, and the processed data
for feature extraction are used to build a location fingerprint
dataset, which is shown in Eq. 1.

{RSSIrq � [RSSIr1,RSSIr2, ...,RSSIrp], r � 1, 2, ...,R, q � 1, 2, ..,Q}
(1)

RSSI � 1
Q
∑Q

q�1RSSIrq (2)

RSSIrq is a R×Q matrix which contains collected RSS information.
According to Eq. 2, the average value of measured values in each
FM channel is calculated and recorded as the reference data
of a RP.

Online Phase
In the fingerprint-based localization stage, deterministic and
probabilistic methods are used to estimate the position mainly.
Three different algorithms are compared and analyzed. The first
algorithm is the nearest neighbor algorithm (NN) [17, 18]. The
position of the nearest RP to the unknown node is regarded as the
estimated position. The nearest RP is decided with the shortest
distance from an unknown point. This distance calculation is
based on the Manhattan distance or Euclidean distance between
the observed fingerprint and the fingerprint recorded in the
database. The second algorithm is K nearest neighbor method
(KNN) [19, 20]. The basic principle of the algorithm is that the
fingerprint ri, i � 1, 2, ..., L in the fingerprint library and the
fingerprint r collected online are both the mean value of each
FM broadcast signal sample. During the execution process, the
Euclidean distance between r and the fingerprint RPi stored in the
fingerprint library are solved, and it is sorted from small to large
[21]. Then, K coordinate positions li corresponding to RPi with
the smallest Euclidean distance are selected for weighted
calculation, which is showed in Eq. 3. Finally, the weighted
coordinate positions are the coordinate positions of the terminal.

r � argmin
ri ,i�1,2,...,K

∑K

i�1
����ri − r2

���� (3)

Where, r � [r1, r2, ..., rk]T represents the fingerprints dataset at K
RPs with the smallest Euclidean distance. The relative coordinate
position dataset is l � [l1, l2, ..., lk]T . Then the coordinate position
is estimated to be l by the KNN algorithm, which is shown in
Eq. 4.

l � 1
k
∑K

i�1li (4)

The position estimation l of WC- KNN algorithm is optimized by
Eq. 5.

l � 1∑K
i�1 wi

∑K

i�1wili (5)

Where wi � 1
ς+‖ri−r‖ , ς is a constant approximately zero. From Eq.

5, it can be seen that WC-KNN algorithm is a special case of the
weighting factor in the KNN algorithm to remove the mean value.

In order to improve the estimation accuracy, more RPs are set
when collecting data when data is collected. The dense distance
between RPs often leads to close proximity of fingerprint data in
neighboring RPs, which forms a fuzzy judgment for the traditional
KNN algorithm. So, the positioning accurate is affected ultimately.
So, the graphic area enclosed between RPs is reduced in order to
avoid overfitting and fuzzy judgment. Centroid method is
proposed to optimize the algorithm model as follows.

An intelligent terminal A has its real coordinates in a 2D
experimental environment. The coordinates of RPi are （xi, yi）.
The RSSIp, i � 1, 2, ..., p received from point A is calculated for
each RP according to Eq. 5. And the K RPs are selected with the
highest geometric spatial correlation. In this paper, the distance
dn is used to represent the geometric spatial correlation. The dn is
obtained in Eq. 6.
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dn �
�������rssi − RSSIr

2
�������, r � 1, 2, ...,R (6)

The area which is composed of selected RPs is considered, the
coordinates of centroid Ob is (xOb, yOb), which is obtained in
Eq. 7.

xob � 1
K
∑K

k�1xk, yob �
1
K
∑K

k�1yk (7)

Then, the distance dOb between the centroid Ob and A is obtained
in Eq. 8.

dOb �
																			
(xOb − x)2 + (yOb − y)2√

�

																												
⎛⎝1
k
∑K
k�1

xk − x⎞⎠2

+⎛⎝1
k
∑K
k�1

yk − y⎞⎠2
√√

� 1
K

																										
⎡⎣∑K

k�1
(xk − x)⎤⎦2 + ⎡⎣∑K

k�1
(yk − y)⎤⎦2

√√

� 1
K
⎡⎢⎢⎣∑K

k�1
(xk − x)2 +∑K

k�1
(yk − y)2 + 2 ∑K− 1

i�1
∑K
j�i+1

(xi − x)(xj − x)

+ 2 ∑K− 1
i�1

∑K
j�i+1

(yi − y)(yj − y)⎤⎥⎥⎦1/2 (8)

Where, the coordinates of RPi are （xi, yi）. The relationship
between dOb and dn is obtained in Eq. 9.

dOb � 1
K
⎡⎢⎢⎣K∑K

k�1
(dn)2 − ∑K−1

i�1
∑K
j�i+1

(xi − xj)2

− ∑K−1
i�1

∑K
j�i+1

(yi − yj)2 ]1/2
(9)

Therefore, coordinates (xk, yk) of K RPs are obtained, and the
distance dn between them and the intelligent terminal A are
calculated. And coordinates of the space centroid Ob enclosed by
the selected RP and the distance between Ob and A can be
obtained by Eq. 7 and Eq. 9. Eq. 9 is simplified further, Eq.
10 can be obtained.

d2Ob �
1
K
∑K

k�1(dn)2 −
1
K2

⎡⎢⎢⎣∑K−1
i�1 ∑K

j�i+1(xi − xj)2

+∑K−1
i�1 ∑K

j�i+1(yi − yj)2 ⎤⎥⎦ � F1 − F2

(10)

Where, F1 � 1
K ∑K

k�1 (dn)2 , F2 � 1
K2 ∑K−1

i�1 ∑K
j�i+1 (dij)2. dij

indicates the distance between RPi and RPj. Without loss of
generality, it is assumed that the distance between the selected K
RPs and the intelligent terminal A satisfies Eq. 11.

0< d1 ≤ d2 ≤ d3 /≤ dK−1 ≤ dK (11)

Substitute Eq. 11 into Eq. 10, F1 and F2 can be obtained in Eq. 12.

⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩
F1 � 1

K
∑K

k�1(dn)
2 ≤ d2

K

F2 � 1
K2

∑K−1
i�1 ∑K

j�i+1(dij)2 > 0
(12)

Eq. 10 and Eq. 12 are combined, the conclusion can be drawn in
Eq. 13.

dOb < dK (13)

Where, dN is distance between RP and the intelligent terminal A.
There is at least one RP in the known K RPs. dN must be greater
than the obtained distance dOb.

Therefore, the current centroid Ob is used to replace the RP
which is farthest from the intelligent terminal A. At this time, the
plane enclosed by the new K RPs must be smaller than the plane
enclosed by the original K RPs. The area where the intelligent
terminal A can be further reduced and the positioning
performance is improved by multiple iterations.

FIGURE 1 | The experimental environment was located on a fourth floor
in a building. The bird’s-eye view of the fourth floor is shown in the figure. Black
dots represent the layout of wireless FM signal data.
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EXPERIMENTAL ENVIRONMENT

In this part, experimental environment was configured,
experimental process was designed, and FM signals of each
channel were collected.

The experimental environment was located on a fourth floor
of an office building and a layout of the experiment environment
was shown in Figure 1. It was a typical indoor office
environment, including 12 rooms and corridors. Firstly, we
selected a test point (TP) in each room. Then, FM broadcast
signals with strong nearby signals were searched by a FM test
equipment. Figure 2 was a full-band FM signal RSSI diagram.
Each TP could search 15 FM channels (p � 15), which could
cover an entire FM bandwidth from 88 to 108MHz, as shown in
Figure 2. Finally, FM monitoring receiver DB4004 was used to
open the FM full-band to sweep FM signals of all frequencies.
There were 15 sets of FM programs with frequencies of
89.7–106.9 MHz.

ILLUSTRATIVE EXPERIMENTAL RESULTS

In this part, performance of several algorithms was evaluated, and
changes in performance caused by parameter changes were
analyzed to verify the effectiveness of the algorithm.

Because our FM-based positioning was two-dimensional
positioning, the height of the FM antenna remained a constant
in all measurements. Signals were collected three times a day and
measured 10 times each time in two weeks. So, scene of human

presence was avoided effectively. At the same time, room 308 was
selected as a testing platform for fingerprint positioning. Figure 3
showed the indoor environment layout and RPs setting diagram
of room 308.

FM fingerprint was generated by MS9801 field intensity
meter to collect FM broadcast signal. Because of office
furniture, 42 data collection points were set up in one room
with a size of 16m × 18m. The collection point size was
3m × 3m. Each FM fingerprint included 15 channels, and
each channel collected 10 RSSI samples at a time. In the
simulation analysis, interpolation and increased coverage
area were used to increase sampling data and provided
positioning accuracy. The RPs were expanded to 280, and
the size of collection points was 1m × 1m.

A path which was consisted of 100 points was selected as the
real path randomly, which was showed as a blue line in Figure 4.
And the position information was used to estimate by the
algorithm in this chapter as the predicted path, showed in the
red line in Figure 4. The predicted location was compared with
the actual location, the average positioning error of the system
was 0.8 m. The overall positioning results were basically
consistent with the real trajectory, although some points had
large positioning errors. It indicated that the algorithm could
better meet the location service.

WC-KNN algorithm was compared with three different
positioning algorithms, which were NN, KNN, and Bayesian
algorithms [22], respectively. Figure 5 showed the
performance results of the FM positioning system by using all
broadcast FM stations in simulation. The median location error

FIGURE 2 | Amplitude diagram of full-band FM signals, which can cover the entire FM bandwidth from 88 to 108 MHz. Then, the stronger the signal, the better the
stability, so the frequency band with a larger amplitude is selected as a collection channel.
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of the WC-KNN algorithm was the smallest, which could reach
0.8 m. The median location error of the KNN algorithm was 1.2
m, the median location error of the Bayes algorithm was 1.8 m,
and the median location error of the NN algorithm was 2.1 m.
Positioning errors were increased by 33%, 55% and 62%,
respectively. Obviously, such a small positioning error was due
to the effectiveness of fingerprint library modeling. So, the
performance of WC-KNN algorithm in indoor positioning had
an improved significantly.

INFLUENCE OF PARMETERS ON
LOCALIZATION

In order to verify the effectiveness of the algorithm, MATLAB
was used to compare the real path and the estimated path. And
the average positioning error of algorithms was calculated.
Because the estimation error of the WC-KNN algorithm was
greatly affected by factors such as K value, access point (AP)
number. Controlling variable method was used to analyze the
impact of parameter changes effectively.

The Influence of K Value on Localization
One motion node was selected for algorithm simulation. Figure 6
showed that different K values in the algorithm correspond to
different positioning errors. When K < 20, the positioning error

dropped rapidly, and it entered the relative convergence stage
when K � 20. As K increased, the positioning error generally
showed a downward trend, then it began to rebound. Finally, it
rose after reaching a certain value. The overall positioning
performance was the best when the value of K was around 30.
When farther points were selected, it would also affect the
classification of positioning nodes. And it would lead to the
situation of under-fitting, which can lead to a large error in
this node.

The Influence of AP Number on Localization
Signals from all FM frequency points were used for positioning
calculation. However, wider FM fingerprint data required more
time for data collection, and it would also increase the practical
cost of a positioning system and the dimension of positioning
calculation significantly. In addition, the calculation amount of
the algorithm was increase significantly. Therefore, not all FM
frequency points could play the same role in the positioning
calculation, so it was necessary to find an optimal balance point
between the FM fingerprint width (the number of APs) and the
positioning accurate.

FM signals with 15 different frequency points were
received from three different broadcast transmitters.
Among them, broadcast transmitter 1 received 6 broadcast
signals, broadcast transmitter 2 received 5 broadcast signals,
and broadcast transmitter 3 received 4 broadcast signals. The

FIGURE 3 | Room 308 was 18 m in length and 16 m in width. Each RP was set in every meter distance.
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same number of AP fingerprint data was selected from
different broadcast transmitting stations. The number of
APs were 3, 6, 9, 12, and 15, respectively, showed in
Figure 7. The K value was 30.

Figure 7 showed that when 9 APs were selected, the
positioning error was 2.1 m, which was equivalent to the
positioning error of all APs. The analysis results showed that
when the FM broadcast AP was effectively selected, not only a
lower positioning error could be achieved, but also the fingerprint
database involved in the calculation was also reduced. It had the

effect of reducing the computational complexity and improving
the operating efficiency of system. A large number of test and
analysis results showed that an effective selection of FM broadcast
AP could reduce the width of the fingerprint by about 40% with
less impact on the positioning error.

The Influence of Different Receiving
Equipment on Localization
The receiving equipment used for the signal acquisition was a
field intensity meter. The resolution of the equipment was

FIGURE 6 | When K < 20, the positioning error dropped rapidly, and
when K � 20, it entered a relative convergence stage. When K � 30, the overall
positioning performance was the best. When K continued to increase, the
classification of positioning nodes was affected.

FIGURE 7 | The relationship between frequency AP and error. When AP
� 9, the positioning performance was the best, which was similar to AP � 15.
When AP � 12, positioning error slightly increased because of accidental
factors.

FIGURE 4 | Blue line was a path which generate randomly. It was
selected as the real path. Red line was a path which is predicted by WC-KNN
algorithm. They all contained 100 points.

FIGURE 5 | Cumulative error distribution function diagram of four
different algorithms. The performance of WC-KNN algorithm was the best, its
median location error was 0.8 m. The median location errors of KNN, Bayes,
NN were 1.2, 1.8, 2.1 m respectively.
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0.1 dBm. And FMmonitoring receiver DB4004 was used for data
acquisition. The resolution of the equipment was 0.01 dBm. As
shown in Figure 8.

Figure 9 showed that the data was collected by two
different resolution receivers. When the WC-KNN
algorithm was used, the median positioning error of the
FM monitoring was 0.7 m. Compared with the field
strength meter, the median positioning error was smaller

than 0.1 m. The difference in positioning error between the
two was about 0.5 m with 95% confidence. Therefore, the
resolution of the receiving device had a greater impact on the
indoor positioning error.

CONCLUSION

In this paper, an improved WC-KNN algorithm based on FM
signals was proposed as a positioning algorithm. The
fingerprint dataset was established according to the
geometric layout of the indoor environment. And
fluctuation characteristics of signals were quantified and
added as a weight to the distance calculation of the
positioning algorithm, which solved the fuzzy judgment
problem of the traditional KNN algorithm. The FM
positioning experimental environment was built in the
school laboratory building, and RSS dataset which was
corresponded to the physical space was established. The
experimental data verified that positioning accuracy was
improved by the WC-KNN algorithm compared to the
three traditional algorithms. Then, the influence of different
parameters on the positioning accuracy was discussed, the
effectiveness of the WC-KNN algorithm under different
conditions was verified. In the 16 × 18 m positioning area,
the average positioning error was 0.8 m, the maximum was
2.3 m, and the positioning error of 90% in the test points was
below 2.0 m. The impact of complex indoor environment was
reduced effectively and positioning accuracy was improved,
which had a certain practical value.

FIGURE 8 | FM receiving equipment. (A) Field strength meter. (B) FM monitoring receiver DB4004.

FIGURE 9 | The cumulative error distribution of two different devices.
The median positioning error of DB4004 was 0.7 m. The median positioning
error of the field strength meter was 0.8 m. Smaller dots Per Inch (DPI) device,
smaller positioning error.
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First-Principles Investigation on
Electrochemical Performance of
Na-Doped LiNi1/3Co1/3Mn1/3O2

Yumei Gao1*, Kaixiang Shen2, Ping Liu1, Liming Liu1, Feng Chi1, Xianhua Hou2 and
Wenxin Yang1

1College of Electron and Information, University of Electronic Science and Technology of China, Zhongshan Institute, Zhongshan,
China, 2Guangdong Provincial Key Laboratory of Quantum Engineering and Quantum Materials, Guangdong Engineering
Technology Research Center of Efficient Green Energy and Environment Protection Materials, School of Physics and
Telecommunication Engineering, South China Normal University, Guangzhou, China

The cathode material LiNi1/3Co1/3Mn1/3O2 for lithium-ion battery has a better
electrochemical property than LiCoO2. In order to improve its electrochemical
performance, Na-doped LiNi1/3Co1/3Mn1/3O2 is one of the effective modifications. In
this article, based on the density functional theory of the first-principles, the
conductivity and the potential energy of the Na-doped LiNi1/3Co1/3Mn1/3O2 are
calculated with Materials Studio and Nanodcal, respectively. The calculation results of
the band gap, partial density of states, formation energy of intercalation of Li+, electron
density difference, and potential energy of electrons show that the new cathode material
Li1−xNax Ni1/3Co1/3Mn1/3O2 has a better conductivity when the Na-doping amount is x �
0.05 mol. The 3D and 2D potential maps of Li1−xNaxNi1/3Co1/3Mn1/3O2 can be obtained
from Nanodcal. The maps demonstrate that Na-doping can reduce the potential well and
increase the removal rate of lithium-ion. The theoretical calculation results match well with
experimental results. Our method and analysis can provide some theoretical proposals for
the electrochemical performance study of doping. This method can also be applied to the
performance study of new optoelectronic devices.

Keywords: first-principles, lithium-ion battery, cathode material, LiNi1/3Co1/3Mn1/3O2, Na-doped

INTRODUCTION

Since Sony introduced commercial lithium-ion batteries (LIBs) that used LiCoO2 as cathode, LIBs
have been used in electric vehicles (EVs), hybrid electric vehicles (HEVs), and mobile electronic
devices for their good cycle performance, long life, less self-discharge, high specific capacity, and
working voltage [1]. In the current era of LIBs, there is an ever-growing demand for even higher
energy densities to power mobile devices with increased power consumption.

Cathode materials are one of the key materials to determine the electrochemical performance of
LIBs. Recently, the ternary cathode material LiNixCoyMnzO2 (NCM, 0 < x, y, z < 1) has been paid
much attention for its lower price and better electrochemical performance. LiNi1/3Co1/3Mn1/3O2,
LiNi0.5Co0.2Mn0.3O2, and LiNi0.4Co0.2Mn0.4O2 [2, 3] are often studied by scholars and experts. Their
precursors are made by hydroxide coprecipitation reaction combined with solid-phase sintering step
[4]. LiNi1/3Co1/3Mn1/3O2 is considered a promising cathode material for commercial LIBs due to its
low price, high conductivity, excellent cycle performance, high reversibility, and stable structure [5].
However, the commercial LiNi1/3Co1/3Mn1/3O2 has already reached its theoretical limit, with poor
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cycling performance at high rate and thermal stability at high
cutoff voltage, which limit its further application in higher-power
systems such as EVs and HEVs [6].

Surface modification [6, 7] and doping [8, 9] are analyzed
experimentally to improve the electrochemical performance of
LiNi1/3Co1/3Mn1/3O2 for high-power electric devices. The
discharging capacity and rate capacity can dramatically be
improved by coating with Li2MoO4 [7]. The lithium
difluorophosphate (LiPO2F2) electrolyte additive drops are
applied to significantly improve the electrochemical
performance of LiNi1/3Co1/3Mn1/3O2 cell at room and low
temperature [10]. Some cations [11], anions [12], and
polyanions [13] are doped to substitute part of Ni, Co, Mn, or
oxygen sites to improve the electrochemical performance of
LiNi1/3Co1/3Mn1/3O2. The K-doped LiNi0.5Co0.2Mn0.3O2 has a
higher column efficiency, larger reversible discharging capacity,
and rate capacity. Because bigger metal ions K+ can extend the
space of Li-O, decrease the cation mixing (Li+/Ni2+), and enhance
the structure stability [14]. The Na-doped LiNi1/3Co1/3Mn1/3O2

had been extensively investigated by Li et al. [15]; their
experimental investigations showed that Li1−xNaxNi1/3Co1/
3Mn1/3O2 has a more excellent electrochemical performance.

Samples and raw materials needed in the NCM ternary
cathode material experiments are of high cost, and some
experiments may be conducted several times; thus, the entire
experiment will need a long time. However, based on first-
principles [16–18], the physical and electrochemical properties
can be calculated and analyzed by Materials Studio, Nanodcal,
and MATLAB; the results can give some theoretical advice or
investigation directions about the relevant experiments, and the
theoretical calculation can effectively shorten the whole
investigation period and reduce the cost [16]. In this article,
the Na-doped layer-structure Li1−xNaxNi1/3Co1/3Mn1/3O2 is
studied theoretically with density functional theory of first-
principles; the results show that the electrochemical
performance of Li1−xNaxNi1/3Co1/3Mn1/3O2 is affected by the
proportion of Na-substitution and the best proportion of Na-
substitution in LiNi1/3Co1/3Mn1/3O2 is in agreement with that of
experiments [15].

PRINCIPLE

The Theory Foundation of the
First-Principles
Quantum mechanics is about the properties of molecules and
atoms, which is closer to the nature of all things in the universe, so
it is called the first principle. In fact, according to the nuclear
charge number of atoms and some simulated environmental
parameters (such as electron quantity and static mass), the
first principle means to solve the Schrödinger equation as
shown in Equation (1).

Ĥψ(r) � Eψ(r), (1)

where Ĥ is the Hamiltonian and E is the system’s energy. The
solution of the Equation (1) is the eigenvalue (energy value) and

eigenfunction (wave function), which are used to analyze the
related properties of particles. However, for the multiparticle
system, it is impossible to solve the Schrödinger equation exactly
because of a complex electronic interaction in the system, so it is
necessary to simplify and approximate it reasonably. The mass of
the nucleus is much larger than that of the electron, and the
velocity of the nucleus is much smaller than that of the electron.
For the electron, the nucleus can be assumed to be stationary, and
then the Schrödinger equation can be approximated adiabatically,
as shown in Equation (2).

Ĥ(R)ψ(r) � E(R)ψ(r), (2)

where Ĥ(R) is the adiabatical Hamiltonian and E(R) is the
system’s adiabatical energy.

Density Functional Theory
The density functional theory originates from the
Thomas–Fermi model proposed by Thomas [19] and Fermi
[20]. This model ignores the exchange-correlation between
electrons. On this assumption, the Schrödinger equation can
be converted into a simpler wave equation, and then the
function of the total energy about the electronic system is
determined only by the electron density function r(r), which is
called density functional theory (DFT). This model is too
rough to be used directly. Based on the Thomas–Fermi
model, under the Born–Oppenheimer approximation,

FIGURE 1 | The cell of Li1−xNaxNi1/3Co1/3Mn1/3O2.
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nonrelativistic adiabatic approximation, and single-electron
approximation, Hohenberg and Kohn proposed the more
exact density functional method (HK theorems) [21, 22].
The physical properties of matter can be analyzed by self-
consistent calculation. According to HK theorems, properties
of particles’ ground state can be expressed by particle number
density ρ(r) instead of the wave function, the system degrees
turning 3N into 3, so a lot of computing resources can be saved.

However, HK theorems still have the following three
problems: firstly, how to determine the particle number
density function ρ(r); secondly, how to determine the kinetic
energy functional T [ρ(r)]; lastly, how to determine the exchange-
correlation energy functional Exc [ρ(r)].

Kohn–Sham Equation and
Exchange-Correlation Functional
The first and the second problems can be solved by the
Kohn–Sham equation [23], as shown in Equation (3).

{−∇2 + VKS[ρ(r)]}φi(r) � Eiφi(r), (3)

whereVKS[ρ(r)] � Vne[ρ(r)] + Vcoul[ρ(r)] + Vxc[ρ(r)], Vne[ρ(r)]
is the attraction potential between nuclei, Vcoul[ρ(r)] is the Coulomb
potential between electrons, and Vxc[ρ(r)] is the exchange-correlation
potential. In Equation (3), the Hamiltonian with the interacting
particles is replaced with that of the noninteracting particles, and the
interacting particles are described by the exchange-correlation
functional Exc [ρ(r)]; then, the single-electron equation can be obtained.

The last problem is generally solved by the local density
approximation (LDA) and the general gradient approximation
(GGA). LDA can give more accurate results for the system with
small change of electron density relative in the space. Considering
the ununiformity of the electron density, GGA can give more
exact results than LDA [24].T
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FIGURE 2 | The band gap of Li1−xNaxNi1/3Co1/3Mn1/3O2 declines after
Na-doping and the conductivity is improved significantly.
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With the development of computer technology, computing
power has been improved dramatically, and programs based on
DFT have gradually become a universal means to study the
properties of materials. Multielectron system is the research
object of DFT, and HK theorems are the theoretical basis of
this method.

METHOD AND MODEL

Based on PW91 (Perdew-Wang) [25] method with the
PBE (Perdew-Burke-Ernzenhof) [26] exchange-correlation
functional, DFT calculations have been carried out using
GGA in the CAmbridge Serial Total Energy Package
(CASTEP) program of Materials Studio 8.0. The CASTEP is
the quantum mechanical procedure of the plane wave
pseudopotential method. An ultrasoft pseudopotential is used
to describe the Coulomb attraction potential between the inner
layer electrons around the nucleus and that of the outer layer
[27], A plane wave cutoff of 340 eV and a k-point mesh of 4 ×
4 × 1 in the Monkhorst–Pack [28] sampling scheme are used.
The parameter about the self-consistent calculation is 1 ×
10−6 eV/atom. To obtain the local stable structure of
material, the structural geometry is optimized until the
average force on every atom falls less than 0.3 eV/nm, the
maximum displacement tolerance is less than 1 × 10−4 nm,
and the maximum stress tolerance less than 0.05 GPa.

For this theoretical calculation, the electronic conductivity
of Li1−xNaxNi1/3Co1/3Mn1/3O2 is calculated by the CASTEP
program with the virtual mixed atom method. The chemical
formula assumes Li and Na as 1 mol, the doping amount of Na
is x mol, and then the doping amount of Li is 1-x mol. The
Li1−xNaxNi1/3Co1/3Mn1/3O2 cell model is shown in Figure 1. Li
and Na occupy 3a, Ni1/3Co1/3Mn1/3 occupies 3b, O atoms
occupy 6c, and the space group is R3m. Based on the model

FIGURE 3 | PDOS schemas of Li1−xNaxNi1/3Co1/3Mn1/3O2 with different
Na-doping amount x. (A) When x � 0 mol, LiNi1/3Co1/3Mn1/3O2 is not doped.
(B) When x � 0.01 mol, PDOS peak of Li1−xNaxNi1/3Co1/3Mn1/3O2 is higher
than that of the pristine. (C)When x � 0.05 mol, the PDOS peak rises to
about 157 eV, its conductivity is best. (D)When x � 0.10 mol, the PDOS peak
declines dramatically to 5.5 eV, which is much lower than that of the pristine.

FIGURE 4 | Formation energy of intercalation of Li+ with different doping
amount x of Na. When x � 0.05 mol, Ef is lowest and the cycling performance
is best.
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of Figure 1, 4 × 3 × 2 supercell model is built. Virtual atomic
mixing can speed up the calculation and meet the precision
requirements. The results of calculation of Li1−xNaxNi1/3Co1/
3Mn1/3O2 (x � 0.01, 0.02, 0.03 ... 0.10) are analyzed in this
article.

RESULTS AND DISCUSSION

Band Gap and Partial Density of States
The band gap and the partial density of states (PDOS) of
Li1−xNaxNi1/3Co1/3Mn1/3O2 were calculated when Na-doping
amount x � 0.01, 0.02, 0.03, 0.04, 0.05, 0.06, 0.07, 0.08, 0.09,
and 0.10 mol. The electronic conductivity of the material depends
on the number of electrons contained in the conduction band.
The wider the band gap is, the less easily the valence band
electrons can leap to the conduction band and the worse the
conductivity of the material is. After Na-doping, the whole band
structure of Li1−xNaxNi1/3Co1/3Mn1/3O2 is not affected, but the
energy gap has changed significantly. The relevant data of the
band gap is shown in Table 1, and the diagram of the relationship
between x and the band gap is shown in Figure 2. Compared with
the pristine, the change of the band gap is most obvious when x �
0.01 mol. The results show that its band gap is decreasing when x
increases, and Na-doping can effectively improve the
conductivity of LiNi1/3Co1/3Mn1/3O2.

The peak of the PDOS reflects the number of electrons in this
energy. The bonding and the density of states near the Fermi level
can be obtained by PDOS, and the influence of Na-doping on the
conductivity of LiNi1/3Co1/3Mn1/3O2 can be analyzed. Their
PDOS are shown in Figure 3 when x � 0, 0.01 and 0.05 mol.
The colored lines represent the density of states of different
orbitals.

Figures 3A–D show that Na-doping has a great influence on
the number of electrons near the Fermi level. When x � 0.01 mol
(shown in Figure 3B), the PDOS peak is about 148 eV that is
higher than that of the pristine (shown in Figure 3A). When x �
0.03–0.06 mol, the PDOS peak near Fermi level increases to
157 eV and its conductivity becomes better; when x �
0.06–0.09 mol, the PDOS peak begins to decline, its
conductivity becomes worse; when x � 0.10 mol, the PDOS
peak is lower than that of the pristine. Thus, the right amount
of Na-doping should be x < 0.06 mol.

Formation Energy of Intercalation of Li+ and
Cell Volume
The greater the formation energy of metal oxide is, the more
stable the matter is, the more difficult it is for atoms to separate
from molecules. The formation energy of the intercalation of Li+

(Ef ) is shown in Equation (4).

Ef � Et − Edl − Edil, (4)

where Et is the total energy of the supercell, Edl is the
deintercalation energy of Li+, and Edil is the energy of the
supercell after the deintercalation of Li+. The 4 × 3 × 2
supercell models are built before Li1−xNaxNi1/3Co1/3Mn1/3O2

is intercalated/deintercalated of Li+ and when it is intercalated/
deintercalated of Li+ and deintercalated of Li+. The calculation
of the cell’s volume shows that the volume of Na-doped LiNi1/
3Co1/3Mn1/3O2 is not extremely getting bigger though Na+ is
bigger than Li+ and the structure keeps stable very well. The
results of the energies in Equation (4) show that Ef has changed
with the Na-doping amount (shown in Figure 4). It can be seen

FIGURE 5 | Electron density difference of Li1−xNaxNi1/3Co1/3Mn1/3O2. (A)When x � 0, the color and coverage of the electron cloud around atoms are shown. (B)
When x � 0.01 mol, there is no difference for the color between x � 0.01 mol and x � 0 mol, and the coverage of the electron cloud expands. (C)When x � 0.05 mol, its
color gets darker. (D) When x � 0.10, the orange color indicates that its conductivity is improved extremely.

FIGURE 6 | The 3Dpotential energymapof Li0.95Na0.05Ni1/3Co1/3Mn1/3O2.
The potential barrier and potential well take turns, which is consistent with the
layered structure of Li0.95Na0.05Ni1/3Co1/3Mn1/3O2.
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that Na-doping can effectively enhance the cycling performance
of LiNi1/3Co1/3Mn1/3O2. Ef decreases when x < 0.05 mol, and it
rises gradually when x > 0.06 mol, so the right amount x is
0.05–0.06 mol.

Electron Density Difference
The change of electrons’ distribution near the local atoms with
Na-doping amount x is analyzed by the electron density
difference of Li1−xNaxNi1/3Co1/3Mn1/3O2. The results are
shown in Figure 5. Compared with the pristine (Figure 5A),
there is no change in the color of the electron cloud around
atoms when x � 0.01 mol (Figure 5B), but the electron cloud
has more coverage, which exhibits that its conductivity is
becoming better; when x � 0.05 mol, their color starts to get
darker, meaning that the free electrons increase, but the
electron cloud’s coverage shrinks a little (Figure 5C). The
electron cloud’s color gets darker than before when x >
0.05 mol, and the electron cloud’s coverage expands again
(Figure 5D). So, Na-doping can improve the conductivity of
LiNi1/3Co1/3Mn1/3O2, and the best amount of Na-doping is x �
0.05–0.10 mol.

Potential Energy of Electrons
For a system, its internal energy cannot change when there is no
external force. In a potential well, the particles have the
greatest kinetic energy and smallest potential, and particles
can move freely in this potential well. If there is no external
energy, it is difficult for them to cross over the potential well to
other positions in the molecule. Therefore, the potential
energy of Li1−xNaxNi1/3Co1/3Mn1/3O2 can be analyzed to
judge how difficult it is for electrons to escape from the
potential well after doping. The 3D potential energy map of
Li0.95Na0.05Ni1/3Co1/3Mn1/3O2 is shown in Figure 6. The blue
represents the smaller negative potential energy and the red

represents the larger positive potential energy. To analyze the
influence of Na-doping on the potential energy well, the 2D
potential energy diagram of Li0.95Na0.05Ni1/3Co1/3Mn1/3O2 is
also obtained (shown in Figure 7). If electrons in a potential
well (marked blue “*”) get enough energy to escape from the
potential well, they can move to other places in the molecule.
At the same time, the barriers will prevent electrons from
moving along the x-axis, so electrons must move along the
minimum potential energy path marked blue “*” (shown in
Figure 7). Finally, the electrons are deintercalated from the
cathode to the anode.

In Figure 7, the blue mark “*” corresponds to the position and
the potential energy. All the potential energy decreases from 17 to
1, and the change in each set is not exactly the same. As the amount
of Na-doping increases, the average of the minimum potential
energy decreases, which indicates that Na-doping will make the
Li1−xNaxNi1/3Co1/3Mn1/3O2 potential well lower and it is easier for
the electrons to escape from the potential well, and so it is for the
charging reaction. Thus, its rate performance of Li1−xNaxNi1/3Co1/
3Mn1/3O2 can be effectively improved.

CONCLUSION

The physical and electrochemical properties of Li1−xNaxNi1/3Co1/
3Mn1/3O2 are calculated and analyzed by DFT. The band
structure of LiNi1/3Co1/3Mn1/3O2 can keep stable after Na-
doping, and the electronic potential energy becomes lower
when the amount x of Na-doping rises; based on the analysis of
the band gap and partial density of state, Li1−xNaxNi1/3Co1/
3Mn1/3O2 has the best conductivity and rate performance
when x � 0.03–0.06 mol; when x � 0.05 mol, the formation
energy of intercalation of Li+ is lowest, the electrons are easiest
to remove; according to the analysis of the electron density

FIGURE 7 | The 2D potential energy map of Li0.95Na0.05Ni1/3Co1/3Mn1/3O2. The blue mark "*" represents the minimum potential energy, so the electrons will move
along the path marked blue "*".
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difference of Li1−xNaxNi1/3Co1/3Mn1/3O2, it has the best
conductivity when x � 0.05–0.10 mol. In conclusion, the
Na-doped LiNi1/3Co1/3Mn1/3O2 has better electrochemical
performance when x � 0.05 mol, which is coherent with
experimental results. The sample of Li1−xNaxNi1/3Co1/3Mn1/
3O2 can be synthesized by coprecipitation reaction combined
with solid-phase sintering steps. Though the electrochemical
performance of Li0.95Na0.05Ni1/3Co1/3Mn1/3O2 is proved
theoretically and experimentally to be better than that of
LiNi1/3Co1/3Mn1/3O2, energy densities and specific capacity
should be improved further with other modification methods.
Our method and analysis based on the first-principles can
provide some theoretical proposals for the electrochemical
performance study of doping, and this method can be
applied to the performance study of new optoelectronic
devices.
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The Parameters of the Field Emission
Model and the Fabrication of Zinc
Oxide Nanorod Arrays/Graphene Film
JianJun Yang1*, ShuangShuang Shao1,2, YaXin Li1,2, YueHui Wang1 and Chi Feng1

1College of Electron and Information, University of Electronic Science and Technology of China, Zhongshan Institute, Zhongshan,
China, 2School of Optoelectronic Science and Engineering, University of Electronic Science and Technology of China, Chengdu,
China

A large-scale growth of zinc oxide (ZnO) nanorod arrays on graphene sheets was
fabricated by a hydrothermal technique, and the Fowler–Nordheim theory was used to
build a model to describe the properties of the arrays’ field emission. The results indicated
that the morphological characteristics of the ZnO nanorods grown on the graphene sheets
can be easily tuned by varying the reaction time and concentrations of the reaction
solution. The regular ordered ZnO nanorods arrays on the graphene sheets were obtained
under the appropriate experimental conditions. Further, this composite cathode was
demonstrated to possess excellent field emission properties due to the outstanding
mechanical and electrical properties of graphene. The field emission current density of
the composite cathode reached 1,448 μA cm–2 at the electric field of 16.5 V μm–1. The key
parameter, field enhancement factor, reached 6,366, while the pure graphene cathode
field is about 1,660. These specific nanorod arrays with enhancement of the field emission
properties would be useful to sensor or modulator units for accessing networks.

Keywords: zinc oxide nanorod, graphene, field emission, sensor, modulator

INTRODUCTION

Graphene is usually used as a single cathode field emission material due to its excellent properties,
such as the perfect quantum tunneling effect, excellent electrical conductivity, and mechanical
properties [1]. It can also form sharp edges and concaves which can obtain a larger field enhancement
factor. All of these made it possible to have the excellent field emission properties [2, 3]. It is
advantageous for electron tunneling, and its two-dimensional conductive surface has the advantage
in larger current [4–6]. Therefore, graphene can be used as a kind of field emission cathode material
[4–8]. However, the emission performance of the graphene cathode field and the stability of the
emission are still need to be solved urgently. The sharpness of the ground of graphene prepared by
the chemical vapor deposition (CVD)method was limited due to the choice of flat copper or nickel as
the substrate, which also limited the field emission properties [9–12].

ZnO nanorods with a wide bandgap (3.2eV) are good candidates for use in next-generation
electronics and optoelectronics [13–17]. Zinc oxide/graphene hybrids have excellent emitting
behavior characteristic, which is suitable for application in the field emission technology [18,
19]. Raman spectroscopy has figured out many excellent properties of graphene layers [20–23].
Therefore, the compound of graphene sheets with ZnO nanorods had recently been reported for
multifunctional applications, such as gas sensors, light-emitting diodes, and solar cells [24–30].
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So far, there was seldom report on the transfer of graphene
sheets onto the silicon substrate with the silica film by wet transfer
and the growth of ZnO nanorods on the graphene sheets. In this
study, the two-step method was used to prepare ZnO nanorods
on the surface of graphene, and the effect of the experimental
conditions on the morphology of the ZnO nanostructure had
been studied. The field emission properties of such ZnO nanorod/
graphene cathodes have been described by a model and been
tested.

PRINCIPLE

As we know, the expression of the field emission current density is
as follows, based on Fowler–Nordheim theory (F–N equation):

J � AF2

ϕt2
exp[− B

ϕ3/2

F
v(y)] (1)

where J is the current density and F is the local field strength of the
cathode surface; A and B are constants with the value of 1.54 ×
10−6 and 6.87 × 107, respectively; ϕ is the work function; and y
represents 3.79 × 10−4 × E1/2/ϕ, v(y) � (0.95 – y2), where E is the
applied field strength. And, t2 has a value close to 1.1.

Considering that the field emission cathode is usually with a
special shape, the field enhancement factor (β) is introduced into
the expression Eq. 1, and F can be expressed by β × E. And, Eq. 1
can be transformed as follows:

ln( J
E2
) � −Bϕ

3/2

βE
− ln( ϕ

Aβ2
) (2)

It can be used as a basis to illustrate the field emission
mechanism with a synthesized cathode. The field emission
properties can be described by ln (J/E2) – (1/E) curve. And,
the field enhancement factor can be obtained according to the
curve slope.

MATERIALS AND METHODS

Materials
Copper foil (Cu) was purchased from Xiamen Xicheng Graphene
Technology Co., Ltd., acetone (CH3COCH3, ≥99.5%) and
isopropyl alcohol (C3H8O, 99.7%) were purchased from
Zhongshan Jingke Chemical Instrument Co., Ltd., silica wafer
(SiO2/Si, 300 nm) was purchased from Harbin Tebo Technology
Co., Ltd., and poly (methyl methacrylate) (PMMA, 60 mg/ml)
was purchased from Sigma-Aldrich (Shanghai) Trading Co., Ltd.
Methane (CH4), hydrogen (H2), and argon (Ar) were purchased
from Zhongshan Fu’an Gas Co., Ltd. The ZnO sol–gels consist
mainly of three kinds of materials, zinc acetate, ethanolamine,
and ethanol. Zinc acetate (Zn (CH3COO)2, 99.99%) and
ethanolamine (C2H7NO, ≥99.0%) were purchased from
Shanghai Aladdin Biochemical Technology Co., Ltd. Ethanol
absolute (CH3CH2OH, ≥99.7%) was purchased from
Zhongshan Jingke Chemical Instrument Co., Ltd. Zinc nitrate
hexahydrate (Zn(NO3)2•6H2O, 99.998%) and

hexamethylenetetramine (C6H12N4, ≥99.5%) were purchased
from Shanghai Aladdin Biochemical Technology Co., Ltd.

METHOD

Synthesis of Graphene Sheets
Graphene sheets were synthesized on the Cu substrate by
chemical vapor deposition (CVD). Cu foils (40 × 25 ×
0.1 mm3) were washed with a mixed solvent of acetone,
isopropyl alcohol, and deionized water by ultrasonic cleaning.
Copper foil was loaded in the CVD quartz tube with the pressure
of below 1.1 Pa and heated at 1,030°C for 65 min in hydrogen
without changing the flowing rate. Then, the mixture of gases (H2:
CH4) with the flowing rate ratio of 50:1 was introduced into the
flow as the carbon source for 20 min. After reaction, the quartz
tube was dropped to room temperature. The sample was removed
from a tube furnace.

Transfer of Graphene Sheets
The transfer process was based on the utilization of the poly
(methyl methacrylate) (PMMA) film as a mediator. PMMA was
spin-coated on the surface of graphene sheets with the Cu
substrate. After baking at 140°C for 10 min, the organic
solvent was removed from PMMA. The sample was placed in
a 30-mg/ml ammonium persulfate solution for etching to strip
the copper foil. After etching, PMMA/graphene sheets were
moved into a beaker containing deionized water and
transferred onto the silicon substrate and dried at room
temperature. Then, the sample was baked at 120°C for an
hour. Finally, the sample was soaked in an acetone solution at
50°C to remove PMMA, and then washed with isopropyl alcohol.

Preparation of ZnO Nanorods/Graphene
Composite Film
A certain amount of zinc nitrate hexahydrate and
hexamethylenetetramine was mixed in water as the reactant
solution. ZnO sol–gel as a ZnO seed layer was spin-coated
onto the graphene sheets and transferred onto the silicon
substrate. Then, the samples were placed in a reaction kettle
with a reactant solution at 95°C for the suitable time for the
growth of ZnO nanorods through a hydrothermal method,
followed by natural cooling to room temperature and washed
with deionized water for several times and dried at room
temperature. The morphological characteristics of the ZnO
nanorods grown on the graphene sheets were investigated at
different reaction solution concentrations and temperatures.

A schematic diagram of the fabrication process is illustrated in
Figure 1.

Field Emission Measurement
The field emission properties were measured by using a parallel
plate electrode configuration. The sample was fixed on a stainless
stage with a conductive tape as the cathode, and a copper
electrode with the bottom diameter of 2 mm was used as an
anode. The field emission measurement needed a vacuum below
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2 × 10−4 Pa. The emission current was measured at voltages
ranging from 100 to 5000 V. The spacing between the anode and
the cathode was maintained at 300 μm.

RESULTS AND DISCUSSIONS

Figure 2 shows the Raman spectrum of the graphene sheets
transferred onto the silicon substrate (Figure 2A), and the optical
image (Figure 2B) and SEM images of the graphene film onto the
copper substrate (Figure 2C) and silicon substrate (Figure 2D),

respectively. Figures 2B and 2D are photos of the graphene sheets
on the silicon substrate and local magnification, respectively.

Raman spectroscopy is a promising method for inspecting the
ordered/disordered crystal structures of carbonaceous materials
and the different layer characteristics of graphene. From
Figure 2A, it is observed that the Raman spectrum of
graphene exhibited the D peak at 1,348.31°cm−1, the G peak at
1,576.65°cm−1, and the 2D peak at 2,672.98°cm−1. The intensity of
D peak was very small, indicating that the local defects and
disorder of graphene transferred onto the silicon substrate were
little. The number of layers of graphene can be determined by the

FIGURE 1 | Schematic of the fabrication process of the graphene/ZnO composite film.

FIGURE 2 | Raman spectrum of graphene transferred onto the silicon substrate (A) and the optical microscope image of copper-based graphene (B) and SEM
images of copper-based graphene (C) and the flattened graphene transferred onto the SiO2/Si substrate (D).
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peak intensity ratio of the G peak to that of the 2D peak of the
Raman spectrum [20–23]. For our sample, the peak intensity ratio
of the G peak to that of the 2D peak was approximately 2,
indicating that graphene is a monolayer [20]. The distribution of
grain and grain boundary of graphene on the copper substrate
was observed in the optical image (Figures 2B,C). The color of
the graphene film transferred onto the silicon substrate was dark
blue (inserted in Figure 2B). The graphene sheets on the copper
substrate were flat. However, the wrinkles of graphene sheets on
the silicon substrate were observed (Figure 2D). The edge of the
graphene film would be rolled up when transferring. And there
would be “fracture” resulting in an incomplete film due to the
softness of the copper foil. It was inevitable that the transfer
process causes the graphene sheets to be wrinkled because of the
soft monolayer structure. In addition, the surface of graphene will
absorb impurities during the transfer.

ZnO nanorod arrays on graphene sheets were obtained through
hydrothermal routes. Figure 3 shows the XRD patterns of the ZnO
nanorod arrays on graphene sheets and the pure graphene,
respectively. A diffraction peak of the pure graphene near 2θ
value of 26.4° was observed in Figure 3. There was a strong
diffraction peak in the vicinity of 2θ value of 31.8°,
corresponding to the diffraction peak of the wurtzite-type zinc
oxide (100) crystal plane. There were also some diffraction peaks
near 34.4°, 36.3°, and 56.6°, corresponding to zinc oxide with crystal
planes of (002), (101), and (110). The comparison between ZnO
and the composite films in Figure 3B shows that there were some
other diffraction peaks except the diffraction peaks in about the
same position as those in Figure 3A, but the intensity was relatively
small, indicating the quality of the composite film was better.

To observe the growth of the ZnO nanorods on the graphene
sheets, SEM images were taken, as shown in Figures 4 and 5.
Figure 4 shows SEM images of the ZnO nanorods on the
graphene sheets with zinc nitrate hexahydrate of 10 mM
(Figure 4A), 15 mM (Figure 4B), and 25 mM (Figure 4C),
respectively, for 5 h. Figure 4D is the local magnification of
Figure 4C. The density and diameter and size of ZnO nanorods
increased with increasing of the reaction solution concentration.

When the reaction solution concentration was 25 mM, the
uniform ZnO nanorods were successfully grown on the
graphene surface, and the order of ZnO nanorod arrays could
be obtained. The average length and diameter of ZnO nanorods is
2 μm and 200 nm, respectively. The hexagonal structure of ZnO
naorods can be clearly seen from Figure 4D.

Figure 5 shows the SEM images of the ZnO nanorods on the
graphene sheets with zinc nitrate hexahydrate of 25 mM and the
reaction time of 3 h (Figure 5A), 4 h (Figure 5B), and 5 h
(Figure 5C), respectively. The inset in Figure 5C is the local
amplification and the sectional drawing of the sample
(Figure 5D). It can be seen that the density and diameter and
size and order of ZnO nanorods increased with increasing of the
reaction time. The ZnO seed layer was preferably the growth of
the c-axis–oriented ZnO nanostructures [26]. The formation of
ZnO was a process of increasing the entropy from a chemical
point of view [30]. The adhesion of hexamethylenetetramine
(HMTA) to the nonpolar surface accelerated the growth of the
crystal in the [0001] direction and slowly hydrolyzed HCHO and
NH3 in the solution. All were beneficial to the orientation growth
of ZnO nanorods to obtain longer arrays.

To analyze the field emission performance, the curves of field
emission current density on the applied electric field (J–E) from
graphene/ZnO nanorods based on CVD were plotted. Emission
current density vs. electric field curves and F–N plot at different
emission cathodes are shown in Figures 6A and 6B, respectively.
From Figure 6A, when the emission current density is 1 μA°cm–2,
the turn-on field of graphene/ZnO nanorod composite films
(4 V°μm–1) was obviously smaller than that of the pure
graphene films (7 V°μm–1). The reason to the graphene film
with larger turn-on field could be that there were fewer sharp
edges and concaves in graphene by CVD, which led to the linear
change of the current and the slow growth at the beginning of
the applied electric filed. The field emission current density of the
composite cathode could reach to 1,448 μA cm–2 when the
electric field reaches 16.5 V μm–1 (Figure 6A). Further, from
Figures 4B–D, with the increase of reactant concentration, the
current density decreased and the emission performance became

FIGURE 3 | XRD spectra of graphene and graphene/ZnO nanorods (A). ZnO and graphene/ZnO nanorods (B).
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FIGURE 4 | SEM images of the ZnO nanorods on the graphene sheets with zinc nitrate hexahydrate of 10 mM (A), 15 mM (B), and 25 mM (C), respectively, for 5 h.

FIGURE 5 | SEM images of the ZnO nanorods on the graphene sheets with zinc nitrate hexahydrate of 25 mM and the reaction time of 3 h (A), 4 h (B), and 5 h (C),
respectively.
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worse. Emission current density vs. electric field curves and F–N
plot of graphene/ZnO nanorods at different concentrations of
reactants were shown in Figures 7A and 7B, respectively. From
Figure 7, it is observed that current density decreased and the
emission performance became worse with the increase of the
reactant concentration.

The field enhancement factor can be used to described the field
emission effect of this synthesized cathode [31]. From the F–N
equation model, the field enhancement factor of the graphene
cathode field is about 1,660, and the field enhancement factor of the
graphene/ZnO composite cathode field could reach 6,366. It can be
indicated from the F–N equationmodel that the field enhancement
factor was determined by the slope of the ln (J/E2) and (1/E) curves
and the work function of the material. The work functions of
graphene and zinc oxide are 5eV and 5.3eV, respectively [32].
Graphene/ZnO composites had a smaller work function than
graphene or ZnO [33]. Therefore, the field enhancement factor
of the composites was larger and the emission current density was
higher, so the field emission performance was better.

Graphene had excellent electrical conductivity and electronic
transport capability, which can form good ohmic contact with

ZnO, and also improved the efficiency of electron transport.
Therefore, the introduction of the graphene layer not only solved
the contact problem between ZnO and the substrate but also
promoted the transmission of electrons. In addition, the graphene
films prepared by the CVD method mostly appeared as concaves.
If the graphene film is deposited in a short time, there will be
more defects and raised edges. And, they would be sharp at the
edge after the wet transfer. Furthermore, the introduction of ZnO
nanorods could make up for the defect of insufficient emission in
the local area and obtained excellent field emission properties.

CONCULSIONS

Graphene sheets were synthesized on the Cu substrate by
chemical vapor deposition and transferred onto the silicon
substrate with poly (methyl methacrylate) (PMMA) as a
mediator. Zinc oxide nanosructures grown on graphene sheets
were prepared by the hydrothermal method. The results indicated
that the morphological characteristics of the ZnO nanorods
grown on the graphene sheets could be easily tuned by

FIGURE 6 | (A) Emission current density vs. electric field curves and (B) F–N plot at different emission cathodes.

FIGURE 7 | (A) Emission current density vs. electric field curves and (B) F–N plot of graphene/ZnO nanorods at different concentrations of reactant.
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varying the reaction time and concentration of the reaction
solution. With increasing of the reaction time and
concentration of the reaction solution, the density and size of
ZnO nanorods increased. The regular ordered ZnO nanorod
arrays on the graphene sheets were obtained at the conditions
of zinc nitrate hexahydrate of 10 mM for 5 h. The field emission
current density of ZnO nanorods arrays/graphene composite
cathode reached 1,448 μA cm–2 at the electric field of
16.5 V μm–1. The field enhancement factor of ZnO nanorod
arrays/graphene composite cathode field reached 6,366, while
the pure graphene cathode field is about 1,660. The enhancement
of the field emission properties indicated that ZnO nanorods
arrays/graphene had lower turn-on fields and threshold fields as
well as higher field enhancement factors than pure graphene.
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