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Recently, originating from the emerging and intensive
research of graphene, there have been tremendous improve-
ments in the area of two-dimensional (2D) materials (e.g.,
graphene, topological insulators, and black phosphorus)
based optoelectronics.�eir unique and novel characteristics
strongly promoted the developments of condensed-matter
physics, device physics, photonics, electronics, optoelectron-
ics, and so on. �e purpose of this feature issue is to present
the state of recent progresses in the 	eld, from fundamental
physics (condensed-matter physics, device physics, and so
on) to various applications of the emerging 2Dmaterials.�e
feature issue covers various aspects of theoretical and experi-
mental researches related to 2Dmaterials based optoelectron-
ics. Among plenty of submissions, we selected 8 papers for
publication in the special issue.

�e paper posted by S. Chen et al. demonstrates a home-
made nonlinear response measurement system of 2Dmateri-
als in sub-terahertz waveband. Using mutual frequency beat-
ing technology, they achieve the radiation of 0.1 THz wave
with power up to 4mW. Based on this sub-terahertz source,
they measure the nonlinear response of topological insulator.
�e paper by G. Li et al. studies the optical group delay in a
modi	ed Otto con	guration with graphene surface plasmon.
�e optical group delay can be tuned obviously, even from
negative to positive, with variety of means (Fermi energy,
relaxation time of graphene, distance between the coupling
prism, and graphene).�e paper by Z. Zeng et al. investigates

the bistability in one-dimensional photonic crystal (1DPC)
covered by graphene. By tuning the Femi energy and the
number of graphene monolayers, the hysteresis and nonlin-
ear lateral shi� in 1DPCs can be controlled e�ectively.

�e paper by Y. Cai proposes a submicrosecond passively
Q-switching Er-doped 	ber laser with black phosphorus (BP)
as saturable absorber (SA). By taking full advantage of the
ultra-fast relaxation time of BP SA and careful design of
compact ring cavity, they obtain stable Q-switching pulses
output with record duration of 742 ns experimentally. It
indicates that BP-SA canbe an e�ective SA for nanosecondQ-
switching pulse generation. �e paper by J. Wu et al. reports
a high-power cladding-pumped Er,Yb codoped all-	ber laser
with truly single transverse mode output. By using a pair of
	ber Bragg gratings (FBGs), two pieces of standard single-
mode 	bers, and other careful cavity designs, they obtain a
record high of output power with single-mode in an all-	ber
single-mode Er,Yb codoped laser. �e work by Z. Deng et
al. investigates the generation of dispersive wave (DW) in
normal group-velocity dispersion (GVD) region with pho-
tonic crystal 	ber (PCF).�rough controllingDWgeneration
in gas-	lled PCF with combined e�ects of self-steepening
(SS) and chirp, one can achieve any wavelength arti	cially
with controllable energy.

�e paper by M. Su et al. proposes a novel equalizing
Dammann vortex grating (EDVG) to realize orbital angu-
lar momentum (OAM) signal demultiplexing and channel
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equalization. By suppressing odd di�raction orders and
adjusting grating structure, the total di�raction eciency of
EDVG can be highly improved. �erefore, the bit error rate
(BER) of each OAM channel can be decreased sharply.

�e paper by Y. Chen et al. demonstrates random optical
	eld with special autocorrelation which is di�erent from the
general autocorrelationwith aGaussian function.�e speckle
with special autocorrelation has self-healing e�ect. �e self-
healing process is a�ected by the size of obstruction and the
coherence of the speckle but is almost not a�ected by the
shape of obstruction.
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In this paper, the group delay of the transverse magnetic (TM) polarized wave reflected from a modified Otto configuration with
graphene surface plasmon is investigated theoretically. The findings show that the optical group delay in this structure can be
enhanced negatively and can be switched from negative to positive due to the excitation of surface plasmon by graphene. It is clear
that the negative group delay can be actively tuned through the Fermi energy of the graphene. Furthermore, the delay properties
can also be manipulated by changing either the relaxation time of graphene or the distance between the coupling prism and
the graphene. These tunable delay characteristics are promising for fabricating grapheme-based optical delay devices and other
applications in the terahertz regime.

1. Introduction

Thegroupdelay properties of optical pulse traversing through
a system together with delay control techniques have received
extensive research interests due to their importance in optical
communication [1, 2]. The pulse delay control techniques
enable unique micro/nanodevices with novel functionalities.
The potential applications of the above group delay prop-
erties include controllable all-optical delays [3], arbitrary-
angle beamforming [4], and all-optical buffers [5]. Various
techniques and approaches have been explored to accomplish
the tunable and large group delay in order to achieve the
extraordinary phenomena described as “subluminal effect”
and “superluminal effect” in various frequency ranges, like
electromagnetically induced transparency (EIT) systems [6],
weakly absorbing dielectric [7], Fabry-Perot cavity config-
uration [8], metamaterial slab [9], and so on. Compared
with the subluminality, the superluminality characterized by
negative group delay continues to attract much attention
due to the counterintuitive phenomenon and the possi-
ble applications. For example, Manipatruni et al. realized
superluminal propagation on a silicon microchip by using

coherent interaction between the microcavities [10]; Choi
et al. reported an enhancement of feedforward amplifiers
by adopting superluminal delay circuit [11]. More recently,
Yao et al. experimentally demonstrated a negative group
delay approach in a circular waveguide system with an
asymmetric cross-shaped slotted configuration [12]. How-
ever, the demands to develop optical delay approach with
large delay time, high tenability, and easy integration for
optical communication are ever increasing.

In recent years, graphene, a two-dimensional atomic crys-
tal material, has received a wide range of attention in the field
of optoelectronics due to its excellent optical and electrical
properties, such as zero-gap characteristic [13], electrical
tunability [14, 15], low losses [16, 17], and strong nonlinear
response [18], among others. It is worth mentioning that
graphene can support the existence of TM polarized and
transverse electric (TE) polarized surface plasmon polaritons
(SPPs) propagating along graphene, depending on the sign of
the imaginary part of graphene conductivity [19].This feature
can significantly enhance the light-matter interaction [20]
and further enriches its application in the terahertz (THz)
and infrared spectrum [21–23]. It is known that the large
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Figure 1: Schematic diagram of a modified Otto configuration with
the insertion ofmonolayer graphene. An incident light with an angle𝜃 to the surface normal is considered.

group delay is usually found near a resonance of the structure.
Hence, the combination of graphene and surface plasmon
obviously seems to be an alternative candidate for realizing
and manipulating tunable group delay devices.

In this paper, it is proposed and theoretically demon-
strated that there is a possibility of realizing andmanipulating
large reflected group delay of optical pulse from a modified
Otto configuration with the graphene surface plasmon in
THz regime. This large reflected group delay originates
from the local abrupt phase change at the interface of two
dielectrics with monolayer graphene owing to the excitation
of the surface plasmon. In particular, since the optical
conductivity of graphene can be dynamically manipulated
by varying the Fermi energy, the corresponding subluminal
and superluminal effects can be continuously tuned in a
frequency regime. The pathway proposed in this paper is
designed to manipulate the reflected group delay of THz
pulses, which would inspire the potential for a variety of
applications [24–26], particularly for sensing technologies
and THz delay devices.

2. Theoretical Model and Method

In this section, an attenuated total reflection scheme for
exciting SPPs is under consideration using modified Otto
configuration [27], in which a dielectric layer refractive index
with thickness 𝑑2 is placed on a substrate. Dielectric slab 2
is covered by monolayer graphene. Between dielectric slab
2 and the coupled prism there is the dielectric slab 1 with a
thickness of 𝑑1 as shown in Figure 1, where 𝑧 direction is the
incidence direction, while 𝑥 direction is parallel to the plane
of the monolayer graphene. 𝑛1 and 𝑛2 are the refractive index
of dielectric slab 1 and the refractive index of dielectric slab
2, respectively. 𝑛𝑐 and 𝑛𝑠 are the refractive index of coupled
prism and the refractive index of substrate. Here, to facilitate
the excitation of SPPs, dielectric slab 1 is assumed to be an
air layer with low refractive index and small thickness. In
the following calculations, the center frequency is 5THz,
temperature𝑇 = 300K, and relaxation time 𝜏 = 1 ps. Besides,
in order to inhibit the absorption of incident electromagnetic
waves caused by the excitation of SPPs, the thicknesses of

dielectric slab 1 and dielectric slab 2 in the configuration are
set as 2 𝜇m and 8 𝜇m, respectively. Meanwhile, to facilitate
the excitation of SPPs, dielectric slabs 1 and 2 are assumed to
be low refractive air and polymethylpentene material, whose
respective indexes are 𝑛1 = 1 and 𝑛2 = 1.46, respectively.
In addition, high refractive materials in THz spectrum are
used for the coupling prism and substrate. More specifically,
germanium materials (refractive index 𝑛c = 𝑛𝑠 = 3.84) are
selected for the prism and substrate in this research. For the
sake of simplicity, the dielectric loss is not taken into consid-
eration, whichmeans the imaginary part of refractive index is
assumed to be zero. The optical properties of the monolayer
graphene can be represented by optical conductivity. Under
random phase approximation, the surface conductivity of
graphene can be regarded as the sum of interconductivity and
intraconductivity [28]. However, the surface conductivity of
graphene in the terahertz frequencies is dominated by the
intraconductivity. At thismoment, the graphene conductivity
can be approximately expressed as

𝜎 = 𝑖𝑒2𝑘𝐵𝑇𝜋ℏ2 (𝜔 + 𝑖/𝜏) (
𝐸𝐹𝑘𝐵𝑇 + 2 ln (𝑒−𝐸𝐹/𝑘𝐵𝑇 + 1)) , (1)

where 𝑒, 𝐾𝐵, 𝑇, and ℏ represent the electron charge, Boltz-
mann constant, temperature, and reduced Planck’s constant,
respectively; 𝜔 represents the angular frequency of incident
electromagnetic wave; 𝜏 and 𝐸𝐹 represent the electron-
phonon relaxation time and the Fermi energy of graphene,
respectively. The above equation shows that the conductivity
properties of graphene are closely related to Fermi energy,
and the value of Fermi energy can be tuned by external
voltage, which provides a means to flexibly tune the optical
conductivity of graphene and further tune the optical prop-
erties of the whole configuration.

In order to calculate the reflected group delay properties
of the configuration, the transmission and reflection prop-
erties of the whole configuration are also required. Based
on the monoatomic layer characteristic of the graphene,
the modified transfer matrix method is adopted in this
paper to calculate the transmittance and reflectance of the
configuration [29]. In this paper, as graphene is just of
monoatomic thickness, its conductivity properties can be
reflected in boundary conditions. For this reason, the trans-
missionmatrix between theTMpolarized dielectric slab 1 and
dielectric slab 2 can be expressed as

𝐷12 = 1
2 [

1 + 𝜂TM + 𝜉TM 1 − 𝜂TM − 𝜉TM
1 − 𝜂TM + 𝜉TM 1 + 𝜂TM − 𝜉TM] . (2)

In this equation, 𝜂TM = 𝜀1𝑘2𝑧/𝜀2𝑘1𝑧, 𝜉TM = 𝜎𝑘2𝑧/𝜀0𝜀2𝜔, where𝑘1𝑧 and 𝑘2𝑧 represent the components of wave vectors 𝑘1 and𝑘2 in the transmission direction of electromagnetic wave; 𝜀0,𝜀1, and 𝜀2 are the vacuum permittivity, dielectric constants of
dielectric slab 1, and dielectric constants of dielectric slab 2,
respectively. Similarly, the TE polarized transmission matrix
is also presented in [29]. However, it is noteworthy that
graphene can excite both TE polarized and TM polarized
SPPs, which is quite different from metal as the latter
can only excite TM polarized SPPs. But the two polarized
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Figure 2: (a) Reflectance of the configuration as a function of incident angle 𝜃 (solid line). For comparison, the reflectance withoutmonolayer
graphene is also shown (dash dot line). (b) SPPs dispersion characteristics on monolayer graphene as a function of frequency.

exciting spectrums should not be in the same spectrum [19],
and this research only considers the TM polarized pulse
reflected group delay. Based on the transmission matrix and
the propagation matrix transmitted in the dielectric layer,
the transmission coefficient and reflection coefficient of the
whole configuration can be obtained. If the incident pulse is
assumed to beGaussian pulse, the reflected group delay of the
whole configuration can be expressed as

𝜏𝑟 = [𝜕𝜙𝑟𝜕𝜔 ]
𝜔=𝜔𝑐

. (3)

Here, 𝜔𝑐 is the carrier frequency, 𝜙𝑟 is the phase of the
reflection coefficient 𝑟(𝜔), and 𝑟(𝜔) = |𝑟(𝜔)| exp(𝑖𝜙𝑟(𝜔)).
3. Results and Discussions

3.1. Reflectance and Dispersion Relation. In this section, the
characteristics of reflected group delay in the configuration
will be discussed. In respect to the lossless configuration and
dielectric, the zero reflection at the resonances (Re(𝑘𝑑) =𝑚𝜋(𝑚 = 1, 2, 3, . . .)) would make the reflected delay at the
resonances physically meaningless. However, when mono-
layer graphene is embedded into the contact surface of the
dielectric layer with excited SPPs, the reflectance will become

very small but not turn to zero, and the slope of the reflected
phase will be changed as well. Consequently, the conditions
for realizing large reflected group delay are created. Besides,
the tunable optical characteristics give graphene considerable
advantages in terms of controllable enhanced pulse delay.
In the following calculation, it is assumed that the Fermi
energy satisfies 𝐸𝐹 = 1 eV. First, the reflection characteristics
of the whole configuration are illustrated in Figure 2(a).
When monolayer graphene is missing, it is impossible to
excite SPPs in the configuration. As a result, there is only
one reflectance dip at the Brewster angle (𝜃𝐵) among the
reflectance that changes with the angle. But when the incident
angle is larger than Brewster angle, the reflectance of the
whole configuration is almost 100% due to total reflection.
Meanwhile, as the dielectric losses are neglected, the trans-
mittance is almost zero (not shown in the figure). However,
when the graphene is embedded into the configuration and
excites SPPs through proper wave vector matching, a second
reflectance dip occurs near the 54∘ larger than the Brewster
angle. As shown in Figure 2(a), the dip is narrow and the
reflectance approximates to zero. To describe the generation
mechanism of the dip, an SPPs dispersion characteristics
curve of the configuration is drawn based on boundary
conditions, as shown in Figure 2(b). According to this curve,
in the configuration proposed in this paper, the effective
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Figure 3: (a) Reflectance 𝑅, (b) reflected phase 𝜙𝑟, and (c) reflected group delay 𝜏𝑟 as functions of frequency at different Fermi energies for
TM polarized wave. Other parameters are the same as before.

refractive index supporting the excitation of SPPs is about𝑛SP ≈ 3.106 when the incident frequency equals 5THz.
Hence, it can be inferred that the excitation of SPPs is located
at 𝜃SP = sin−1(𝑛SP/𝑛𝑐) ≈ 54∘, which is consistent with the
position of the dip in Figure 2(a).

3.2. Effects of Fermi Energy on Group Delay. The excitation
of SPPs in Otto configuration creates conditions for the
occurrence of large reflected group delay, which can steepen
the reflected phase at the excitation position, thus making it
possible to have large reflected group delay. The reflectance,
reflected phase, and reflected group delay in the configuration
all vary with frequency; the variation relationship is shown in
Figure 3. For convenience, the angle of incidence is assumed
as 54∘. As shown in Figure 3(a), a remarkable dip of the
reflectance is found at the excitation spectrum of SPPs due
to SPPs’ excitation. This dip is resulted from the interaction
of the real part and the imaginary part of the reflectance.
Near the frequency that excites SPPs, the real part of the
reflectance approaches zero, while the imaginary part has a
remarkable monotone increase, leading to a steep monotone
decrease tendency of the reflectance-based reflected phase
near SPPs excitation frequency as shown in Figure 3(b).
According to (3), the above phenomenon will result in large
negative group delay as shown in Figure 3(c). Therefore, it
can be inferred that a reflected group delay above −3 ps can
be realized at 5THz when Fermi energy satisfies 𝐸𝐹 = 1 eV.
Based on the electrical tunable characteristics of graphene’s
optical conductivity, the group delay characteristics of the
configuration can be flexibly manipulated by adjusting the
Fermi energy of graphene.When the Fermi energy is reduced,

the dip will have a blueshift. The reflected phase will be
steeper, which will further enhance the negative value of
the reflected group delay. For example, when Fermi energy𝐸𝐹 = 0.96 eV, the reflected group delay can reach about −4 ps.
These electrical tunable characteristics of the reflected group
delay provide a means of designing flexible controllable delay
devices.

3.3. Numerical Verification. In order to prove the correct-
ness of the reflected group delay obtained from Figure 3,
numerical simulations of the pulse’s reflected group delay
in the whole configuration are conducted based on Fourier
transformmethod. Gaussian pulse is set as the incident pulse,
whose electric-field expression can be expressed as 𝐸𝑖(0, 𝑡) =𝐴0 exp(−𝑡2/2𝜏20 ) exp(−𝑖𝜔0𝑡) [30], where 𝜏0 and 𝜔0 represent
the temporal width and center frequency of the Gaussian
pulse, respectively. The corresponding Fourier spectrum of
the Gaussian pulse can then be written as 𝐸𝑖(0, 𝜔) =(𝜏0𝐴0/2√𝜋) exp[−𝜏20 (𝜔 − 𝜔0)2/2]. Large temporal width is
selected to reduce the pulse distortion in the frequency
domain during the reflection in the configuration. In this
paper, it is assumed that 𝜏0 = 50 ps. The value of the
reflected group delay of pulse can be obtained quantitatively
by calculating the variation relationship between the reflected
pulse and the frequency. Figure 4 is an illustration of the
numerical results of normalized group delay under different
Fermi energies, corresponding to Figure 3. It can be seen
that the reflected group delay time obtained by simulation
has a close relationship with Fermi energy. The group delay
time of −3 ps (Figure 4(a)), −3.24 ps (Figure 4(b)), −3.52 ps
(Figure 4(c)), and −3.85 ps (Figure 4(d)) can be obtained in
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Figure 4: Normalized intensity of incident pulse (red line) and corresponding reflected pulse (blue line) for p-polarized wave with (a) 𝐸𝐹 =1.02 eV, (b) 1 eV, (c) 0.98 eV, and (d) 0.96 eV.Here, (a)𝜔0 = 2𝜋×5.16THz, (b) 2𝜋×5THz, (c) 2𝜋×4.83THz, and (d) 2𝜋×4.66THz, respectively.
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Figure 5: The dependence of the reflected phase 𝜙𝑟 (a) and reflected group delay 𝜏𝑟 (b) on the frequency at different relaxation times 𝜏 of the
graphene. Other parameters are the same as before.

case of 𝐸𝐹 = 1.02 eV, 𝐸𝐹 = 1.0 eV, 𝐸𝐹 = 0.98 eV, and 𝐸𝐹 =0.96 eV. The group delay time is consistent with the results in
Figure 3, which further proves the correctness of the delay
time of Figure 3.

3.4. Effects of Other Parameters on Group Delay. According
to (1), the relaxation time of graphene also has a critical
impact on the optical conductivity characteristics of graphene
because the actual value of the optical conductivity of
graphene is strongly dependent on 𝜏. Besides, the change
of optical conductivity will affect the reflection coefficient
through the transfer matrix, thus affecting the reflected phase
and reflected group delay. Hence, the reflected phase and
reflected group delay are also sensitive to the relaxation time

𝜏. These characteristics provide a new means of regulating
the group delay characteristics of reflected pulse. The change
rules of the reflected phase and reflected group delay under
different relaxation time are presented in Figure 5. Different
from the impacts of Fermi energy on reflected phase and
reflected group delay, the effect of relaxation time on reflected
group delay mainly focuses on the length of the delay time
rather than the frequency. Furthermore, it is found that
the change of graphene’s relaxation time can realize the
reversal of the monotony of reflected phase, thus achieving
the conversion of the positive and negative values of reflected
group delay. As shown in Figure 5(a), when graphene is
missing from the configuration, the reflected phase near the
resonance frequency is a small value which would hardly
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Figure 6: (a) Reflected group delay 𝜏𝑟 as a function of frequency and 𝑑1 for the structure with the monolayer graphene. (b) Reflected group
delay 𝜏𝑟 as a function of frequency and 𝑑2 for the structure with the monolayer graphene. Other parameters are the same as before.

change. In this case, the group delay time will be very small as
well. However, when graphene is included in this configura-
tion, even small relaxation time can make the reflected phase
approximate to zero and possess monotone decreasing char-
acteristic near resonance frequency. This property indicates
that the configuration has large negative delay time near the
resonance point, and this negative delay time would increase
remarkably near the resonant frequency with the increase of
relaxation time. Particularly, the reflected phase will turn to
monotone increasing near resonance frequency due to the
pure imaginary characteristic of graphene’s conductivity, thus
providing conditions for positive reflected group delay. This
tunable characteristic is an effective means of converting the
delay time symbols. However, it should be noted that it will be
very hard to change the relaxation time of the configuration
after the preparation of actual group delay devices. Hence, in
fixed configuration, the relaxation time has no tuning effect
on the group delay characteristics of the whole configuration.

In the following part, the impact of the parameters of
Otto configuration on the overall reflected group delay will
be discussed. The conclusions can be used for important
references in the design of reasonable group delay devices.
Figure 6 is the contour plot of reflected group delay of
dielectric slabs 1 and 2 thickness under different frequencies.
By comparison, it is found that different thicknesses of the
dielectric slab have different influences on the reflected group
delay, while presenting varied characteristics. Dielectric slab
1 has a direct impact on the excitation of SPPs; hence the

change of its thickness is very sensitive to the characteristics
of the reflected group delay. As shown in Figure 6(a), when
the thickness is large (e.g., larger than 2 𝜇m), the condition
of exciting SPPs cannot be satisfied and the group delay will
approximate to zero. In contrast, the reflected group delay
will increase tremendously by reducing the thickness, and it
may reach an incredible −20 ps at about 1.85 𝜇m.Meanwhile,
large negative delay will accompany narrow group delay
bandwidth. However, a further reduction of thickness may
lead to the skipping of the delay time symbol, thus achieving
large positive reflected group delay. Different from dielectric
slab 1, the change of the thickness of dielectric slab 2 has a
relatively simple impact on the reflected group delay. With
the thickness of dielectric slab 1 unchanged, a proper increase
of 𝑑2 can significantly enhance the negative value of the
reflected group delay, with the resonant frequency moving in
the high-frequency direction. But when the thickness of 𝑑2
reaches a certain level, the reflected group delay value and
resonant frequency will tend to be stable. Hence, it can be
concluded that a proper 𝑑2 thickness is a necessary condition
to obtain an enhanced reflected delay, which should be taken
into consideration in the design of related delay devices.

4. Conclusions

In this paper, the enhanced group delay of pulse reflection is
investigated and the surface plasmon is excited in a modified
Otto configuration. It is found that the minimum value of
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reflected delay time can reach about −4 ps near the resonant
angle. Simulation results reveal that the drastic change of
phase obtained by the excitation of surface plasmon with
graphene is the main factor in the enhancement and tuning
of the reflected group delay properties. The enhanced group
delay depends on the conductivity characteristic of graphene
at the center frequency. The findings reveal that the group
delay depends on the distance between the coupling prism
and the graphene, and the thickness of substrate, above which
the huge delay is observed. These findings could provide an
effective method for enhancing the group delay of optical
pulse and offer a feasible pathway for manipulating the delay
properties. It is believed that the tunable reflected group
delay at terahertz bands could contribute to the application
of optical delay devices.
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Like Cavity with High Fractional Advancement Induced by
Cross-Interference Effect,” IEEE Transactions on Microwave
Theory and Techniques, vol. PP, no. 99, 2016.

[13] F. Bonaccorso, Z. Sun, T. Hasan, and A. C. Ferrari, “Graphene
photonics and optoelectronics,” Nature Photonics, vol. 4, no. 9,
pp. 611–622, 2010.

[14] L. A. Falkovsky and A. A. Varlamov, “Space-time dispersion of
graphene conductivity,” The European Physical Journal B, vol.
56, no. 4, pp. 281–284, 2007.

[15] Z. Q. Li, E. A. Henriksen, Z. Jiang et al., “Dirac charge dynamics
in graphene by infrared spectroscopy,”Nature Physics, vol. 4, no.
7, pp. 532–535, 2008.

[16] Q. Bao, K. P. Loh, G. Eda, and M. Chhowalla, “Graphene
photonics, plasmonics, and broadband optoelectronic devices,”
ACS Nano, vol. 6, pp. 3677–3694, 2012.

[17] A. H. Castro Neto, F. Guinea, N. M. R. Peres, K. S. Novoselov,
and A. K. Geim, “The electronic properties of graphene,”
Reviews of Modern Physics, vol. 81, no. 1, pp. 109–162, 2009.

[18] N. M. R. Peres, Y. V. Bludov, J. E. Santos, A.-P. Jauho, and M.
I. Vasilevskiy, “Optical bistability of graphene in the terahertz
range,” Physical Review B - Condensed Matter and Materials
Physics, vol. 90, no. 12, Article ID 125425, 2014.

[19] S. A. Mikhailov and K. Ziegler, “New electromagnetic mode
in graphene,” Physical Review Letters, vol. 99, no. 1, Article ID
016803, 2007.

[20] F. H. L. Koppens, D. E. Chang, and F. J. Garćıa de Abajo,
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The optical bistability in one-dimensional photonic crystal (1DPC) with a nonlinear defect is investigated. It is demonstrated that,
by introducing graphene layers into the nonlinear defect, the optical bistability in 1DPC can be changed significantly.The hysteresis
threshold increases with the number of graphene monolayers and can be lowered or enhanced by tuning the Fermi energy of
graphene. On the other hand, the hysteresis width and the nonlinear lateral shift can also be controlled by varying the Femi energy
and the number of graphene monolayers. These results may be useful for controlling the optical bistability and nonlinear lateral
shift in 1DPCs.

1. Introduction

Optical bistability is a kind of optical phenomenonwhere one
input state can induce two steady transmission states [1]. The
input and output intensity in the system can then form a hys-
teresis loop. One of the simplest examples of bistable systems
is a Fabry-Perot cavity filled with a medium which presents
saturable absorption or nonlinear dispersion. In recent years,
nonlinear photonic crystal formed by introducing Kerr non-
linearmaterial into periodical structure has been proposed to
achieve optical bistability [2–5]. Due to the dynamic shifting
of the band edge and the strong intensity localized inside the
defect mode, the threshold for the onset of optical bistability
can be lowered. However, it is hard to control the threshold
value in fixed configuration. Hence, the exploration of new
optical material with tunable optical properties is important
for dynamically tunable optical switches.

Graphene, a single layer of carbon atoms in a hexag-
onal lattice, has given birth to a new branch of modern
optics and new possibilities for manipulating light waves,
due to its unique optical and electronic properties [6–9].
Although graphene is atomically thin, it can strongly interact
with light over a wide frequency spectrum and has been

demonstrated for various photonic applications from pho-
todetectors, ultrafast mode lockers to modulators [10–13].
The linear optical properties in graphene lead to broadband
and tunable optical features from IR to visible spectrum
[14–16]. The broadband optical property allows graphene
to be used as an intrinsically smart optical material for
the building block of light controlling system. Recently,
the optical bistability of reflection at the interface between
graphene andKerr-type nonlinear substrateswas investigated
theoretically, and the influence of graphene sheets on the
hysteretic response of the nonlinear interface was discussed
[17]. It was found that the bistable behavior of the reflected
light can be electrically controlled by suitably varying the
applied voltage on the graphene. Moreover, the optical bista-
bility in nonlinear photonic crystals exhibits rich nonlinear
dynamic behaviors. Hence, the nonlinear photonic crystal
coupled with graphene sheets will provide a new scheme to
control the hysteresis response of the transmitted light inten-
sity. Moreover, the phase of the transmitted (or reflected)
light also exhibits bistable behaviors, thus leading to the
hysteresis response of the lateral shift of the transmitted light.
We believe that the controllable graphene optical bistable
devices could find potential applications in optical all-optical
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Figure 1: (a)The schematic diagram of a 1DPCwith a nonlinear defect and graphene layers.m represents the number of periods. (b) Complex
effective refractive index of graphene𝑛𝑔 as function of𝐸𝐹.The solid line anddashed line represent real and imaginary components respectively.

switching [18, 19], optical memory [20], and chemical science
[21–23].

2. The Proposed Structure and
Simulation Method

This paper is proposed to utilize the tunable features of
graphene and to explore the tunable nonlinear transmission
features of optical bistability, such as the manipulation of
hysteresis threshold, hysteresis width, and nonlinear lateral
shift. One-dimensional photonic crystal (1DPC) containing a
graphene coupled nonlinear defect is taken as an example.

The structure is shown in Figure 1(a), consisting of two
alternate linear layers 𝐴 and 𝐵 as 1DPC and a Kerr-type
nonlinear layer as defect with effective refraction index 𝑛(𝐼) =𝑛𝐷 + 𝑛2𝐼, where 𝑛𝐷 is the linear refractive index of the
nonlinear defectmaterial, 𝐼 is the intensity of optical field, and𝑛2 is the nonlinear refractive. In the following discussion, a
normalized unit has been used, which is expressed in units of𝑛−12 , so that the results will be valid for all Kerr materials with
the same 𝑛𝐷 and different 𝑛2 [24]. The alternate layers of 𝐴,𝐵 have high and low linear refractive index 𝑛𝐴, 𝑛𝐵 and their
thicknesses 𝑑𝐴 and 𝑑𝐵 satisfy 𝑛𝐴𝑑𝐴 = 𝑛𝐴𝑑𝐵 = 𝜆𝑃𝐶/4 (the
refractive indexes of SiO2 and TiO2 are 1.47 and 2.1, resp.).
Such a system has a band gap with 2𝜋𝑐/𝜆𝑃𝐶 as the center

frequency for the case of normal incidence. The graphene
layers are incorporated into both sides of the nonlinear
defect layer as shown in Figure 1(a). Both of their graphene
thicknesses are set to be 0.34 × 𝑁 nm, and 𝑁 indicates the
graphene is multilayered with𝑁monolayer(s).The thickness
of a monolayer graphene is chosen to be 0.34 nm [25].

Graphene can be characterized by a complex surface
conductivity 𝜎, which is a function of angular frequency 𝜔 =2𝜋𝑐/𝜆, Fermi energy𝐸𝐹, carrier scattering rate Γ, and absolute
temperature𝑇 of the environment.𝜎 is obtained by intraband
and interband 𝜎 = 𝜎intra+𝜎inter terms, which can be expressed
according to the Kubo formula [26]:

𝜎intra = 𝑖 𝑒2𝑘𝐵𝑇𝜋ℏ2 (𝜔 + 𝑖Γ) [ 𝐸𝐹𝑘𝐵𝑇 + 2 ln (𝑒−𝐸𝐹/𝑘𝐵𝑇 + 1)] ,
𝜎inter = 𝑖 𝑒24𝜋ℏ ln [2𝐸𝐹 − (𝜔 + 𝑖Γ) ℏ2𝐸𝐹 + (𝜔 + 𝑖Γ) ℏ] .

(1)

In the above formulas, e is the elementary charge, ℏ = ℎ/2𝜋
is the reduced Planck constant, and 𝑘𝐵 is the Boltzmann
constant. The Fermi energy of graphene can be manipulated
via different approaches, including voltage biasing, exposure
to magnetic fields, and chemical doping, which then provide
various avenues to control the electronic band property
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Figure 2: (a) |𝑡| versus the angle of incidence for structure without graphene layers (solid curve), with graphene layers of which 𝐸𝐹 = 0.06 eV
(dashed line), 𝐸𝐹 = 0.08 eV (dash-dotted line), 𝐸𝐹 = 0.1 eV (dash-dot-dotted line), 𝐸𝐹 = 0.2 eV (bold dashed line), and 𝐸𝐹 = 0.3 eV (bold
dash-dotted line). (b) |𝑡| versus the incident intensity corresponding to the five situations mentioned in (a).

of graphene [9, 15]. In this research, the graphene carrier
scattering rate is assumed to be Γ = 2.4THz, the temperature𝑇 = 300K, and the incident wavelength 𝜆 = 10.6 𝜇m (the
wavelength of CO2 lasers). In the simulations, graphene is
assumed to be a homogenous medium with small thickness,
and then the effective refractive index can be derived by 𝑛𝑔 =√1 + 𝑖𝜎/(𝜔𝜀0𝑑) [15], where 𝑑 = 0.34 nm is the thickness
of monolayer graphene. Note that 𝑛𝑔 is independent of N,
the layer number of a multilayered graphene. Figure 1(b)
shows the complex effective refractive index of graphene 𝑛𝑔
as function of 𝐸𝐹 at the incident wavelength 𝜆 = 10.6 𝜇m.
It can be seen that graphene has complex 𝑛𝑔, indicating that
the graphene behaves like a very thin metal layer. The solid
line implies the real part of 𝑛𝑔, while the dashed line is the
imaginary part of 𝑛𝑔. As shown, both of them increase with𝐸𝐹, and the imaginary part is larger than the real one.

In this paper, we suppose a TE-polarized wave with
wavelength 𝜆 incident from vacuum upon a finite 1DPC at
angle of 27 degrees. In the following discussion, we consider
the symmetric multilayer stack consisting of two alternate
linear layers 𝐴 and 𝐵 as our 1DPC structure. The middle
layer is a Kerr-type nonlinear layer. The nonlinear defect
layer is sandwiched between two monolayer graphene. The
parameters are set as follows: 𝑛𝐴 = 2.1, 𝑛𝐵 = 1.47, 𝑛𝐷 = 1.594,𝑑𝐷 = 3.5 𝜇m, 𝜃 = 27∘, 𝜆 = 10.6 𝜇m, and𝑚 = 3, where 𝑑𝐷 and𝑚 are the thickness of nonlinear defect layer and the period
number of 1DPC, respectively [27]. By applying the transfer
matrix method, the characteristic matrix for the nonlinear
layer and the composite medium can be calculated. Then the
transmission coefficient 𝑡 can be given by [28]

𝑡 (𝑘𝑦)
= 2𝑝𝑓 (𝑘𝑦)

[𝑀11 + 𝑀12𝑝𝑓 (𝑘𝑦)] 𝑝𝑓 (𝑘𝑦) + [𝑀21 + 𝑀22𝑝𝑓 (𝑘𝑦)] ,
(2)

where 𝑝𝑓(𝑘𝑦) = (𝑘2 − 𝑘2𝑦)1/2/𝑘 and 𝑀𝑖𝑗(𝑘𝑦) are the elements
of 2 × 2matrix𝑀(𝑘𝑦).

The phase shift of the transmitted beam with respect to
the incident beam is defined as [29]

𝜙 (𝑘𝑦) = tan−1 [ Im 𝑡 (𝑘𝑦)
Re 𝑡 (𝑘𝑦) ] , (3)

where 𝑘𝑦 is the 𝑦 component of the incident wave vector.
Then the lateral shift Δ of the transmitted beam through the
multilayered structure is

Δ = −𝑑𝜙 (𝑘𝑦)𝑑𝑘𝑦
𝜃=𝜃0

. (4)

3. Results and Discussion

First, the angular dependence of transmission coefficientwith
and without graphene is considered. 𝑛𝑔 can be manipulated
by setting different 𝐸𝐹 values, and 𝑁 = 5 is chosen for
the calculation. Figure 2(a) shows the angular dependence
of transmission coefficient for structures with and without
graphene. As shown, although the graphene layers are very
thin, their effects on the nonlinear optical response of the
entire structure turn out to be significant. The numerical
results for the relation between the normalized incident
intensity and transmission coefficient for the same cases in
Figure 2(a) are also demonstrated in Figure 2(b), in which a
typical S-shaped curve indicates that such a system operates
in an optical bistable regime. Figure 2(b) shows that when𝐸𝐹 = 0.06 eV, the bistability threshold decreases compared
to the case without graphene layers. But when 𝐸𝐹 =0.3 eV, the bistability threshold increases. To understand the
mechanism that accounts for this variation, the structure
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Figure 3: |𝑡| versus the incident intensity for graphene with (a) different 𝐸𝐹 and𝑁 = 5 and (b) with different𝑁 and 𝐸𝐹 = 0.3 eV.The incident
angle 𝜃 = 27∘.

in Figure 1(a) can be considered as a resonator filled with
nonlinear materials. As shown in Figure 1(b), the effective
refractive index of graphene includes the imaginary part and
the real part, which indicates that graphene behaves like a thin
metal layer. The addition of graphene layers introduces extra
positive phase shift and energy loss because of the real part
and the imaginary part of 𝑛𝑔. The real part of 𝑛𝑔 introduces a
positive phase shift, and then the “resonator” length increases.
As a result, the intensity dependent nonlinear index change
required for switching the system could correspondingly
decrease; for example, the intensity required should decrease.
The imaginary part of 𝑛𝑔 introduces additional energy loss,
implying that the input intensity must be higher in order
to reach the same “resonator” state. Correspondingly, the
intensity required for switching the system should increase.
Given that 𝑛𝑔 shows both the real part and the imaginary
part, each part will impact the nonlinear transmission in an
opposite and competitive way, leading to an S shape curve
as in Figure 2. As shown in Figure 1(b), both the real part
and the imaginary part of 𝑛𝑔 increase with 𝐸𝐹, whereas the
imaginary part is larger and increases faster than the real
part. Therefore, when 𝐸𝐹 is smaller, the effect of the real
part of 𝑛𝑔 is more significant than that of the imaginary
part; besides, the intensity required for switching the system
decreases compared to the case without graphene. And as 𝐸𝐹
becomes larger, the effect of the imaginary part of 𝑛𝑔 increases
faster than that of the real part. So, with larger𝐸𝐹, the effect of
imaginary part is more significant and the intensity required
for switching the system increases. The numerical results
shown in Figure 2(b) can prove the above discussion.

Secondly, the effects of graphene layers with different 𝐸𝐹
or 𝑁 on the transmission coefficient are discussed to verify
the tunability of graphene layers. Figure 3(a) shows the trans-
mission coefficient dependence on the normalized incident
intensity for graphene layers with different 𝐸𝐹. Figure 3(b)
is for graphene layers with different 𝑁. In Figure 3(a), 𝑁 =5 while the value of 𝐸𝐹 varies. As shown, the hysteresis
threshold increases with 𝐸𝐹. It can also be interpreted by
the simple resonator analogy mentioned above. When 𝐸𝐹

increases, the effect of the imaginary part of 𝑛𝑔 (energy
loss) becomes more significant, so that both the switch-up
and switch-down thresholds will increase. As the switch-up
threshold increases faster than the switch-down threshold,
the hysteresis width will increase with 𝐸𝐹. In Figure 3(b),
the study sets 𝐸𝐹 = 0.3 eV and varies N and shows the
transmission coefficient versus normalized incident intensity.
The results are similar to those in Figure 3(a). However, in
this case 𝑛𝑔 does not change with different 𝑁 values. The
hysteresis threshold increases as𝑁 becomes larger. Although𝑛𝑔 is fixed to be constant, the total thickness of multilayered
graphene increases with N, so both the additional positive
phase shifts and the energy loss increase. Due to the larger
imaginary part of 𝑛𝑔, energy loss would increase faster and
the hysteresis threshold will increase subsequently. However,
the switch-up and switch-down thresholdswill increase at the
same speed so the hysteresis width will be kept the same.

Lastly, the effects of graphene layers with different 𝐸𝐹
or 𝑁 values on the lateral shift of the transmitted beam
are analyzed. Figure 4(a) shows the lateral shift versus the
normalized incident intensity for graphene with different 𝐸𝐹,
while Figure 4(b) is for the case with different 𝑁. It is clear
that the hysteretic effect of lateral shift on the incident inten-
sity occurs. As the incident intensity increases, the lateral shift
can be switched to a very large value if the incident intensity is
larger than the switch-on threshold intensity, which will then
enhance the lateral shift. However, as the incident intensity
decreases, the lateral shift can be switched to a very small
value when the incident intensity is smaller than the switch-
down threshold intensity and hence depress the lateral shift.
Moreover, the optical properties of graphene sheets exert
an important influence on the hysteretic responses of the
lateral shifts. Figure 4(a) sets 𝑁 = 5 and varies the value
of 𝐸𝐹. As shown, the variation of Δ with different 𝐸𝐹 is
similar to the transmission coefficient. Both the hysteresis
threshold and the hysteresis width increase with 𝐸𝐹. The
maximumvalue ofΔ appears near the switch-down threshold
and decreases slightly as 𝐸𝐹 increases. Figure 4(b) sets 𝐸𝐹 =0.3 eV and varies 𝑁. As shown, the hysteresis threshold
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Figure 4: The lateral shift versus the normalized incident intensity for graphene with (a) different 𝐸𝐹 and 𝑁 = 5 and (b) different 𝑁 and𝐸𝐹 = 0.3 eV. The incident angle 𝜃 = 27∘.

increases as𝑁 becomes larger. Hence, the electrical tunability
of optical bistability with graphene could potentially open
a new possibility of controlling the lateral shift in a fixed
configuration.

4. Conclusions

In summary, this paper mainly explores the effect of multi-
layered graphene on a nonlinear 1DPC by attaching graphene
layers to both sides of the nonlinear defect. It is found
that though the graphene layers are very thin, they can
significantly modify the nonlinear transmission response,
containing the hysteresis threshold, the hysteresis width,
and the nonlinear lateral shift. In addition, the influences
of graphene layers with different Femi energy and different
number of monolayers are analyzed, and the hysteresis
threshold shifts by analog of a resonator filled with nonlinear
materials are discussed. The results show that the hysteresis
threshold increaseswith Femi energy and the hysteresiswidth
increases at the same time. Besides, the hysteresis threshold
also increases with the number of graphene monolayers.
These results may be useful for the control of the optical
bistability in 1DPCs.
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By using optical heterodyne technique, we demonstrated the stable emission of sub-terahertz wave with the frequency ranging from
88GHz to 101 GHz, which can operate as microwave source for nonlinear responsemeasurement system.Mutual frequency beating
of two well-separated sideband signals at a 0.1 THz photo-detector (PD) allows for the generation of sub-terahertz signal. Based
on this approach, we have achieved the radiation of 0.1 THz wave with power up to 4mW. By transmittance measurement, two-
dimensional nanomaterial topological insulator (TI: Bi

2
Te

3
) shows saturable absorption behaviors with normalized modulation

depth of 47% at 0.1 THz. Our results show that optical heterodyne technique could be developed as an effective microwave source
generation for nonlinear measurement at sub-terahertz, even terahertz band.

1. Introduction

Sub-terahertz (sub-THz) and/or terahertz (THz) wave, usu-
ally defined in the range of 0.1–10 THz, has been exten-
sively researched owing to its importance for high-frequency
wireless communications, radar systems, high resolution
imaging applications, and nonlinear measurement systems
[1–7]. Especially for areas of measurement domain, the
nonlinear characteristic of materials at sub-terahertz band is
an influential perspective but was neglected for a long time.
As the discovery of graphene, the first two-dimensional Dirac
material, its unique band structure gives it ultra-broadband
nonlinear response, which shows great prospect in various
microwave and optical devices [8, 9]. To fully explore the
nonlinear characteristic of these graphene-like materials and
the effects of band structure, the sub-terahertz band which
overlapped the microwave and terahertz has stimulated
more and more researchers. However, how to investigate
the nonlinear response at such high frequency, the high

quality and effective microwave source is a real challenge.
And for nonlinear excitations, the higher microwave power
is particularly important.

It is always highly encouraged to search for a robust
method to generate sub-THz/THz wave with advantages of
low phase noise, high power, and cost-effective. However,
electrical signal generation of high-frequency microwave
signals beyond 60GHz is difficult to be obtained owing to
the bandwidth limitations of electronic devices [10, 11]. To
fulfill this expectation, photonic generation is considered
as a promising technique [12–18]. As an alternative, optical
generation, such as optical mode locking [19, 20], optical
injection locking [21, 22], and external modulation [23–26],
has been widely employed to generate THz wave. In partic-
ular, external modulation can provide excellent performance
of stability and reliability. But, all those methods involve with
very complicated structures and required extra photoelectric
devices. By comparison, optical heterodyne technique is
regarded as one of themost promisingmethods for photonics
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generation of sub-THz/THz wave owing to its broad band-
width, large tunability, efficiency, and cost-effectiveness [27–
30]. On the other hand, dual-wavelength single-longitude-
mode fiber ring laser is also demonstrated to generate high-
frequency microwave [31, 32], but the output performance is
not very stable and a complex dual-wavelength fiber ring laser
needs to be designed. And difference frequencymixing of two
collinearly propagating optical beams inside electro-optic
crystals can be used to generate THz signals [33]. However,
all-fiber format is lost and its application in miniaturization
and integration is limited. By using the optical heterodyne
technique, Tang et al. have realized the 100GHz microwave
generation and 2m wireless transmission [34]. But, it is also
necessary to further study the performance of the generated
sub-terahertz, especially the radiation power, and stability
shows importance in terahertzmeasurement, and its practical
application in radio-over-fiber technique also should be paid
more attention.

In this paper, we experimentally demonstrated an effec-
tive approach for sub-THz/THz wave generation by optical
heterodyne technique. Two distributed feedback (DFB) lasers
were employed to generate optical microwave signal, with
frequency ranging from 88GHz to 101 GHz. The output
power directly radiated towards free space reached up to
4mW. And it was found experimentally that fiber dispersion
contributed much less effect to the radiation power. Based
on this sub-terahertz source, the transmittance experiment
system was constructed and used to study the nonlinear
absorption characteristic of two-dimensional Dirac mate-
rial (TI: Bi

2
Te

3
nanoplatelets, TI NPs). The experiment

results reveal the saturable absorption behaviors of the TI:
Bi

2
Te

3
, with normalized modulation depth of 47% and

saturable intensity of 32 𝜇W/cm2. To further evaluate the
quality, the microwave source integrated radio-over-fiber
(ROF) communication system was under our investigation.
In the communication system, we realized 6Gb/s OOK
signal transmission over 5m wireless link. This illustrated
a central point that the generated microwave source has a
better performance of quality and stability, which is very
critical for the measurement system. These results showed
that the generated sub-THz has sufficiently high power and
excellent beam quality that may fit for nonlinear response
measurement and wireless communication.

2. Experiment and Results

2.1. High Power 0.1 THz Sub-Terahertz Wave Generation. The
principle of mm-wave generating and phase controlling is
shown in Figure 1. The CW light wave, modulated RF
signal through a Mach-Zehnder modulator (MZM), is used
to generate optical sidebands for optical mm-wave carrier
generating.Through an optical comb filter, two second-order
optical sidebands are separated out, and the phase informa-
tion is loaded to one of them by phase modulator. And then,
the sideband carried with phase information is recombined
with the optical mm-wave to realize the phase controlling of
mm-wave. A photodetector (PD) is employed to detect the
optical signal realizing mm-wave signal conversion [31].

The experimental setup of 0.1 THz wave generation is
illustrated in Figure 1. Two individual continuous light beams
came from the DFBs with wavelength fixed at 1546.082 nm
and 1546.858 nm, respectively. Then, they were recombined
and directed into a 50/50 optical coupler (OC), from which
dual-wavelength lasing spectrum had been measured as
shown in the insert of Figure 1. In the following, an optical
attenuator was used to adjust the input optical power before
the PD, which can convert the optical signals to the sub-
THzmicrowave signal through the mutual frequency beating
effect. The generated 0.1 THz wave was further amplified by
a high-frequency electrical amplifier and radiated to free
space by a horn antenna (gain: 25 dBi). Before detecting the
0.1 THzwave by the absolute THzpowermeter, a chopperwas
employed to modulate it with a fixed frequency of 30MHz.

The stability of the generated sub-THz wave has been
studied. At an input optical power of 3.6mW, the radiated
power of sub-THzwave wasmeasured to be about 3.2mW. By
repeatedly monitoring the radiation power, we note that the
power was almost kept constant over 10minutes at room tem-
perature, as shown in Figure 2, indicating the high stability
of the radiation output. If one input wavelength was fixed at
1546.858 nm, sub-THz radiation at different frequencies can
be produced as the other wavelength continuously changed.
Experimentally, the output frequencies of the wave can be
tuned from 88GHz to 101 GHz, while the input optical power
was kept at 3.6mW.Owing to the bandwidth limitation of the
amplifier, we note that the operating frequency has a dynamic
range and the optimal operating frequency located from
96GHz to 98GHz, as shown in Figure 3(a). Particularly, the
microwave power decreased dramatically for the frequency
beyond 99GHz, as the input optical power holding constant.

Figure 3(b) demonstrates the relationship of input optical
power and radiation microwave power at different situations.
Under the weak power regime, the output power almost
synchronously increasedwith the increase of the input power.
However, once the input power exceeds 6mW, the output
power becomes saturated. In order to study the role of the
fiber dispersion on the microwave generation, transmission
experiments through back to back (BTB), 10 km DSF, 10 km
single mode fiber (SMF), and 20 km SMF were under
investigation. However, as noted in Figure 3(b), there is no
significant difference, indicating that the real impact of fiber
dispersion is limited.

2.2. Nonlinear Response Measurement of TI at Sub-Terahertz
Band. A quality and stable microwave source is essential for
nonlinear response measurement of variety nonlinear media,
especially for sub-terahertz which overlapped the microwave
and terahertz band. The microwave generated by optical
heterodyne technique has many great assets in nonlinear
response measurement, such as broadband tenability of
wavelength and high output power. To verify its application
in nonlinear response measurement, we constructed the
measurement system like that in [8, 26] to investigate the
nonlinear absorption property of the TI (TI: Bi

2
Te

3
NPs

transferred onto the square quartz glass) [26].
Here, the diethylene glycol (DEG) mediated polyol

method was introduced into the composite few-layer TI:
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Figure 1: Schematic of the 0.1 THz microwave generation system, and the insert is the optical spectrum of the source for optical heterodyne.
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Figure 2: Power radiated from the antenna takes over 10 minutes
with input optical power at 3.6mW.

Bi
2
Te

3
NPs [35]. The physical photo of TI: Bi

2
Te

3
ethanol

solution is shown in Figure 4(a). Figure 4(b) shows the
transmission electron microscopy (TEM) images; it can be
clearly seen that TI exhibits symmetric hexagonal morphol-
ogy, which indicates relative high stability [26]. Atomic force
microscope (AFM) images are shown in Figure 4(c), it
further corroborated the symmetric hexagonal morphology
of prepared TI NPs, and the sample thickness is measured to
be an average of 55 nm.

The experimental setup shows in Figure 5(a) that, with the
attenuator adjusting, the microwave power can be changed

from 20 𝜇Wto 4mW.The chopper has the aperture diameter
of 15mm, which shows that the maximum output intensity
can reach 2.27mW/cm2.This is a sufficient approach formost
measurement.The corresponding transmittance curve at this
sub-terahertz band is shown in Figure 5(b); as can be seen
from the diagram, the transmittance goes to a steady value
with the input intensity increasing from 20 to 160 𝜇W/cm2.
After fitting with formula, 𝑇(𝐼) = 1 − Δ𝑇 ∗ exp(−𝐼/𝑇sat) −
𝑇ns, where 𝑇(𝐼) is the transmission, Δ𝑇 is the modulation
depth, 𝐼 is the input intensity, 𝐼sat is the saturation power
intensity, and𝑇ns is the nonsaturable absorbance, we obtained
the corresponding saturable absorption parameters [36]. The
modulation depth and saturation intensity of TI are 47% and
32 𝜇W/cm2, respectively.The results coincide with the results
reported in [26], which indicated that the sub-terahertz result
from this approach is of high quality and appropriate for
nonlinear response measurement.

As schematically shown in Figure 6(a), the structure
of TI: Bi

2
Te

3
can be considered as layers made up of 5

atom thick Te-Bi-Te-Bi-Te covalently bound sheets coupled
together by much weaker van der Waals forces [35]. And
its band structure is shown in Figure 6(b); like graphene,
they are all direct-band-gap material, which is conductive
to exciting electronic transitions. Except for the difference
that TI: Bi

2
Te

3
has insulating bulk state, it also possesses

the gapless metallic surface state like graphene. This raises
an interesting issue about what role did the insulating bulk
state andmetallic surface state play in the nonlinear response.
As the TI: Bi

2
Te

3
was on exposure to light or microwave,

the electrons in the valence band can be excited to conduc-
tion band and occupied the lowest energy states following
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Figure 3: Dependence of sub-THz wave radiation power (a) on different wavelength spacing with input optical power at 3.6mW and (b) on
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the Pauli exclusion principle. With the incident intensity
increasing, the generated carriers fill the valence bands and
prevent the further excitation of electrons at valance band
leading to saturated. However, the insulating band-gap value
is about 0.15 eV (at the bulk state of TI: Bi

2
Te

3
), indicating

that the single photon energy less than 0.15 eV is difficult
to excite the electron leaps into conduction band at the
bulk state. This saturable absorption process at sub-terahertz
band confirmed that the surface metallic state is responsible
for the saturable absorption at microwave band, where the

single photon energy is far below 0.15 eV. All this suggests
that the microwave/terahertz band with low photo energy
may has important significance in more detailed study of
the linear/nonlinear response of material. And the effective
microwave source is a guarantee of the linear/nonlinear
measurement.

2.3. Radio-over-Fiber Communication System with 0.1 THz
Sub-Terahertz Wave. To further evaluate the quality of the
generated sub-terahertz wave, it was used to carry digital
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signal. Figure 7 shows the experimental setup of 0.1 THz
radio-over-fiber system with 5m delivery. The continuous-
wave (CW) at 1546.082 nm and 1546.858 nm with ∼6 dBm
output power emitted from DFBs functions as the optical
source, with the corresponding optical spectrum shown in
Figures 8(b) and 8(c), respectively. This suggests that the
frequency spacing between DFB1 and DFB2 is 97GHz. And
the CW light wave at 1546.082 nm fromDFB1 was modulated
by intensity modulator (IM). The 2Gb/s downlink baseband
signals with a pseudorandom binary sequence (PRBS) length
of 231-1 were used to drive the IM. Together with the output of
DFB2, both of them acted as input of the 50/50 OC, with the
optical spectrum shown in Figure 8(a). After 10 km SMF-28
transmission, in order to obtain the optimal output, which
requires that the input power into the PD cannot be too
low, a following erbium-doped fiber amplifier (EDFA) was
utilized to compensate the attenuation of the fiber. Then a
0.1 THz PD was employed to detect the optical signal and
therefore allows for the conversion of the 0.1 THz signals.The
signals were subsequently amplified by a low-noise electrical
amplifier (EA1). And then a W-band antenna with a gain of
25 dBi was used to radiate the 0.1 THz wave with 2Gb/s OOK
signals loaded.

After 5m wireless delivery, the data were received by
another antenna with identical parameters of antenna 1 and
were then amplified by EA2. Then, a power detector was
used to downconvert the data into the baseband. After a
broadband EA3, signals were launched into an error detector
to measure the BER index.

The BER performances of the data signals under different
conditions are shown in Figure 6. The insert (a) of Figure 9
is the eye diagram after only 5m wireless transmission, while

the insert (b) shows the eye diagram after 10 km SMF-28 and
5m wireless transmission.The result shows that the presence
of fiber in the system can significantly distort the eye diagram,
which is caused by fiber dispersion [23]. And the power
penalty was measured to be 3 dB, as shown in Figure 9.

When the data were loaded at different rates, the corre-
sponding eye diagrams after 5m wireless transmission were
also measured. As shown in Figure 10, Figures 10(a)–10(d)
are the eye diagram as data rate sets at 3, 4, 5, and 6Gb/s,
respectively. The results show that once the loading data
rate was set beyond 5Gb/s, significant distortion can occur.
This is because of bandwidth limitation of the electrical
amplifiers. By upgrading the amplifiers, the output power and
transmission distance can be scaled up.

3. Conclusion

In conclusion, we had experimentally demonstrated a robust
method for generating 0.1 THz signal based on optical het-
erodyne technique, together with its application for non-
linear response measurement. The frequency of radiation
microwave was confined at the range of 0.1 THz due to
the limitation of electrical amplifier. Further long distance
transmission experiments indicate that chromatic dispersion
shows limited effect on the radiation power, and 6Gb/s
OOK signals were successfully propagated across 5mwireless
carried by the 0.1 THz wave indicating the generated sub-
terahertz wave is of high quality. Under the 0.1 THz sub-
terahertz wave excitation, TI shows saturable absorption
behaviors which further corroborated the contribution of the
metallic surface state of TI: Bi

2
Te

3
in nonlinear absorption

response. Our result constitutes a major step forward the
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Figure 10: Eye diagram after 5m wireless transmission when data rates are (a) 3, (b) 4, (c) 5, and (d) 6Gb/s.

development of photonic generation of high-power sub-
terahertz and terahertz source, which shows tremendous
potential in measurement domain.
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We report a high-power cladding-pumped Er,Yb codoped all-fiber laser with truly single transverse mode output.The fiber laser is
designed to operate at 1545 nm by the use of a pair of fiber Bragg gratings (FBGs) to lock and narrow the output spectrum, which
can be very useful in generating the eye-safe∼1650 nm laser emission through the Stimulated Raman Scattering (SRS) in silica fibers
that is of interest in many applications. Two pieces of standard single-mode fibers are inserted into the laser cavity and output port
to guarantee the truly single-mode output as well as good compatibility with other standard fiber components. We have obtained
a maximum output power of 19.2W at 1544.68 nm with a FWHM spectral width of 0.08 nm, corresponding to an average overall
slope efficiency of 31.9% with respect to the launched pump power. This is, to the best of our knowledge, the highest output power
reported from simple all-fiber single-mode Er,Yb codoped laser oscillator architecture.

1. Introduction

High-power fiber lasers in the eye-safe wavelength regime
around 1.5–1.6 𝜇m have attracted considerable attention in
various applications such as spectroscopy, remote sensing,
range finding, and free-space and satellite communications.
Cladding-pumped Er,Yb codoped fiber laser systems provide
a common approach to produce high-power laser emissions
in this wavelength region owing to the commercially available
efficient double clad gain fiber and high-power InGaAs laser
diodes at ∼980 nm as a pump source [1–6]. In 2007, Jeong
et al. achieved 297W of output power at 1.567 𝜇m in an
Er,Yb codoped fiber laser, which is the highest output power
achieved with the Er,Yb codoped fibers until now [1]. How-
ever, the vast majority of high-power Er,Yb codoped laser
systems reported so far were implemented with large mode

area (LMA) gain fibers supporting tens or even hundreds
of modes to mitigate the harmful nonlinear effects, which,
unfortunately, degrade the output laser beamquality [2–4]. In
addition, many high-power laser configurations incorporate
several free-space optical components, increasing the com-
plexity of the system and thus cost of maintenance. Neverthe-
less, for many applications in the eye-safe wavelength range,
the requirement for high output power is also accompanied
by the need of good beamquality and high efficiency resulting
from simple laser structures. All-fiber geometries without
free-space optics can offer alignment-free, efficient, compact,
and reliable laser architecture. Single-mode all-fiber Er,Yb
codoped laser systems have naturally become an attractive
candidate for achieving high output power level while main-
taining good laser beam quality to meet the requirement for
particular applications. Nowadays, more than 10W output
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Figure 1: Experimental schematic of the single-mode all-fiber Er,Yb codoped laser. DC: dichroic mirror; SMF: standard single-mode fiber;
FBG: fiber Bragg grating.

powers of single-mode laser emissions at ∼1.5 𝜇m in the
Er,Yb codoped laser systems have been achieved based on
the more complex master oscillator power amplifier (MOPA)
configurations [7, 8], while the extremely simple all-fiber
Er,Yb codoped fiber laser oscillators still remain of a limited
output power level of several watts [9–11].

In this paper, we use a simple and compact cavity design
with two pieces of standard single-mode fiber incorporated
into the laser resonator and the output port, respectively, and
demonstrate a truly single-mode high-power Er,Yb codoped
all-fiber laser based on a slightly multimode gain fiber. The
operating wavelength of the fiber laser is locked at 1545 nm,
which corresponds to the first-order Stokes wavelength of
1658 nm that can be used to precisely generate the dual
mid-IR laser emissions of 2.7 𝜇m and 4.3 𝜇m through the
nonlinear optical parametric frequency conversion [12–14].
A maximum overall output power of 19.2W is obtained at
1544.68 nm with a FWHM spectral width of 0.08 nm and an
overall slope efficiency of 31.9%, limited only by the available
pump power. To the best of our knowledge, this is so far
the highest output power reported from all-fiber single-mode
Er,Yb codoped laser oscillators.

2. Experiment

The experimental schematic of the single-mode all-fiber
Er,Yb codoped fiber laser is shown in Figure 1. The gain
medium was a 3m long Er,Yb codoped multimode dou-
ble clad fiber (Nufern, MM-EYDF-12/130) with a nominal
cladding-pump absorption of 3.10 dB/m at 915 nm,which had
a core of 12 𝜇mdiameter and∼0.2NA, and a pure silica inner-
cladding of 130 𝜇m diameter and ∼0.46 NA covered with a
low refractive index Acrylate outcladding also as protective
coating. The gain fiber had a 𝑉 number (cut-off frequency
or normalized frequency) of 4.8, suggesting the number of
laser modes that the gain fiber can support is around 11.
Therefore, a piece of standard single-mode-fiber was inserted
as a spatial filter into the new laser cavity with the output
port made of another piece of standard single-mode fiber,
in order to guarantee truly single-mode laser output and at
the same time eliminate the residual pump in the cladding
and other unwanted lasermodes coupled into the cladding by
using a high-index gel. The splicing between the unmatched
fiberswas carefully carried out by a specialty splicer (Fujikura,

FSM-100P+) with splicing loss of below 0.2 dB. The heat
load yielded from quantum defect over the gain fiber was
dissipated by simple fan-cooling.

The lasing feedback was provided by a pair of FBGs
written in a compatible single-mode double clad passive
fiber (Nufern, GDF-1550). FBG1 is highly reflective with a
peak reflectivity of 99% and spectral bandwidth of 0.5 nm at
1544.5 nm. FBG2 is a 10% low-reflection output coupler with
the center wavelength of 1544.6 nm and bandwidth of 0.7 nm,
as shown in Figure 2. Due to limited effective reflectivity
and slight shift of center wavelength and bandwidth for
the two FBGs, as well as possible laser spectral broadening
in the high-power operation, some power leakage may
occur through the high-reflection FBG1 end. Thus, we also
monitored the possible power leakage and corresponding
spectrum from the free end facet of FBG1. Both output end
facets of the fiber laser were angle-cleaved at ∼8∘ to suppress
the impact of Fresnel reflections from the uncoated fiber
facets on the laser stability as well as the corresponding
broadband feedback and then to reduce the ∼1 𝜇m parasitic
lasing resulting from transitions of some Yb ions excluded
from the energy transfer process betweenYb andEr ions. Two
45∘ dichroic mirrors with high-reflection at the laser wave-
length and high-transmission in the ∼1 𝜇m wavelength band
were inserted into the output path to steer the laser beam
from the possible ∼1 𝜇m parasitic laser for measurement.
Two commercial fiber-coupled 35W wavelength stabilized
976 nm laser diodes were served as the pump source, the
output ports of which were directly spliced to a (2 + 1) ×
1 pump combiner to cladding-pump the gain fiber in the
backward pumping regime. Both pump laser diodes were
spectrally narrowed and locked at 976 nm by a volume Bragg
grating with a 3 dB spectral width of 0.5 nm to match the
absorption peak of the Er,Yb codoped fiber. The spectral
characteristics of the laser output were recorded using an
optical spectrum analyzer (AQ6370C, Yokogawa).

3. Results and Discussion

The lasing characteristics of the single-mode all-fiber Er,Yb
codoped laser were evaluated. Figure 3 shows the output
powers from the single-mode fiber output end as a function
of the launched pump power. The laser reached threshold at
a launched pump power of ∼1W and generated an output
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power of 19.2W for the maximum launched pump power
of 62.3W, corresponding to an average slope efficiency of
31.9% with respect to the launched pump power. The output
laser powers showed a linear dependence with the launched
pump power over the whole pump range. The output powers
remained quite stable during the whole measurement. How-
ever, parasitic lasing of Yb at 1060.4 nm began to oscillate at
the launched pump power of 44.2W, and an overall output
power of 2.1W was yielded at the maximum launched pump
power from both fiber ends. The ∼1 𝜇m parasitic oscillation
reduced the lasing slope efficiency from 35% to 25.7%, which
can be seen obviously in Figure 3. Despite this, no roll-off
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Figure 4: Laser output spectrum from standard single-mode fiber
end and spectrum of the leaked laser from the high-reflection FBG1
end in comparison. Inset: measured spectrum of ∼1 𝜇m parasitic
lasing.

resulting from the unfavorable nonlinear effects or thermal
loading was observed.The leaked laser power from the FBG1
endwas 0.2W, which is acceptable due to the limited effective
reflectivity of the high-reflection FBG. In addition, it is worth
noting that the fiber laser was operated in the backward
pumping regime to avoid any gain fiber burning adjacent
to the combiner that commonly occurred in the forward
pumping regime due to the abrupt change of temperature
gradient in this position [15].

Figure 4 shows the output spectral evolution at different
laser power levels from the standard single-mode fiber output
end. We can see that the laser center wavelength is redshifted
from 1544.44 nm near the threshold to 1544.68 nm at the
output power of 19.2W, which is primarily attributed to
the temperature dependence of reflection wavelength of the
FBGs. The spectral width was broadened from a FWHM
linewidth of 0.04 nm to 0.08 nm correspondingly. Despite
the spectral broadening, the oscillating laser modes still
remainedwithin the bandwidth of the two FBGs. In the lasing
feedback of each round trip, FBG2 will sample a nominal
10% of the lasing components within its reflection band and
reflect it back into the cavity. This portion of light will then
be amplified in the backward direction. Upon reaching FBG1
the lasermodeswithin the reflection band are highly reflected
(99% in our case) and then successively amplified in the
forward direction towards FBG2, where 90% of the laser will
be outcoupled while the small reflected portion returns to
the next lasing cycle. In our experiment the laser leakage
from FBG1 was primarily attributed to its limited effective
reflectivity since the bandwidth of FBG2 is slightly larger than
that of FBG1. Despite this, the leaked laser from FBG1 was
measured to have roughly the same spectral profile without
central dip or any spectral ripples as that from the output end
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in terms of center wavelength and width. Thus, both output
beams can be simply combined for certain applications.
Alternatively, we can also use a high-reflection FBG with
much higher reflectivity and broader bandwidth instead to
reduce the leakage power from this end.

In addition, it is worth noting that the truly single-mode
laser output was actually achieved literally through first a
piece of standard single-mode fiber in the cavity and then
another piece of standard single-modefiber on the output end
without sacrificing much laser output power loss. Although
the Er,Yb codoped gain fiber was capable of supporting 11
laser modes at ∼1.5 𝜇m, the amount of output laser modes
from the gain fiber was actually much less than specified,
owing to the intensemode competitionwhere only themodes
with lowest loss survived. Besides, the standard single-mode
fiber inserted in the cavity and single-mode double clad
pig-tailed fiber of FBG2 connected to the Er,Yb codoped
fiber further suppressed most of the higher order laser
modes yielded in the gain fiber, which ensures a relatively
low splicing loss with the standard single-mode fiber. The
last piece of standard single-mode fiber in the output end
guaranteed a truly single-mode laser output from the 1545 nm
all-fiber laser.

4. Conclusions

We demonstrate a truly single-mode all-fiber high-power
Er,Yb codoped laser at 1545 nm which is potentially signifi-
cant for some applications.The laser output port is convinced
with a piece of standard single-mode fiber to guarantee the
truly single-mode output while keeping good compatibility
with other standard fiber components. A maximum overall
output power of 19.2W at 1544.68 nmwith a FWHM spectral
width of 0.08 nm is obtained in the fiber laser, corresponding
to an average slope efficiency of 31.9% with respect to the
launched pump power. To the best of our knowledge, this is
the highest single-mode output power achieved froma simple
all-fiber Er,Yb codoped laser oscillator architecture.
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Black phosphorus (BP), a new two-dimensional (2D) material, has been deeply developed for extensive applications in electronics
and optoelectronics due to its similar physical structure to graphene and thickness dependent direct band gap. Here, we
demonstrated a submicrosecond passive Q-switching Er-doped fiber laser with BP as saturable absorber (SA). The BP saturable
absorber was fabricated by mechanical exfoliation method. By taking full advantage of the ultrafast relaxation time of BP-SA and
careful design of compact ring cavity, we obtained stable Q-switching pulses output with a shortest duration as narrow as 742 ns.
With increasing the pump power, the pulse repetition rate accreted gradually almost linearly from 9.78 to 61.25 kHz, and the pulse
duration declined rapidly at lower pump power regime and retained approximate stationary at higher pump power regime from
3.05 to 0.742 𝜇s.The experimental results indicate that BP-SA can be an effective SA for nanosecond Q-switching pulse generation.

1. Introduction

Pulsed fiber lasers have been widely applied in various
applications ranging within machining, material processing,
environmental sensing, medicine, laser processing, fiber
sensor, and long-range optical communication. The most
commonpulse generationmethods used in fiber laser include
Q-switching and mode-locking techniques [1–6]. There are
two types of Q-switching approaches: active and passive one.
Among them, passive Q-switching technology based on sat-
urable absorber (SA) hasmade remarkable progress in viewof
compact, low cost, flexible, and so on. Since the Nd:glass (the
first generation of SA) was successfully used for pulse gener-
ation in 1966 [7], a wide variety of SAs have been intensively
developed, such as Semiconductor Saturable Absorption
Mirrors (SESAMs) [8, 9], Carbon Nanotubes (CNTs) [10–
13], graphene [14–18], Topological Insulator (TI) [19, 20],
and Transition Metal Dichalcogenides (TMDs) [21–24]. The
SESAMs are utilized in most of commercially available laser
systems for high flexibility and stability. However, SESAMs
have relatively narrow operation bandwidth and require
complex fabrication and packaging [1]. Recently, the research

on broadband SAs based on CNT or graphene has presented
explosive development for broad operation bandwidth, ultra-
fast recovery times, low saturation intensity, low cost, and
easy fabrication [10–18]. Nevertheless, they still have some
drawbacks. The spectral response range of CNTs sensitively
depends on their diameter and chirality, restricting their
practical applications in specific wavelength or broadband
tenability [13]. And, graphene has relatively weak optical
absorption (∼2.3%/layer [20]) due to its gapless band struc-
ture, which limits its application in fiber laser. Another 2D
material, transition metal dichalcogenides (TMDs) (MoS

2

[21],WS
2
[22],MoSe

2
[23, 24], etc.) has been developed as sat-

urable absorber with high performances [21]. Although they
have higher optical absorption at specific wavelength, the
optical response mainly locates at visible region due to their
comparatively large band gap (∼1.8 eV for MoS

2
, ∼2.1 eV for

WS
2
, and ∼1.7 eV for MoSe

2
) [25, 26].

Very recently, another 2D material, black phosphorus
(BP), has been rediscovered for various applications in
electronics and optoelectronics [27]. Its structure is similar to
graphene, in which individual atomic layers stacked together
by van der Waals interaction. BP has layer-dependent direct
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Figure 1: (a) Schematic of Er-doped black phosphorus-based Q-switching fiber laser. (b) Typical Q-switched output optical spectrum. (c)
The minimum duration pulse obtained in our fiber laser.

electronic band gap, which can be tuned from ∼0.3 (bulk)
to ∼2 eV (monolayer) [28], covering nearly whole near and
mid-infrared wavelength. Therefore BP can be regarded as a
significant benefit material for ultrafast photonics and high
frequency optoelectronics in infrared wavelength. Lately,
researches have paid close attention to its nonlinear optical
response and used it as SA in lasers [29–31]. Even [32] shows
the recovery time of BP is as short as 26 fs (much shorter
than other SAs mentioned above), revealing its tremendous
potential in ultrafast pulse generation.

In this paper, we also focus on the capacity of BP in ultra-
short pulse generation and demonstrate a submicrosecond
Q-switching pulse with a compact Er-doped all-fiber ring
laser.TheBPmaterial was prepared bymechanical exfoliation
method and as an effective SA for short Q-switching pulse
generation. After inserting this BP-SA into a well design
compact Er-doped fiber laser, we achieved stableQ-switching
pulse output. The narrowest Q-switching pulse we obtained
is as short as 742 ns. The experimental results show the BP’s
potential for narrow Q-switching pulse generation.

2. Experimental Setup and Results

The black phosphorus-based SA was prepared by mechanical
exfoliation method, whose details have been shown in [30].
To achieve a submicrosecond Q-switched pulse, ultrashort
laser cavity should be employed. We designed a special
compact all-fiber ring cavity shown in Figure 1(a) with an
optical integrated device for the joint function of wavelength-
division multiplexer (WDM), polarization-insensitive isola-
tor (PI-ISO), and 10% output coupler (OC). The total cavity
length is 4.7m with 0.95m highly doped erbium-doped fiber
(EDF, LIEKKI Er 80-8/125) as gain medium. Others are
standard single-mode fiber (SMF-28).The laser is pumped by
a 975 nm laser diode (LD) with maximum power of 500mW.
The BP-SA is incorporated into the cavity between the EDF
and integrated device. There is not any extra component
in this fiber laser. The output is characterized by an opti-
cal spectrum analyzer (Ando AQ-6317B) and a real-time
oscilloscope with bandwidth of 4GHz (Agilent Technol.,
DSO9404A) combined with a 5GHz photodetector (Thor-
labs SIR5).
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Figure 2: The evolution of output average power and pulse energy (a) and pulse repetition rate and duration versus incident pump power
(b) as pump power increases.

Without the BP-SA device, the central wavelength is
located at 1600 nm, suggesting that the optical integrated
device possesses low insertion loss. In this condition, we
cannot obtain Q-switching operation state no matter how we
adjust pumppower and apply stress onfiber (correspondingly
changing fiber birefringence to control the polarization rate
of light in cavity). After the BP-SA device is introduced into
the cavity, stable Q-switching output can be obtained once
the pump power exceeds 40mW. Figure 1(b) shows typical
Q-switching spectrum with slight modulation. The central
wavelength is 1557.9 nm. With increasing pump power, the
durations of Q-switching pulse decrease gradually. At max
revealable pump power of 160mW, we obtained minimum
pulse width as narrow as 742 ns as shown in Figure 1(c).
It is worth noting that, keeping increasing pump power
above 160mW, the Q-switching state becomes unstable and
disappears ultimately.

In addition, we also measured the evolution process of
pulses with the pump power increasing to confirm the Q-
switching operating state, shown in Figure 2. As it can be
seen, with pump power increasing from 40 to 160mW, the
average output power increases almost linearly from 198 𝜇W
to 2.43mW, but the pulse energy fluctuates between 20.2
and 40.8 nJ. Simultaneously, the pulse repetition rate accretes
gradually also almost linearly from 9.78 to 61.25 kHz, and the
pulse duration declines rapidly at lower pump power regime
and keeps approximately unchanged at higher power regime
from 3.05 to 0.742 𝜇s. These entire matches with typical Q-
switching state confirm its operating state.

3. Conclusions

In conclusion, we focus on the capacity of BP in ultra-
short pulse generation and demonstrate a submicrosecond

Q-switching pulse with a compact Er-doped all-fiber ring
laser.TheBPmaterial was prepared bymechanical exfoliation
method and as an effective SA for short Q-switching pulse
generation. It has narrowQ-switching pulse as short as 742 ns.
With increasing the pump power, the pulse repetition rate
accreted gradually almost linearly from 9.78 to 61.25 kHz, and
the pulse duration declined rapidly at lower pump power
regime and retained approximate stationary at higher pump
power regime from 3.05 to 0.742 𝜇s.The experimental results
indicate that BP-SA can be an effective SA for nanosecond
Q-switching pulse generation.
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Numerical simulation of random optical field with special autocorrelation is performed. It can be seen that the speckle pattern with
special autocorrelation is different from the general speckle pattern whose autocorrelation is a Gaussian function. Furthermore, we
study the propagation property of the special speckle in free space after blocking by an opaque obstruction and find the self-healing
effect of speckle. In particular, we investigate the influence of size and shape of obstruction and the coherence of speckle on the
speckle’s reconstruction process. We find that it is affected by the size of obstruction and the coherence of the speckle but is almost
not affected by the shape of obstruction. Our results can be applied to the imaging, optical communication, and so on.

1. Introduction

Random scatting strongly distorts the optical fields, cre-
ating the well-known speckle pattern. The speckle pattern
is formed by superposing all the random optical fields.
In past times, speckle pattern is harmful to the optical
imaging, optical communication, and so on. People usually
avoid producing speckle. However, in recent years, random
scattering has emerged as a rich research field.This is because
it has useful application. The scattering field can form a
subwavelength focal spot by modulating the wavefront [1, 2].
Disordered scattering has been applied to improve imaging
resolution [3–5]. Noninvasive imaging of a fluorescent object
has been done by measuring the autocorrelation of the
speckle [6]. The biological imaging using speckle scanning
microscopy was studied [7].

There are some special light beams, called nondiffraction
beam, can keep its beam profile during propagation, like
Bessel beams [8], Airy beams [9], and so on. They can be
self-healing when those beams are partially blocked by an
opaque obstruction. Hence, they have been widely applied
to microscopic particle manipulation [10], human tissue
microscopy [11], quantum entanglement propagation in the
presence of obstructions [12], and optical communications
through inhomogeneous media [13, 14]. In 2014, Alves et al.

found that the speckle showed a robust self-healing property
[15], but they only paid attention to the speckle generated
by the Gaussian beam and the Bessel beam. In the present
paper, we will simulate the special speckle generated by
the hyperbolic cosine-Gaussian beam and investigate its
propagation after blocking by an opaque obstruction.

2. Simulation of the Speckle Generation

Speckle pattern is the random intensity distribution. The
numerical simulation of the speckle can follow Goodman’s
book [16]. We use a matrix with 512 × 512 pixels and every
pixel size is 0.097656mm. First, a matrix of random phasors
was generated and then multiplied by the incident beam.The
incident beam can be Gaussian, Bessel, or other kinds of
beams. Here, we use the hyperbolic cosine-Gaussian function
as the incident beam

𝐼 (𝑓𝑥, 𝑓𝑦) = 2𝜋𝛿2 cosh (𝑛√2𝜋𝛿𝑓𝑥) cosh (𝑛√2𝜋𝛿𝑓𝑦)
⋅ exp(−𝛿2 (𝑓2𝑥 + 𝑓2𝑦) + 2𝑛2𝜋

2 ) , (1)

where 𝑛 and 𝛿 are positive real constants. cosh(𝑥) is the
hyperbolic cosine function. After that, we can get the speckle
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(a) (b) (c)

(d) (e) (f)

Figure 1: The simulation of speckle pattern in the source plane for different 𝑛 with 𝛿 = 6mm, (a) 𝑛 = 0, (b) 𝑛 = 1, and (c) 𝑛 = 2 and the
autocorrelation corresponding to the speckle pattern, (d) 𝑛 = 0, (e) 𝑛 = 1, and (f) 𝑛 = 2.

by performing the fast Fourier transform of the resulting
matrix. Figure 1 shows the speckle pattern for selected value
of 𝑛. One can find that the parameter 𝑛 affects the speckle
distribution.We obtain the ordinary speckle, that is, Gaussian
speckle, when 𝑛 = 0, and the special speckle pattern when𝑛 ̸= 0.Thedifference among those patterns can be found from
the autocorrelation which is defined as

AC (Δ𝑥, Δ𝑦)
= ∫∫ 𝐼out (𝑥, 𝑦) 𝐼out (𝑥 − Δ𝑥, 𝑦 − Δ𝑦) 𝑑𝑥 𝑑𝑦, (2)

where 𝐼out(𝑥, 𝑦) = 𝐸∗(𝑥, 𝑦)𝐸(𝑥, 𝑦) is the speckle pattern,
that is, the speckle intensity, and 𝐸(𝑥, 𝑦) is the electric field.
For the Gaussian speckle, its autocorrelation is a Gaussian
distribution [see Figure 1(a)], but the autocorrelation of
those speckle with 𝑛 ̸= 0 is different. There is a spot
in the center surrounded by other spots. The amount of
the surrounded spots is large when the value of 𝑛 is large
[see Figure 1(c)]. Figure 2 shows the speckle pattern and
autocorrelation for different 𝛿. It is found that the average
size of the speckle (speckle- coherence length) increases as

the value of 𝛿 increases. That is also reflected by the pattern
of autocorrelation. It is big with a large value of 𝛿. If we change
the value of 𝛿 with different 𝑛, one can see the average size of
the speckle pattern change. It is also found that the size of the
autocorrelation varies as the value of 𝛿 changes. In fact, the
inverse of 𝛿 is related to the incident beam size [17].Therefore,
we can control the average size of the speckle by varying the
beam size of the incident beam.

3. The Propagation of Speckle

The propagation of the speckle can be expressed by the
Huygens-Fresnel integral as

𝐸2 (𝑥2, 𝑦2, 𝑧) = (− 𝑖𝜆𝑧) exp (𝑖𝑘𝑧) ∫∫𝐸1 (𝑥1, 𝑦1, 0)
× exp{ 𝑖𝑘2𝑧 [(𝑥2 − 𝑥1)2 + (𝑦2 − 𝑦1)2]} 𝑑𝑥1𝑑𝑦1,

(3)

where 𝐸1(𝑥1, 𝑦1, 0) and 𝐸2(𝑥2, 𝑦2, 𝑧) are the random electric
field in the source plane and received plane, respectively. 𝑘 =2𝜋/𝜆 denotes the wavenumber with wavelength 𝜆. 𝑥1, 𝑦1 and
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(a) (b) (c)

(d) (e) (f)

Figure 2: The simulation of speckle pattern in the source plane and corresponding to the autocorrelation for different 𝛿 with 𝑛 = 1, (a), (d)𝛿 = 3mm, (b), (e) 𝛿 = 6mm, and (c), (f) 𝛿 = 12mm.

𝑥2, 𝑦2 are the transverse coordinates in the source plane and
received plane. Equation (3) can be written in an altered form
as

𝐸2 (𝑥2, 𝑦2, 𝑧) = (− 𝑖𝜆𝑧) exp (𝑖𝑘𝑧) exp [ 𝑖𝑘2𝑧 (𝑥22 + 𝑦22)]
⋅ ∫∫𝐸1 (𝑥1, 𝑦1, 0) exp [ 𝑖𝑘2𝑧 (𝑥21 + 𝑦21)]
⋅ exp [−𝑖𝑘𝑧 (𝑥2𝑥1 + 𝑦2𝑦1)] 𝑑𝑥1𝑑𝑦1.

(4)

One can find from (4) that the integral is a Fourier transform.
Namely,

𝐸2 (𝑥2, 𝑦2, 𝑧)
= (− 𝑖𝜆𝑧) exp (𝑖𝑘𝑧) exp [ 𝑖𝑘2𝑧 (𝑥22 + 𝑦22)]

× 𝐹{𝐸1 (𝑥1, 𝑦1, 0) exp [ 𝑖𝑘2𝑧 (𝑥21 + 𝑦21)]} .
(5)

The Fourier transform can be easily performed by the fast
Fourier transform algorithm. If the speckle in the source
plane is blocked by an opaque obstruction, the propagation
of the missing speckle can be expressed as

𝐸2 (𝑥2, 𝑦2, 𝑧) = (− 𝑖𝜆𝑧) exp (𝑖𝑘𝑧) exp [ 𝑖𝑘2𝑧 (𝑥22 + 𝑦22)]
× 𝐹{𝐸1 (𝑥1, 𝑦1, 0) 𝑇 (𝑥1, 𝑦1, 0)
⋅ exp [ 𝑖𝑘2𝑧 (𝑥21 + 𝑦21)]} ,

(6)

where 𝑇(𝑥1, 𝑦1, 0) denotes the transmission function of the
obstruction. When 𝑇(𝑥1, 𝑦1, 0) = 1 for every point in
the source plane, the random filed 𝐸1(𝑥1, 𝑦1, 0) does not
been modulated by the obstruction. That means there is
no obstruction. When 𝑇(𝑥1, 𝑦1, 0) = 0 which means the
random field is completely blocked by the obstruction, the
speckle can not propagate. We will investigate the situation
that the speckle is partially blocked by the obstruction. The
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Figure 3: (a)–(d) The simulation of speckle pattern at different propagating distances with 𝑅 = 5mm, 𝛿 = 6mm, and 𝑛 = 1. (e)–(h)
corresponding to the distribution of the autocorrelation.

wavelength 𝜆 is 632.8 nm. The obstruction is an opaque disk
with radius 𝑅 = 5mm.

From Figure 3, one can find that the speckle pattern in
the source plane is blocked by an opaque disk in the center.
Therefore, one can find a black hole in the center. However,
the hole gradually disappears as the speckle propagates in free
space. When the speckle propagates to the plane 𝑧 = 16m,
one almost cannot find the hole in the center.That means the
speckle can reconstruct itself as it propagates in free space.On
the other hand, it is found that the autocorrelation at every
plane is almost the same. In other words, the autocorrelation
almost is not affected by the obstruction.

The influence of the size of obstruction on the reconstruc-
tion of speckle is showed in Figure 4. The first row shows the
speckle in the source plane with different size of obstruction.
The second row shows the speckle pattern in the plane of 𝑧 =16m. One can find that the speckle with a small obstruction
can primly reconstruct itself, whereas the speckle with a large
obstruction does not at the same propagating distance. It
needs long distance to diffract and to finish its reconstruction.
The third row shows the autocorrelation in the plane of 𝑧 =16m. It is found that the autocorrelation distribution is hardly
affected by the size of the obstruction. Figure 5 shows the
influence of the shape of obstruction on the reconstruction of
speckle pattern and on autocorrelation. The obstruction has
the same area but with different shape. It is found that the
shape does not affect the reconstruction of speckle pattern.
Although the pattern is partially blocked by different shape of
obstruction, it can be self-healing as the speckle propagates

in free space. As showed in the second row of Figure 5, all
the speckle patterns finished their reconstruction process and
one cannot find the obvious hole in the center. One can also
find that the autocorrelation of the speckle pattern in the
plane of 𝑧 = 16m is the same. They keep the same shape as
it in the source plane. Figure 6 shows the speckle pattern at
different propagating distance for different coherence length.
One can find that there is a circle hole in the center of the
speckle pattern with the coherence length 𝛿 = 3mm in the
source plane.This is because the opaque obstruction partially
blocks the speckle. When the speckle propagates to the plane
of 𝑧 = 4m, one can still find the hole. However, there is
no obvious hole when the speckle propagates to the plane
of 𝑧 = 8m. That means the speckle almost finished its
reconstruction process when it propagates to the plane of𝑧 = 8m. However, in the second row, one can find that there
is a hole in the center when the speckle propagates to the same
distance 𝑧 = 8m and it disappears at the plane of 𝑧 = 16m.
In the third row, one can find that the hole disappears at the
plane of 𝑧 = 28m. Those imply that the speckles with a high
coherence need a long propagating distance to reconstruct
themselves.

4. Conclusions

We have simulated the laser speckle with special autocor-
relation and investigated its propagation in free space after
partial blocking by an opaque obstruction. It was found
that the missing speckle pattern can reconstruct itself and
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Figure 4:The simulation of speckle pattern and corresponding to the autocorrelation for different size of obstruction with 𝛿 = 6mm; 𝑛 = 1.
The first row denotes the speckle pattern in the source plane, the second row denotes the speckle pattern in the plane of 𝑧 = 16m, and the
third row denotes the autocorrelation of the speckle pattern in the second row.

its autocorrelation kept the same shape as it propagated in
free space. The reconstruction of the speckle is not affected
by the shape of the obstruction but relates to the size
of the obstruction. The speckle needs a long distance to
reconstruct itself when the size of the obstruction is large.
We also found the influence of coherence of speckle on

its reconstruction. The speckle needs a long propagating
distance to reconstruct when the coherence of the speckle is
high. It is also found that the size and shape of the obstruction
have a little influence on the autocorrelation.This implies that
we can use the autocorrelation to resist disturbance and load
information.
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(a1) (b1) (c1)

(a2) (b2) (c2)

(a3) (b3) (c3)

z = 0Ｇ z = 0Ｇ z = 0Ｇ

z = 16Ｇ z = 16Ｇ z = 16Ｇ

Figure 5:The simulation of speckle pattern and corresponding to the autocorrelation for different shape of obstruction with 𝛿 = 6mm; 𝑛 = 1.
The shape of the obstruction is circle (a1), equilateral triangle (b1) and square (c1). The first row denotes the speckle pattern in the source
plane, the second row denotes the speckle pattern in the plane of 𝑧 = 16m, and the third row denotes the autocorrelation of the speckle
pattern in the second row.
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[10] V. Garcés-Chávez, D. McGloin, H. Melville, W. Sibbett, and K.
Dholakia, “Simultaneousmicromanipulation inmultiple planes
using a self-reconstructing light beam,” Nature, vol. 419, no.
6903, pp. 145–147, 2002.

[11] F. O. Fahrbach, P. Simon, and A. Rohrbach, “Microscopy with
self-reconstructing beams,” Nature Photonics, vol. 4, no. 11, pp.
780–785, 2010.

[12] M. McLaren, T. Mhlanga, M. J. Padgett, F. S. Roux, and
A. Forbes, “Self-healing of quantum entanglement after an
obstruction,” Nature Communications, vol. 5, article no. 3248,
2014.

[13] J. Broky, G. A. Siviloglou, A. Dogariu, and D. N. Christo-
doulides, “Self-healing properties of optical Airy beams,”Optics
Express, vol. 16, no. 17, pp. 12880–12891, 2008.

[14] Y. Yuan, T. Lei, Z. Li et al., “Beam wander relieved orbital
angular momentum communication in turbulent atmosphere
using Bessel beams,” Scientific Reports, vol. 7, Article ID 42276,
2017.

[15] C. R. Alves, A. J. Jesus-Silva, and E. J. S. Fonseca, “Self-
reconfiguration of a speckle pattern,” Optics Letters, vol. 39, no.
21, pp. 6320–6323, 2014.

[16] J. W. Goodman, Speckle Phenomena in Optics: Theory and
Applications, Roberts, 2007.

[17] C. Liang, F. Wang, X. Liu, Y. Cai, and O. Korotkova, “Experi-
mental generation of cosine-Gaussian-correlated Schell-model
beams with rectangular symmetry,”Optics Letters, vol. 39, no. 4,
pp. 769–772, 2014.



Research Article
Dynamics of Dispersive Wave Generation in Gas-Filled Photonic
Crystal Fiber with the Normal Dispersion

Zhixiang Deng1 andMeng Zhang2

1School of Electrical Engineering, University of South China, Hengyang 421001, China
2Oriental Science and Technology College, Hunan Agricultural University, Changsha 410082, China

Correspondence should be addressed to Meng Zhang; zhangmeng024678@163.com

Received 18 May 2017; Accepted 1 August 2017; Published 30 August 2017

Academic Editor: Xiaofeng Zhou

Copyright © 2017 Zhixiang Deng and Meng Zhang. This is an open access article distributed under the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

The absence of Raman and unique pressure-tunable dispersion is the characteristic feature of gas-filled photonic crystal fiber (PCF),
and its zero dispersion points can be extended to the near-infrared by increasing gas pressure. The generation of dispersive wave
(DW) in the normal group velocity dispersion (GVD) region of PCF is investigated. It is demonstrated that considering the self-
steepening (SS) and introducing the chirp of the initial input pulse are two suitable means to control the DW generation. The SS
enhances the relative average intensity of blue-shift DW while weakening that of red-shift DW.The required propagation distance
of DW emission is markedly varied by introducing the frequency chirp. Manipulating DW generation in gas-filled PCF by the
combined effects of either SS or chirp and three-order dispersion (TOD) provides a method for a concentrated transfer of energy
into the targeted wavelengths.

1. Introduction

The high design flexibility of photonic crystal fibers has
attracted the attention of many researchers in recent decade
[1]. Kagomé-lattice hollow-core PCF reported in 2002 rep-
resents a milestone in the development of microstructured
fibers [2]. It demonstrates numerous additional significance
properties by filling its hollow core with gas [3]. The non-
linearity and the GVD can be remarkably controlled by
adjusting gas pressure or replacing of gas species [3, 4]. The
Raman-related effect disappearswhen the hollow core is filled
with high pressure monatomic gases such as Ar, also the
zero GVD point of fiber can be artificially adjusted from
the ultraviolet to the near-infrared [4]. These features highly
increase the versatility of hollow-core PCF, which make it
an ideal platform to investigate different nonlinear optical
effects.

As we all know, optical spectrum broadening and broad-
band frequency conversion are inherent features for nonlin-
ear optical processes [5]. Dispersive wave (DW), also called
nonsolitonic radiation or Cherenkov radiation [6], is partic-
ularly important for supercontinuum generation, broadband

light sources, and broadband frequency conversion in fiber
optics, and manipulating DW generation is a technique with
a concentrated transfer of energy into a narrow spectral band.
The generation of DW by intense optical pulses propagating,
in particular, in photonic crystal fibers has been extensively
studied in the past 30 years [6–9]. However, it has been
originally presented at the background of the propagation of
higher-order soliton. In that situation, higher-order soliton
was propagated in the anomalous GVD regime which is
generally perturbed by the third- and higher-order dispersion
[10–13]. In our previous work, the roles of the self-steepening
(SS) effect in the generation and controlling of DW in
metamaterials are disclosed [14], and in photonic crystal fiber,
themanipulation ofDWby the frequency chirped is unfolded
[15, 16].

In the time-domain, DW emission is described as the
resonant amplification of a linear wave propagating with the
same phase velocity as that of the soliton [17]. Recently, in
the frequency-domain, phase-matched cascaded four-wave
mixing (CFWM) is identified as the nonlinear origins of the
DW generation process [18–20]. It was demonstrated that
the DW emission is no longer thought to be the exclusive
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of solitons because the dispersive wave can be emitted even
when pumping in the normal dispersion regime in the
presence of a zero GVD wavelength [21]. In this regime,
the physical origin of DW emission, which is perturbed by
high-order dispersion, is intimately related to the dispersive
shock waves resulting from the nonlinearity overbalancing
a weak second-order dispersion [22]. The expression of the
detuned frequency of dispersive waves can be accurately
determined by the phase-matching selection rules, which
involve the velocity of the dispersive shock waves due to
emerging from a gradient catastrophe [22–24]. The roles of
high-order dispersions in the generation and controlling of
DW are also exposed [24–26]. However, to the best of our
knowledge, so far the effect of the self-steepening and initial
frequency chirp on DW generation with pumping in normal
dispersion regime has not been discussed yet.

In the present paper, we demonstrate that the control-
lable generation of DW with pumping in the normal GVD
dispersion can be realized by two means: either considering
the SS effect of fiber or introducing the frequency chirp of
the initial input pulse. The paper is organized as follows. In
the second section, the defocusing nonlinear Schrödinger
equation (dNLSE) for ultrashort pulse propagation in gas-
filled photonic crystal fibers with TOD and SS effect is
introduced. In the third section, we discuss the controllable
DW generation and reveal the roles of the SS effect in the
red-shifted and blue-shifted DW generation. In the fourth
section, the impact on the DW generation on the basis of
the different frequency chirp of the initial input pulse is
investigated. Finally, we summarize our results.

2. Numerical Model

To technically elucidate the mechanism of resonant dis-
persive wave emission, our numerical model is based on
the following normalized form of the defocusing nonlinear
Schrödinger equation with the Raman term removed [27]:

𝜕𝑈𝜕𝜉 + 𝑖2 𝜕
2𝑈𝜕𝜏2 − 𝛿36 𝜕

3𝑈𝜕𝜏3 = 𝑖𝑁2 (1 + 𝑖𝑠 𝜕𝜕𝜏) (|𝑈|2𝑈) . (1)

Note that the Raman scattering effect is absent in the
noble gas-filled PCF such as Ar considered here. We have
introduced the normalized variables 𝜏 = (𝑡 − 𝑧 ⋅ V−1𝑔 )/𝑇0, 𝜉 =𝑧/𝐿𝑑2 , and 𝑈 = 𝐴/√𝑃0, where 𝑇0 is the duration of the
launched pulse, 𝑃0 is the power of the input field, V−1𝑔 is
the group velocity at the central frequency 𝜔0, and 𝐿𝑑𝑚 =𝑇𝑚0 /𝛽𝑚 is the 𝑚th-order dispersion length and 𝐿𝑛𝑙 = (𝛾𝑃0)−1
is the nonlinear length. Note that the defocusing feature
arises from the assumption of the normal group velocity
dispersion and nonlinear coefficient 𝛾 > 0. 𝑁2 = 𝐿𝑑2/𝐿𝑛𝑙
and 𝛿3 = 𝐿𝑑2/𝐿𝑑3 represent the normalized nonlinear
coefficient and the normalized three-order dispersion coef-
ficient, respectively. The nonlinear term in the right-hand
side of (1) consists of the Kerr effect term 𝑁2|𝑈|2𝑈 and
the shock derivative term 𝑠𝑁2𝜕(|𝑈|2𝑈)/𝜕𝜏, which gives rise
to a frequency-dependent nonlinear coefficient. However, in
our numerical simulation, the dispersion expansion can be
truncated to the first correction to GVD, that is, third-order

dispersion, whereas all the higher-order dispersive terms can
be safely neglected.

To quantify ensemble frequency changes of the DW dur-
ing propagation process, we introduce the intensity-weighted
central frequency of the DW as a function of propagation
distance 𝑧 [28]:

⟨𝜔DW (𝑧)⟩ = ∫
𝜔𝑏

𝜔𝑎
𝜔 𝐴DW (𝜔, 𝑧) 𝑑𝜔

∫𝜔𝑏
𝜔𝑎

𝐴DW (𝜔, 𝑧) 𝑑𝜔 . (2)

Dispersion effects are described by the first term on the right-
hand side of (1), where the range of integration (from 𝜔𝑎
to 𝜔𝑏) is selected to be no more than −30 dB compared to
the maximum intensity of the DW and |𝐴DW|2 represents a
function of the spectral intensity of the DWwith propagation
distance.

In order to obtainmore intuitive information of the inten-
sity distribution of DW, the performance of the continuum
spectral distribution is characterized by the decibel scale of
the relative intensity [29]

𝐼 (𝜔, 𝑧) = 10 lg( |𝐴 (𝜔, 𝑧)|2
max |𝐴 (𝜔, 𝑧)|2) (3)

and the relative average intensity of DW

𝜂 (𝑧) = 10 lg( ∫𝜔𝑏
𝜔𝑎
|𝐴 (𝜔, 𝑧)|2 𝑑𝜔

∫∞
−∞

|𝐴 (𝜔, 𝑧)|2 𝑑𝜔) . (4)

The decibel scale used here permits us to clearly show the
low-intensity radiation. However, if the intensity spectrum is
presented in the form |𝐴(𝜔, 𝑧)|2/max |𝐴(𝜔, 𝑧)|2, its value is
so small that can be submerged with the background of the
strong pulse.

3. Manipulating the Dispersive Wave
Generation by Self-Steepening Effect

It was well-known that the SS effect in gas-filled photonic
crystal fiber can not be ignored in practice [4]. The pulse
propagating in the normal dispersion regime is also affected
by the higher-order dispersion andnonlinear terms.Thus, the
combined effects of the SS and TOD on the DW generation
should be discussed.

To discuss the DW generation in the fiber, we employ
the standard split step Fourier method to solve the dNLSE
numerically. In the numerical simulation, the normalized
input pulse 𝑈(0, 𝜏) = sech(𝜏) is employed. For convenience,
we only consider the DW generation under the condition of𝑁2 = 200. The reason for the selection can be that efficient
generation of DWs from a pump in the normal GVD region
typically requires the nonlinear length of the pump to be
much shorter than the dispersion length of the pump. To gain
a physical understanding of the effects, the loss of fiber is
neglected. If not otherwise specified, only the normal GVD
is considered.
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Figure 1: Simulate spectrum of a hyperbolic secant pulse propagating in the normal dispersion regime at the different SS coefficients, (a)𝑠 = 0, (b) 𝑠 = 0.004, where 𝛿3 = 0.0267, 𝑁2 = 200. Central frequency (c) and relative average intensity (d) of the red-shift DW as a function
of normalized propagation distance, where 𝑠 = 0 (red dashed curve) and 𝑠 = 0.004 (dark solid curve).

3.1. Dispersive Wave Generation for Positive Dispersion Slope.
In the normal GVD of gas-filled PCF, DW emitted by
dispersive chock waves owing to the positive dispersion slope
(i.e., the positive TOD) will be frequency downshifted with
respect to the pump. Therefore, it is called red-shift DW.

Figure 1 shows how the self-steepening effect influences
the red-shift DW generation; here the positive TOD (𝛿3 =0.0267) is considered. In Figures 1(a) and 1(b), we plot the
spectral evolution of the pulse as a function of normal-
ized propagation distance when the self-steepening effect is
switched off (i.e., set 𝑠 = 0) and included (i.e., set 𝑠 = 0.004),
respectively. Obviously, in the initial stages of propagation,
the spectrum of the pump pulse displays strong and sym-
metrical broadening due to self-phase-modulation-induced

pulse compresses in the presence of weak normal dispersion,
but as the spectral tail of the broadened pulse overlaps with
the phase-matched frequency, the occurrence of resonant
energy transfer process can be seen. As the propagating
distance increases, theDWemitted by dispersive shockwaves
begins to emerge in the red-shifted band. As can be seen
by comparing Figure 1(a) with Figure 1(b), the SS effect is
important for red-shift DW generation. For the two cases
that the SS effect is excluded/included, the evolutions of the
output spectra have the following characteristics: to begin
with, the pulse spectra become narrow. When the SS effect
is included, the spectrum narrowing is obvious. Therefore,
this is a disadvantage to the supercontinuum generation.
Secondly, the central frequency of the red-shift DW moves
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Figure 2: Central frequency (a) and relative average intensity (b) of the red-shift DW plotted as a function of TOD coefficient 𝛿3, where 𝑠 = 0
(blue filled circles lines) and 𝑠 = 0.004 (red dashed circles lines).

away from the spectral body of the residual pump pulse.
In other words, the SS effect leads to the increase of the
frequency detuning ΔV from the pump. The cause of this
result is that the frequency of DW is determined by the
phase-matched condition associated with the nature group
velocity, but SS increases the group velocity at resonant
frequency eventually because it affects the group velocity in
an intensity dependent fashion [30]. As can be seen from
Figure 1(c), the shifting is not remarkable, which indicates
that the influences of the SS effect on the frequency shifts
of red-shift DW are less important than TOD. Finally, one
conspicuous observation is that the relative average intensity
of red-shiftDWisweakened.The spectral intensity of theDW
is related to the strength of the pump spectrum at the phase-
matched frequency [31, 32]. Since the SS effect asymmetrically
weakens the spectrum toward the red, the efficiency of DW
generation dropped. As shown in Figure 1(d), the relative
average intensity of red-shiftDW is−56 dBwhen the SS effect
set 𝑠 = 0 and drops to −75 dB when the SS effect set 𝑠 = 0.004.

To fully understand the impact of the SS effect on the
red-shift DW generation, we will consider the manipulatable
generation of red-shift DW by the self-steepening effect
switched off or included under the different positive TOD
coefficient. Next, we discuss the weighted central frequency
and relative average intensity as the function of the TOD
coefficient, as shown in Figure 2. We see that for the red-shift
DW the frequency detuningΔV from the pump decreases and
the average intensity enhances as 𝛿3 increases. In Figure 2, it
also shows the influence of SS coefficient on DWs. For 𝛿3 <0.024 or 𝛿3 > 0.028, the influence of the SS coefficient on the
frequency detuning can be neglected; however, in the range0.024 < 𝛿3 < 0.028, the influence of the SS coefficient on the
frequency detuning ΔV is significant. The average intensity
of DWs is influenced by the SS effect distinctly; however, in

contrast to the case of without SS effect, the average intensity
of DWs reduces to over 20 dB when the SS effect is included.
Based on these analysis results, we reach the conclusion
that the SS effect weakens the red-shift DW generation. For
instance, when 𝛿3 = 0.032, the average intensity is about−40 dB if SS effect is switched off; however, it can beweakened
by the SS coefficient to −55 dB at 𝑠 = 0.004.
3.2. DispersiveWave Generation for Negative Dispersion Slope.
The former section just considers the role of the positive TOD
parameter in the DW generation. Indeed, we can also obtain
the negative value of TOD parameter by varying either the
pressure or temperature of the filling gas in the photonic
crystal fibers. The case is that the dispersive wave appears to
be located at higher frequencies compared with our pump
pulse; therefore, it is the so-called the blue-shift DW. Next,
we turn to the discussion about the role of the negative TOD
combined with SS effect in the blue-shift DW generation.
For 𝛿3 = −0.0267, Figures 3(a) and 3(b) show the contour
of the injected pulse when the SS effect is switched off and
included, respectively. In stark contrast to the result of the
positive TOD, the evolutions of the output spectra based on
whether the SS effect is included or not have the distinct
feature as follows: firstly, the pulse spectra become narrow.
When the SS effect is included, the spectrum broadening is
obvious. Therefore, this is favorable to the supercontinuum
generation. Next, the central frequency of blue-shift DW
moves toward the spectral body of the residual pump pulse.
In other words, for blue-shift DW, the frequency detuning ΔV
from the pump pulse is decreased. Reasonable explanation
is that the SS effect alters the group velocity associated with
the expression of the phase-matching condition. As can be
seen from Figure 3(c), at 𝜉 = 1, the average location of
blue-shift DW when the SS effect is ignored is 0.3 above that
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Figure 3: Simulate spectrum of a hyperbolic secant pulse propagating in the normal dispersion regime at the different SS coefficients, (a)𝑠 = 0 and (b) 𝑠 = 0.004, where 𝛿3 = −0.0267 and 𝑁2 = 200. Central frequency (c) and the relative average intensity (d) of the blue-shift DW
as a function of normalized propagation distance, where 𝑠 = 0 (red dashed curve) and 𝑠 = 0.004 (dark solid curve).

of blue-shift DW when it is taken into account. Ultimately,
the relative average intensity of blue-shift DW is enhanced.
Since the effect of SS asymmetrically enhances the spectrum
toward the blue, it is improving the efficiency of blue-shift
DW generation. As shown in Figure 3(d), the relative average
intensity of blue-shift DW is −67 dB when the SS effect is
switched off, while it increases to −49 dB when it is included.

To further get a thorough understanding of the influence
of the SS effect on the blue-shift DW generation, Figure 4
indicates, on the basis of the two cases of the SS effect
are included or not, the frequency detuning and relative
average intensity of the blue-shift DW plotted as a function
of negative TOD coefficient. In both cases, as can be seen
from Figure 4(a), the blue-shift DW shifts to lower frequency

with the increasing |𝛿3|. However, note that the frequency
detuning ΔV of the blue-shift DW in the presence of the
SS effect is lower than that of the DW neglecting the SS
effect, especially when |𝛿3| is placed in the range 0.022 <|𝛿3| < 0.027. As shown in Figure 4(b), the relative average
intensity of DWs enhanced as TOD coefficient |𝛿3| increases;
nonetheless, it is noted that the amount of relative average
intensity of the DW when the SS effect is neglected is about
20 dB below that of the DW when it is included. These
results indicate that the relative average intensity of blue-shift
DW is enhanced, rather weakened, and the average position
of blue-shift DW can be shifted slightly to the spectral
body of the residual pump pulse via considering the SS
effect.
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Figure 4: Central frequency (a) and relative average intensity (b) of the blue-shift DW plotted as a function of TOD coefficient 𝛿3, where𝑠 = 0 (blue filled circles lines) and 𝑠 = 0.004 (red dashed circles lines).

4. Manipulating the Dispersive Wave
Generation by Frequency Chirp

From the realistic perspective, pulses emitted from laser
sources are often chirped [33]. Therefore, apart from the
self-steepening effect of dispersive waves emission discussed
above, good understanding of the frequency chirp influence
on dispersive waves emission is of great importance. In the
section, we consider in detail the effect of initial frequency
chirp on DW generation. In order to understand the pulse
evolution, that is, the spectral expansion and DWgeneration,
under the influence of pulse chirp we numerically simulated
the pulse amplitude propagation using a split step Fourier
simulation tool, as well. In order to highlight the role of
frequency chirp on the DW generation, the SS effect in the
next discussion is switched off. In our simulation, the initial
incident pulse is assumed to have a normalized form of
hyperbolic secant field profile:

𝑈 (0, 𝜏) = sech (𝜏) exp(−𝑖𝐶𝜏22 ) , (5)

where 𝐶 is the parameter representing the initial linear
frequency chirp. We started our simulations to verify this
qualitative behavior.

4.1. Dispersive Wave Generation for Positive Dispersion Slope.
For the sake of convenience, we supposed that the positive
TOD coefficient is fixed at 𝛿3 = 0.0267, that is, set 𝛿3 =0.0267. To better understand the effects of initial chirps,
a series of spectral evolutions for different input chirps
is displayed in Figure 5. Comparing Figures 5(a)–5(c), it
is observed that the frequency chirp is vital to the DW
generation.With the frequency chirp changing fromnegative

to positive, the evolutions of the output spectra have the
following characteristics: firstly, the distance at which the
spectral broaden to its maximum value is modified. In
other words, the propagation distance which DW generation
required is changed. If no chirp is applied, the initial pulse
spectrum can be seen to approach a maximum spectrum
width within the first 0.15𝐿𝑑2 of propagation distance (see
Figure 5(b)). If a negative input chirp is applied, the needed
distance at which theDWgenerated is earlier compare to that
of unchirped pulse [see black dash line in Figure 5(a)]. More
interesting, Figure 5(c) shows that the initial pulse spectrum
approach a maximum point is deferred when a positive input
chirp is applied. The reason for this is that, for positive chirp
coefficient, the pulse duration increases with distance due to𝛽2𝐶 > 0. The decrease in intensity then lessens the nonlinear
effects, leading to slow the rate of bandwidth broadening,
whereas for a negative chirp coefficient, the pulse duration
first decreases until it reaches minimum value at a distance
due to 𝛽2𝐶 < 0. Such, the increase in intensity then enhances
the nonlinear effects further, resulting in speed up the rate
of bandwidth broadening. This consideration explains why
the positive chirped pulse emits the DW later, or the negative
chirped pulse emits the DW earlier compare to the case of
unchirped pulse.

Secondly, the frequency centre of DW during the propa-
gation is markedly changed. As can be seen from Figure 6(a),
in the initial stage of the DW generation, the frequency
detuning between the DW and the pump pulse gradually
decrease when the parameter values 𝐶 of the initial input
chirp increased from −2 to 2 (note that we only draw
the evolution of centre frequency of DW with propagation
distance beyond 0.2𝐿𝑑2 because of no DW generation in
the earlier propagation). With the further increase of the
propagation distance, the central frequency of DW becomes
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Figure 5: Pulse spectral evolution during propagation for different input pulse chirps, (a) 𝐶 = −2, (b) 𝐶 = 0, and (c) 𝐶 = 2 as the sign of
TOD is positive. The black horizontal dash line indicates the position at which the maximum spectral broadening occurs, that is, the DW
generated.
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Figure 6: Evolution of the red-shift DWof relative average power (a) and central frequency (b) along the propagation distance, with different
chirp but the sign of TOD is positive: dark solid curves 𝐶 = −2; red solid curves 𝐶 = −1; blue solid curves 𝐶 = 0; magenta solid curves 𝐶 = 1;
olive solid curves 𝐶 = 2.
saturated quickly when a positive input chirp is applied;
however, for a negative input chirp, the central frequency of
DW can be seen to shift gradually toward the spectral body
of residual pump, and eventually, the frequency detuning ΔV
from the pump pulse will be less than the case in the absence
of the initial frequency chirp.

Finally, the relative average intensity of DW can be either
enhanced or reduced. The dependence of relative average
power on propagation distance is displayed in Figure 6(b)
for a set of input pulse chirp parameters. From the figure, it
is apparent that, in contrast to that of the unchirped input
pulse, the positive chirp enhance the average intensity of
the DW while the negative chirp weakens that of the DW.
However, regardless of the sign of the initial input chirps,
the average intensity of DW becomes saturated rapidly along
fiber propagation.

4.2. DispersiveWave Generation for Negative Dispersion Slope.
For completeness, in the following sections we considered
the case of negative dispersion slope, that is, negative TOD.
In order to better compare with the case of positive TOD
discussed above, wewill continue to the fixedTODcoefficient
and set 𝛿3 = −0.0267. The simulated optical spectral
evolution of the pulse with three different chirp parameters
is shown in Figures 7(a)–7(c).The required distance at which
the DW emitted, the central frequency of DW and the
relative average intensity of the DW are obviously altered
as the frequency chirp is applied. More interesting, the
transformation law plotted in Figure 8 is almost the same as
the case of positive dispersion slope. This indicates that the
effect of frequency chirp to blue-shift DWwill be the same as
that of red-shift DW. This provides a means to tune the DW
emission by varying the initial chirp of the input pulse.
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Figure 7: Density plots of spectral evolution during propagation for different input pulse chirps, (a) 𝐶 = −2, (b) 𝐶 = 0, and (c) 𝐶 = 2 when
the sign of TOD is negative. The black horizontal dash line indicates the position at which the maximum spectral broadening occurs, that is,
the DW generated.
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Figure 8: Evolution of the blue-shift DW of central frequency (a) and relative average intensity (b) along the propagation distance, with
different chirp but the sign of TOD is negative: dark solid curves 𝐶 = −2; red solid curves 𝐶 = −1; blue solid curves 𝐶 = 0; magenta solid
curves 𝐶 = 1; olive solid curves 𝐶 = 2.

5. Conclusions

In summary, we have presented numerical results describing
the nonlinear propagation of the ultrashort pulse in normal
dispersion region in gas-filled photonic crystal fiber. When it
satisfies the phase-matching condition at the different signs
of dispersion slope, it will produce red-shift or blue-shift DW
relative to the input pump pulse. Our results suggest that the
properties of red-shifted or blue-shiftedDWcan bemarkedly
manipulated by the SS effect. For the red-shifted DW, the
relative average intensity of DW decreases rapidly and the
central frequency of DW downshifts slightly when the SS
effect is considered. However, the results are diametrically
opposite to the case of blue-shifted DW. The effect of initial

chirp on the DW generation is also studied. Regardless of
the red-shifted or blue-shifted DW, the negative chirp can
speed up theDWgenerationwhile the positive chirpwill slow
it down. Meanwhile, the frequency chirp leads to marked
changing of the relative average power and central frequency
of DW, as well. Manipulating DW generation in gas-filled
PCF by the combined effects of either SS or chirp and three-
order dispersion provides an alternative route for an efficient
and concentrated transfer of energy into the desired spectral
bands.
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A novel equalizing Dammann vortex grating (EDVG) is proposed as orbital angular momentum (OAM) multiplexer to realize
OAM signal demultiplexing and channel equalization. The EDVG is designed by suppressing odd diffraction orders and adjusting
the grating structure. The light intensity of diffraction is subsequently distributed evenly in the diffraction orders, and the total
diffraction efficiency can be improved from 53.22% to 82%. By using the EDVG, OAM demultiplexing and channel equalization
can be realized. Numerical simulation shows that the bit error rate (BER) of each OAM channel can decrease to 10−4 when the bit
SNR is 22 dB, and the intensity is distributed over the necessary order of diffraction evenly.

1. Introduction

Vortex beam is a structured light beam that can carry
orbital angularmomentum (OAM) andpossess helical phase-
front. The spiral phase wavefront beam can be represented
by using a phase function exp(𝑖𝑙𝜃), and each photon can
carry orbital angular momentum 𝑙ℏ [1]. OAM can be used
in photonic computer [2], quantum information processing
[3–5], optical communication [6], and so forth. Especially
for communication, OAM can be used as a new freedom
degree of modulation/multiplexing to further increase the
transmission capacity and capacity density [7]. The OAM
free space optical communication, therefore, is one of the
hot topics of research in recent years [7–12]. In 2010, Awaji
et al. first applies the OAM multiplex technology into
optical communication [11]. In addition, in 2014, Huang et
al. fuse OAM multiplexing together with PDM and WDM
technology achieved 100 T bits/s transmission rate in free
space optical communication [13]. One of themost important
issues for OAM optical multiplex communication system
is looking for a highly efficient multiplexing/demultiplexing
method to realize the space separation of different OAM

states and achieve the channel equalization among different
OAM channels.

There was evidence that the intensity of OAM beams
will attenuate while propagating in the free space caused
by the influence of atmosphere turbulence, and the signal
degradation and fading will not equalize among different
channels [6].Themost commonway of demultiplexingOAM
beams is the using of multiple optics beam-splitter and spiral
phase plate. However, it is hard to realize OAM channel
equalization, and complex system structure is required to
achieve parallel detection [7, 11, 12]. The binary gratings
combined with coordinate transformation are also used to
separate and detect OAM beams, but it is hard to ensure the
equilibrium of OAM channels [14]. According to the earlier
work, it can be seen that the phase diffractive optical elements
(DOEs) can be used to decompose the coherent light fields
in terms of an orthogonal basis with angular harmonics [15–
17]. Dammann vortex grating (DVG), such as DOEs, which
combined Dammann grating and vortex phase diagram, can
be used to separate different OAM in free space by different
order of diffraction and shows ability to parallel separate
multi-OAM beams [18]. By designing the changing point of
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phase with 0.23191, 0.42520, and 0.52571, the DVG can be
used to produce seven optical vortexes with different OAM
states [19]. Researchers also found that the light intensity can
be focused on the necessary order of diffraction by proper
designing grating by using different change point of phase.
However, the diffraction orders intensity is imbalanced, and a
lot of light energy concentrates on the zero order, which could
easily lead to BER disequilibrium among OAM channels.

In this paper, an equalizing Dammann vortex grating
(EDVG) is proposed by suppressing the even and zero
diffraction order, which can be used to realize the uniform
regulation of diffracted light intensity. Theoretical and sim-
ulation results show that the diffraction angle of grating can
be increased from 0.9251∘ to 1.8502∘ which indicated a larger
separation among diffraction orders can be realized, and the
total diffraction efficiency is improved from 53.22% to 82%.
By using the EDVG as multiplexer to separate OAM beams,
the bit error rate (BER) of each OAM channel can decrease

to 10−4 when the bit SNR is 22 dB, and the BER equilibrium
among all OAM channels can be achieved effectively.

2. The Design of Equalizing Dammann
Vortex Grating

Dammann vortex grating, which evolved from traditional
Dammann grating, can be used to produce and separate
optical vortex parallelly. Its transmission function can be
written as [20]

𝑇DG = +∞∑
𝑚=−∞

𝐶𝑚exp [𝑖𝑚 × (2𝜋𝑥𝑇 )] , (1)

where𝑚 is the diffraction order and𝑇 is the period of grating.𝐶𝑚 is the coefficient of the 𝑚th diffraction order, and it can
be expressed by

𝐶𝑚 =
{{{{{{{{{{{{{

−𝑖𝑇2𝑚𝜋 [1 + 2𝑁−1∑𝑛=1 (−1)𝑛 exp (−𝑖2𝜋𝑥𝑛) + (−1)𝑁 exp (−𝑖2𝜋𝑚𝑥𝑁)] , 𝑚 ̸= 0,
𝑇 [𝑁−1∑
𝑛=1

(−1)𝑛 𝑥𝑁 + (−1)𝑁 𝑥𝑁] , 𝑚 = 0, (2)

where {𝑥𝑛} are the normalized phase transition points with
boundary values of 𝑥0 = 0 and 𝑥𝑁 = 1 and 𝑁 is the total
number of these transition points. Putting the vortex phase of
charge 𝑙 into formula, the transmission function of the DVG
can be written as

𝑇DVG = +∞∑
𝑚=−∞

𝐶𝑚exp [𝑖𝑚 × (2𝜋𝑥𝑇 + 𝑙𝜃)] . (3)

The topological charge value for generated optical vortex
is𝑚× 𝑙 in𝑚-order of diffraction. Here, the changing point of
phase with 0.23191, 0.42520, and 0.52571 can be used to design
the DVG, and the grating could produce seven different
optical vortices. When 𝑙 = 1, it can be used to generate the
optical vortex with topologies of 0, ±1, ±2, and ±3. The phase
structure of the EDVG is showed in Figure 1.

For Gauss beam, the light field distribution can be
represented as

𝐸 (𝑟, 𝜃, 𝑧) = 𝐴0𝑤 (𝑧)exp( −𝑟2𝑤2 (𝑧)) , (4)

where 𝑤0 is the waist radius at the propagation distance of𝑍 = 0m, 𝑤(𝑧) is the beam waist radius at the propagation
distance of 𝑍 > 0m, 𝑧𝑅 = 𝜋𝑤02/𝜆 is Rayleigh distance, and𝑘 = 2𝜋/𝜆 is wave vector.

As the light beam is transmitted through the DVG and
Fourier transformation for the output light was carried out,
the obtained light field distribution can be represented as

𝐸DVG (𝑟, 𝜃, 𝑧) = FFT {𝑇DVG ⋅ 𝐸} . (5)

The light intensity distribution and normalized spectrum
diagram are showed in Figure 2, where the optical working
wavelength is 𝜆 = 1550 nm. Figure 2(a) shows the emer-
gent light intensity distribution, the output light intensity
is concentrated on the diffraction order of 0, ±1, ±2, and±3, and the total number of the diffraction order is 7. And
it should be noted that the light intensity distribution of
different diffractions is disproportionate. The normalized
spectrumdiagram is showed in Figure 2(b). FromFigure 2(b),
the light intensity of zero-order diffraction is significantly
higher than other diffraction orders. The light intensity of
zero order is unhelpful or harmful for OAM optical commu-
nication, because it cannot be multiplexing/demultiplexing.
The intensity increase in zero-order diffraction means the
decrease in the other diffraction order, which results in the
degraded BER in the optical communication. And, as showed
in Figure 2(a), the light intensity at the diffraction order of ±2
is significantly greater than the order of ±1 and ±3, and this
phenomenon will lead to the BER imbalance among OAM
channels. Therefore, the most urgent problem that needs to
be resolved, which DVG used for OAM demultiplexer, is
how to suppress the zero-order diffraction and realize the
equalization of intensity distribution. Here, we proposed a
EDVGby suppressing the odd-order diffraction and applying
the intensity equally among the order diffractions. As showed
in Figure 2(c), the emergent light intensity almost focused on
the order of diffraction of ±1 and ±2. The topological charges
of the generated optical vortices are ±1 and ±3, respectively,
and the light intensities are nearly equal among different
diffraction orders. The normalized spectrum diagram also
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Figure 1: The phase structure of the Dammann vortex grating, (a) the original DVG and (b) the EDVG.
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Figure 2:The emergent light intensity distribution and normalized spectrumdiagram. (a)The light intensity distribution of the originalDVG.
(b) The corresponding normalized spectrum diagram. (c) The light intensity distribution of the EDVG. (d) The corresponding normalized
spectrum diagram.
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Figure 3: The detected light intensity distribution and normalized spectrum diagram. (a) The detected light intensity distribution of the
original DVG. (b) The corresponding normalized spectrum diagram. (c) The detected light intensity distribution of the EDVG. (d) The
corresponding normalized spectrum diagram.

verified that the average distribution of light intensity is
achieved, which shows in Figure 2(d).

To measure the detection ability of EDVG, the LG beams
with certain states will be coupled together. After propagating
through the EDVG, it will be separated and recovered
backed to Gauss beams. The simulation results are showed
in Figure 3. The light field distribution of LG beams can be
represented as

𝐸LG (𝑟, 𝜃, 𝑧) = √ 2𝑝!𝜋 (𝑝 + |𝑙|!) 1𝑤 (𝑧) [ √2𝑟𝑤 (𝑧)]
|𝑙|

⋅ exp[ −𝑟2𝑤2 (𝑧)] 𝐿|𝑙|𝑝 [ 2𝑟2𝑤2 (𝑧)]
⋅ exp[ 𝑖𝑘𝑟2𝑧2 (𝑧2 + 𝑧2𝑅)]

⋅ exp [−𝑖 (2𝑝 + |𝑙| + 1) tan−1 ( 𝑧𝑧𝑅)]
⋅ exp (𝑖𝑙𝜃) ,

(6)

where 𝑤0 is the waist radius of Gauss beam with the
propagating distance of 𝑍 = 0m, 𝑤(𝑧) is the waist radius
with propagation distance of 𝑍 > 0m, 𝑧𝑅 = 𝜋𝑤02/𝜆 is
Rayleigh distance, 𝑘 = 2𝜋/𝜆 is wave vector, 𝑙 is azimuth
pattern (also called optical vortex topological charges), and𝑝 is radial mode number.

If the radial mode number is 𝑝 = 0, the optical field
distribution can be represented as

𝐸 (𝑟, 𝜃, 𝑧) = √ 2𝜋 |𝑙|! (√2)
|𝑙|

𝑤 (𝑧) [ 𝑟𝑤 (𝑧)]|𝑙| exp[ −𝑟2𝑤2 (𝑧)]
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⋅ exp[ 𝑖𝑘𝑟2𝑧2 (𝑧2 + 𝑧2𝑅)]
⋅ exp [−𝑖 (|𝑙| + 1) tan−1 ( 𝑧𝑧𝑅)] exp (𝑖𝑙𝜃) .

(7)

As showed in Figures 3(a) and 3(c), as the multiplexed
OAM beams propagate through the two DVG, they can be
separated with different states in free space and recovered
back to Gauss-like beam realizing OAM demultiplex. How-
ever, compared with Figures 3(b) and 3(d), for the DVG, the
zero order of diffraction has a great intensity distribution
after demultiplexing, and the light intensity of ±2 order of
diffraction is less than other orders of diffractions, which
will cause BER imbalance of different OAM channels. But,
for the EDVG, the intensity distribution of each diffraction
orders is almost equal, which is beneficial to improve the error
performance of OAM optical communication, making the
BER equalized among the OAM channels.

Figure 4 is the normalized diffraction spectrum of DVG
and EDVG. As shown in Figure 4, the EDVG shows the
benefit of realizing the multiplication of diffraction angle and
achieving greater space separation. The period of grating is
1.05142, corresponding to theminimum resolution of 0.10051.
Given the common resolution of SLM is 1920 × 1080, we
designed the cycle number with 160. When the size reduced
proportionately until being consistent with the common SLM
(15.36 × 8.64mm), the cycle size is 0.096mm. As the light
beam, with the wavelength of 𝜆 = 1550 nm, passes through
the DVG the angle between the adjacent two diffractions is𝛽 = arcsin(𝜆/𝑇) = arcsin(1.550/96) = 0.9251∘ but 1.8502∘
for the EDVG.

3. The Atmospheric Turbulence for Vortex
Beam Propagation

A major factor for inducing the distortion of vortex beam
is atmospheric turbulence. The presence of atmospheric
molecules, aerosols, and water mist particle will cause variety
of atmospheric attenuation effects, including absorption and
scattering [21, 22]. And the nonuniform temperature and
air pressure in the atmosphere will cause refractive index
change in the transmission path, resulting in the distortion
of wavefront phase. The distortion on phase wavefront is
extremely harmful for OAM communication, because the
OAMdemultiplexing is based on the spiral phase distribution
[23]. Some previous works have suggested that the refractive
index inhomogeneity will result in channel crosstalk among
different OAM channels.

Theory and experiment confirmed that the randomphase
screen can be used to establish the model of atmospheric
turbulence for simulation [24]. The modified Hill spectral
model is used and can effectively avoid the insufficiency of
sampling frequency. Its expression can be written as [25–27]

Φ𝑛 (𝑘𝑥, 𝑘𝑦) = 0.033𝐶2𝑛(1 + 1.802√ 𝑘𝑥2 + 𝑘𝑦2𝑘𝑙2
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Figure 4:The normalized diffraction spectrum of DVG and EDVG.

− 0.254(𝑘𝑥2 + 𝑘𝑦2𝑘𝑙2 )−7/12) ⋅ exp[𝑘𝑥2 + 𝑘𝑦2𝑘𝑙2 ]
⋅ (𝑘𝑥2 + 𝑘𝑦2 + 1𝐿02)

−11/6 ,
(8)

where 𝐶2𝑛 is the atmospheric refraction constant, 𝐿0 is the
turbulent outer scale, 𝑙0 is the turbulent interscale, 𝑘𝑙 =3.3/𝑙0, and 𝑘𝑥, 𝑘𝑦 are the coordinates of power spectrum
phase screen, respectively. The relationship between refrac-
tive index spectrum and phase spectrum can be present as (𝑍
is the transmission distance)Φ(𝑘𝑥, 𝑘𝑦) = 2𝜋𝑘02Δ𝑍Φ𝑛 (𝑘𝑥, 𝑘𝑦) . (9)

The random phase screen spectrum variance can be
expressed as

𝜎2 (𝑘𝑥, 𝑘𝑦) = 2𝜋𝑁Δ𝑥Φ(𝑘𝑥, 𝑘𝑦) . (10)

Then Fourier transform for the random phase screen
spectrum variance can get the random phase screen:𝜑 (𝑥, 𝑦) = FFT (𝜎 (𝑘𝑥, 𝑘𝑦)) . (11)

And if the input field is 𝐸0, the output optical field
distribution can be expressed as𝐸 (𝑥, 𝑦)
= FFT−1 [FFT [𝐸0 ⋅ exp (𝑖𝜑 (𝑥, 𝑦))] ⋅ 𝐸prop (𝑘𝑥, 𝑘𝑦)] . (12)

Among them, FFT[⋅] and FFT−1[⋅] are referred to Fourier
transform and inverse Fourier transform, and 𝐸prop(𝑘𝑥, 𝑘𝑦)
is the transfer function of the Fresnel diffraction. In the
next section, it will be used to simulate the transmission of
optical vortex in atmospheric turbulence. In simulation, the
atmospheric refractive index constant of 𝐶2𝑛 = 10−14 is used.
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4. The OAM Optical Communication System
Design and Simulation

As shown in Figure 5, the OAM optical communication
systems based on EDVG demultiplexer are designed. The
communication system mainly consists of four parts, includ-
ing the transmitter, multiplexer, free space transport channel,
and the demultiplexer. In the sending side, the IQ modulator
is used to load 16-QAM signals to Gaussian light. Then, four
signal light beams are converted into optical vortex by liquid
crystal spatial light modulator (SLM). Finally, it coupled into
a bunch of coaxial vortex transmitted lights by three beam
splitters. After a distance transmission in free space, the
EDVGcan be used to demultiplex and demodulate the signals
at the receiving side.

4.1. The Equalizing of Diffraction Efficiency. The optical vor-
tices with corresponding topological charges are generated
by SLM. After being transmitted over free space, it is
demultiplexed by using EDVG, and the results of calculated
diffraction efficiency of diffracted orders are showed in
Figure 6. By using the EDVG, after the coaxial propagation
of 1m in the free space the diffraction efficiencies are 19.45%
and 21.55% with the topological charges of ±3 and ±1 and the
total diffraction efficiency is 82%. However, when using the
DVG, the diffraction efficiencies ±3, ±2, and ±1 are 12.06%,
5.06%, and 12.06%, and the total diffraction efficiency is
53.22%. By comparison, these two Dammann vortex gratings
can be used to realize optical vortices demultiplex, and
the total diffraction efficiency of DVG is lower than the
EDVG due to a significant portion of light energy focused
on the zero-order diffraction level. This energy is useless or
even harmful to OAM communication, because it cannot
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Figure 6: The diffraction efficiency of every diffraction order.

implement effective demultiplexing and take up the light
energy of other orders of diffraction, which caused the loss
of light energy. From Figure 6, it can be seen obviously that
the balance of diffraction efficiency is achieved. The EDVG
can realize the uniform distribution of light intensity, and the
diffraction efficiency had significant doubled increase for the
topological charges of±3 and±1. In general, the EDVGcan be
used to improve diffraction efficiency andmake the diffracted
light intensity distribution even to each order of diffraction.

4.2. The BER Performance of OAM Optical Communication
by Using Dammann Vortex Gratings as Demultiplexer. In this
section, the BER performance of OAM optical communi-
cation system by using two Dammann vortex gratings as
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Figure 7: The error curves graph of the OAM optical communication system. (a) The error curves by using DVG and EDVG for
demultiplexing, respectively. (b) The error curves by using DVG and EDVG for demultiplexing in the absence of channel crosstalk.

demultiplexer will be discussed. As shown in Figure 5, 16-
QAM signals can be modulated to 4 Gaussian lights by using
IQ modulator in the sending side. Then, the light sources
carried signals are converted into optical vortex through SLM
and coupled by 3 beam splitters. After transmitting 1m in
free space, the two Dammann vortex gratings are used to
demultiplex and demodulate OAM signals at the receiving
side. Figure 7 is the error curves graph of the OAM optical
communication system. Figure 7(a) is corresponding to the
error curves by using DVG and EDVG demultiplexer. As
shown in Figure 7(a), with the increase of SNR, the BER of
channels are decreased, and the BER of 4 OAM channels are
unequal.The BER in the channels with topological charges of±1 are higher than the other two channels. When the SNR is
22 dB, the BER for topological charges 𝑙 = +1, −1, +3, and −3 are 2.3 × 10−4, 2 × 10−4, 1.5 × 10−4, and 1.5 × 10−4,
respectively. However, by using the EDVG to demultiplex, it
can be seen from the graph that, with the increase of the SNR,
the BER of all channels are gradually reduced almost equally.
When the SNR is 22 dB, the error rates for the channels of
topological charges 𝑙 = +1, −1, +3, and − 3 are 1.1 × 10−4,1.1 × 10−4, 1.0 × 10−4, and 1.0 × 10−4, respectively. At the
same time, it also can be found that the BER differences
among different channels are growing with the SNR increase.
This is because the low SNR and the intersymbol noise will
play a major role. With the enhancing of SNR, intersymbol
noise decreased, and the channel noise became the main
factor which leads to BER difference among different OAM
increases. There are two factors that lead to channel noise:
one is the channel crosstalk between different OAM states
due to the effect of atmospheric turbulence in the process of
beam transmission; the other one is that the light intensity
distribution of different diffraction order is uneven when

DVG is used for demultiplexing. The detected intensity is
weak which will cause error rate rise. In simulation, the same
OAM beams are used, and the OAM channel crosstalk of
two kinds of demultiplex way is consistent. Therefore, the
distribution difference of BER using the EDVG can achieve
diffracted light intensity equilibrium distribution.

To further study the effect of channel crosstalk, only one
OAM light beam carried signals, the BER changes of each
OAMwith SNR increasing in the absence of channel crosstalk
are measured, and the results are showed in Figure 7(b).
From Figure 7(b), when the SNR is 22 dB, the BER of OAM
channels are 8 × 10−5, 8 × 10−5, 8 × 10−5, and 7 × 10−5,
respectively, by using the improved demultiplex. However,
the BER increased to 2×10−4, 1.3×10−4, 8×10−5, and 8×10−5,
if the original grating is used with similar SNR. Compared
with Figures 7(a) and 7(b), it is easy to find that the BER
within eachOAMchannel is lower in the same SNRwhen not
considering the channel crosstalk, but the error rate change is
very small.Therefore, themain reason causing that the BER is
uneven within each OAM channel is the unevenness of light
intensity after using DVG demultiplexer.

5. Conclusion

Optical vortex is a kind of structured light beam which can
carry OAM. In theory, every single wavelength light can
carry infinite vortex state, and they are orthogonal to each
other. By using OAM as a new multiplexing dimension, it
can greatly improve the capacity density of communication.
However, the efficient multiplexing method, with channel
equalization, is one of the most important issues that need to
be resolved. Dammann vortex grating is a kind of component
to achieve efficient separation of vortex state and realize the
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light intensity distribution uniformly. However, we found
that the common Dammann vortex grating can be used
to demultiplex the multiplexed OAM beams and the light
intensity after demultiplexing can focu on the necessary order
of diffaraction. But its zero order has a large amount of
light intensity and the diffracted light intensity is unevenly
distributed, which will result in the BER imbalance between
OAM channels. Here, we improved the Dammann vortex
gratings by inhibiting the even and zero order of diffrac-
tion and realized the uniform regulation of the diffracted
light intensity. The research results show that this improved
Dammann vortex grating can make the diffraction angle
of grating multiplied and achieve greater separation of the
diffracted order. The diffraction angle of grating is 1.8502∘,
and the total diffraction efficiency is 82%. The distribution
balance of light intensity is also achieved by reducing the
number of diffraction orders. Employing this Dammann
vortex grating as demultiplexer for OAM communication
system, the BERwithin each order of diffraction are relatively
uniform, and the channel BER equilibrium distribution is
efficiently realized. When SNR is 22 dB, the BER of topolog-
ical charge 𝑙 = +1, −1, +3, and − 3 are 1.1 × 10−4, 1.1 × 10−4,1.0×10−4, 1.0×10−4 respectively. Our results indicate that the
improved vortex grating has exhibited the wide prospective
in OAM multiplexing and channel equalization for optical
communication.
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nen, and J. Turunen, “An analysis of the angular momentum of
a light field in terms of angular harmonics,” Journal of Modern
Optics, vol. 48, no. 10, pp. 1543–1557, 2001.

[17] S. N. Khonina, V. V. Kotlyar, V. A. Soifer, P. Paakkonen, and J.
Turunen, “Measuring the light field orbital angular momentum
using DOE,” Optical Memory and Neural Networks, vol. 10, pp.
241–255, 2001.

[18] N. Zhang, J. A. Davis, I.Moreno, D.M. Cottrell, and X.-C. Yuan,
“Analysis of multilevel spiral phase plates using a Dammann
vortex sensing grating,”Optics Express, vol. 18, no. 25, pp. 25987–
25992, 2010.



Advances in Condensed Matter Physics 9

[19] C. Zhou and L. Liu, “Numerical study of Dammann array
illuminators,” Applied Optics, vol. 34, no. 26, pp. 5961–5969,
1995.

[20] J. Yu, C. Zhou, W. Jia et al., “Three-dimensional Dammann
vortex array with tunable topological charge,” Applied Optics,
vol. 51, no. 13, pp. 2485–2490, 2012.

[21] J. W. Strohbehn, “Laser beams propagation in the atmosphere,”
Springer-Verlag, vol. 27, no. 2, p. 259, 1978.

[22] L. C. Andrews and R. L. Phillips, “Laser beam propagation
through random media,” SPIE Press, 1998.

[23] J. A. Anguita, M. A. Neifeld, and B. V. Vasic, “Turbulence-
induced channel crosstalk in an orbital angular momentum-
multiplexed free-space optical link,” Applied Optics, vol. 47, no.
13, pp. 2414–2429, 2008.

[24] P. Polynkin, A. Peleg, L. Klein, T. Rhoadarmer, and J. Moloney,
“Optimized multiemitter beams for free-space optical commu-
nications through turbulent atmosphere,”Optics Letters, vol. 32,
no. 8, pp. 885–887, 2007.

[25] J. W. Strohbehn, “Modern theories in the propagation of optical
waves in a turbulent medium,” Topics in Applied Physics, vol. 25,
pp. 45–106, 1978.

[26] R. Frehlich, “Simulation of laser propagation in a turbulent
atmosphere,” Applied Optics, vol. 39, no. 3, pp. 393–397, 2000.

[27] J. D. Strasburg and W. W. Harper, “Impact of atmospheric
turbulence on beam propagation,” in Laser Systems Technology
II, Proceedings of SPIE, pp. 93–102, Orlando, Fla, USA, April
2004.


