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Abstract 
In this work, the spacetime distributions of the electric and magnetic fields of 
photon are revealed. It is first time found that the spacetime distributions of 
electric and magnetic fields of photon are source dependent. Based on this 
discovery, some potential applications are discussed. 
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1. Introduction 

To understand the light, human being experienced three stages. 
In the first stage, the knowledge of the human being regarding the light is 

mainly recorded as legend in each nation’s historical book or literature. Here we 
select two such kinds of legend from Chinese ancient literature as examples put 
in the appendix for the people who are interested to read [1] [2]. 

In the second stage, the human being enters the time of knowledge explosion. 
During this period, a series of famous scientists appear, such as Newton [3], Ein-
stein [4], Huygens [5] and Maxwell [6]. Till now most of knowledge regarding 
the light is based on their achievements. For example, in order to explain the 
straight propagation of light, Newton proposes the light is composed of particles. 
Later on, Huygens and Young’s double slit experiments demonstrate the wave 
property of light. The Maxwell establishes equation and reveals the fact that the 
light is just the electromagnetic wave. And then, Einstein successfully explains 
the photon-electric effect with the particle property of light. In following day, 
each group of scientists try to prove the other side are wrong but failed, that is, 
the light always in some condition shows the particle character, in other condi-
tion, shows the wave property. Finally, both sides reach agreement on the fact 
that the light does have the particle and wave properties together, called “duality 
property”. Therefore, they invent a new word, “photon”, to describe this duality 
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behavior of light. 
Now the time (we can define as the third stage) enters the new era. The situa-

tion will be changed. In our previous work [7], we demonstrate that the light is 
not continuous but discontinuous instead. It is this discontinuous property of 
light that makes the light behave sometimes as a particle, sometimes as a wave. 
From our previous work, we also determine the basic unit of light as a photon 
and make clear the fact that a photon is just one wavelength in the space dimen-
sion and one period in the time dimension. 

From these results, we can for the first time analyze the optical spectrum on 
the solid basis, such as analyzing the optical line width in the spectrum obtained 
from the spectrometer, because our previous work provides a clear starting point 
to distinguish the factors making the line in spectrum broadening. For example, 
the theoretical line width in the spectrum should be one period in time domain 
or one wavelength in space domain, all other factors, such as natural line broaden-
ing, thermal broadening, will cause the line in spectrum broadening further [8]. 

Based on the progress achieved in our previous works, here we will move one 
more step further, that is, what a photon really looks like? 

2. Theoretical Consideration 

Theoretically, we can take the simplest system, hydrogen atom, to start our dis-
cussion. 

( ) ( )H 2s H 1s photon= +                         (1) 

where H(1s) and H(2s) are the hydrogen atom at ground 1s state and excited 2s 
state, respectively. 

This equation tells us that the hydrogen atom at the ground state, H(1s), can 
absorb a photon and be excited to the excited state, H(2s), and vice versa. During 
this process, the energy conservation should be valid, therefore, we can get, 

( ) ( ) ( )E 2s E 1s energy of the photonhν= +                (2) 

where E(1s) and E(1s) (E2s and E1s) are the energies for hydrogen atom at 1s and 
2s states, respectively; h is Plank constant, ν is frequency. 

Based on the quantum mechanics [9] and electromagnetism [10], we know, 

2 2* *
2 2 1 10 0 0

1d d d
2 2s s s sH H N E Bεϕ ϕ τ ϕ ϕ τ τ

µ
∞ ∞ ∞ 

= + + 
 

∫ ∫ ∫           (3) 

where N is the unit conversion factor to change the joule into the atomic unit; 

1sϕ  and 2sϕ  are the wave functions for hydrogen atom at 1s and 2s states, re-
spectively; H is the Hamilton operator for hydrogen atom; E and B are the elec-
tric and magnetic fields, respectively; ε and µ are the permittivity and permeabil-
ity of vacuum, respectively. 

From the principle of mathematical integration [11], we get, 

2 2* *
2 2 1 1

1
2 2s s s sH H N E Bεϕ ϕ ϕ ϕ

µ
 

= + + 
 

                (4) 
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Based on the electromagnetic theory [10], we know there is a relation between 
the electric field and the magnetic field as 

E cB=  

where c is the speed of light in the vacuum. 
Therefore, the last term in bracket can be combined as one term as 

2 2* *
2 2 1 1 2

1
2 2s s s sH H N E E

c
εϕ ϕ ϕ ϕ

µ
 

= + + 
 

              (5) 

2* *
2 2 1 1 2

1
2 2s s s sH H N E

c
εϕ ϕ ϕ ϕ

µ
 

= + + 
 

                (6) 

2* *
2 2 1 1s s s sH H K Eϕ ϕ ϕ ϕ= + , where 2

1
2 2

K N
c

ε
µ

 
= + 

 
         (7) 

( )2 * *
2 2 1 1

1
s s s sE H H

K
ϕ ϕ ϕ ϕ= −                     (8) 

( )

2 2

2

13 1 1 1 3 e
64 32 8 256

1 1 1 1e , 0
2

r

r

E r r
r

r
r K

λ

−

−

 = − − +  

 + − + < ≤ 
 

π π π π


π π 

               (9) 

( ) ( )2
2 1

1 , 0s sE F r r
K

λ−= < ≤                    (10) 

where, 

( )

( )

2
2 1

2

13 1 1 1 3 e
64 32 8 256

1 1 1 e , 0
2

r
s s

r

F r r r
r

r
r

λ

−
−

−

 = − − +  
 + − + < ≤    

π π π π

π π

            (11) 

( ) ( )( )
( )( ) ( )

*
2 1 2 1

2 1

1 exp

exp , 0 ;0

s s s s

s s

E E F r E E ti
K

E E ti r t Tλ

−⋅ = − −

× − < ≤ ≤ ≤
          (12) 

Therefore, 

( ) ( )( )

( ) ( )( ) ( )

2 1 2 1

2

1 2

1 2

1 2 1

1 exp

1 1and exp , 0 ;0

s s s s

s s s s

E F r E E ti
K

B F r E E ti r t T
c K

λ

−

−

 = − −  

= − − < ≤ ≤ ≤

    (13) 

If we take the real parts of E and B, they are 

( ) ( )( )

( ) ( )( ) ( )

1 2

1 2

2 1 2 1

2 1 2 1

1 cos

1 1and cos , 0 ;0

s s s s

s s s s

E F r E E t
K

B F r E E t r t T
c K

λ

−

−

 = −  

 = − < ≤ ≤ ≤  

    (14) 

If we take the imaginary parts of E and B, they are 
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( ) ( )( )

( ) ( )( ) ( )

2 1 2 1

2 1 2 1

1 2

1 2

1 sin

1 1and sin , 0 ;0

s s s s

s s s s

E F r E E t
K

B F r E E t r t T
c K

λ

−

−

 = − −  

 = − − < ≤ ≤ ≤  

   (15) 

Similarly, 

( )

( )

( ) ( )

2 * *
2 0 2 0 1 1

2

1

1 3 3 cos exp
32 8 2

1 1 1 1exp 2 , 0 ;0
2

p p s sE H H
K

r r r

r r
r K

ϕ ϕ ϕ ϕ

θ

λ θ

= −

  = − −   
 + − + − < ≤ ≤ ≤  π π 

π


π

       (16) 

where 2 0pϕ  is the wave function for hydrogen at excited state 2p0. 

( )2
2 0 1

1,p sE F r
K

θ−=                        (17) 

where 

( ) ( )

( ) ( )

2
2 0 1

1 3 3, cos exp
32 8 2

1 1 1 1exp 2 , 0 ;0
2

p sF r r r r

r r
r K

θ θ

λ θ

−
  = − −  π

π
π

 
 + − + − < ≤ ≤ ≤   π 

    (18) 

( ) ( )( )
( )( ) ( )

*
2 0 1 2 0 1

2 0 1

1, exp

exp , 0 ;0 ;0

p s p s

p s

E E F r E E ti
K
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θ

λ θ

−⋅ = − −

× ≤ π− < ≤ ≤ ≤ ≤
     (19) 

Therefore,  
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1
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         (20) 

If we take the real parts of E and B, they are 

( ) ( )( )
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1
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0 1 2
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If we take the imaginary parts of E and B, they are 

( ) ( )( )

( ) ( )( )
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2 0 1 2 0 1

2 0 1 2 0
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In principle, we can get the expressions of E and B for the photon from all 
kinds of sources. 

3. Discussion 

From the result above, we notice that the photon is composed of the electric field 
and magnetic field which have the spacetime distributions. From the expressions 
of F2s-1s(r) and F2p0-1s(r, θ), it is obvious that the electric and magnetic fields dis-
tributions of photon are source dependent, that is, the photon from different 
origin has its own pattern of spacetime distribution. For example, comparing the 
photon from 2 1s sϕ ϕ→  and that from 2 0 1p sϕ ϕ→ , their E and B spacetime 
distributions are definitively different, but the energies of photon from both 
processes are the same. 

At moment, we still don’t know whether these different E and B spacetime 
distributions of photon have effect on the optic process or not, and how these 
different spacetime distributions of E and B affect the optic process, especially 
the optical-chemical reaction, therefore, much more work should be done in this 
field. 

For most of people, they know the E and B spacetime distributions of photon 
can be obtained by directly solving the Maxwell’s equation and the E and B 
spacetime distributions are always shown as the picture in Figure 1. Compared 
to our result above (see the expressions of F2s-1s(r) and F2p0-1s(r, θ)), they are to-
tally different, and another obvious difference is in that for the spacetime distri-
butions of the electric and magnetic fields from directly solving the Maxwell’s 
equation, it doesn’t matter the energies of photons are the same or not, they al-
ways share the similar spacetime distributions. It is very strange, to our knowl-
edge, till now, nobody doubts this result, they all accept as it is. How to explain 
this conflict between our result and that from directly solving the Maxwell’s 
equation? Our understanding is, the result from the Maxwell’s equation corre-
sponds to the photon which has no source, that is, the photon without the ori-
gin, but this situation doesn’t exist in reality. Each photon in reality does have 
 

 
Figure 1. The Illustration of the spacetime distributions of electric and magnetic fields of 
electromagnetic wave by directly solving the Maxwell’s equation. 
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the source to create it, just like a bullet flying in spacetime, if the gun doesn’t ex-
ist to fire it, where this bullet comes from? We are surprised by that so simple 
fact is not paid attention to so long time by the scientific world. Fortunately, this 
situation is finally ended by our work here.  

Before we discuss the potential applications of our result above, it should be 
pointed out the fact that from the whole history of science and technology, the 
developments of science and technology always promote each other. Sometimes 
the science promotes the development of new technology; sometimes the tech-
nology promotes the development of new branch of science. We hope someday 
in the future, we can not only distinguish the photon by its frequency and wave-
length, but also by its spacetime distributions of electric and magnetic fields. As 
a result, the science will be promoted to the higher level of resolution and preci-
sion. 

As a summary, based on our result in this work, we predict there are four ma-
jor potential applications. 

1) Information about the Light Source 
From the result in this work, we know that the spacetime distributions of the 

electric and magnetic fields of photon are dependent on source, therefore, we 
can reversely get some information regarding the structure of the source from 
the spacetime distributions of the electric and magnetic fields of photon. For 
example, the photon from 2 1s sϕ ϕ→  has the spherical symmetry of the electric 
and magnetic fields spacetime distributions, that means the photon is created by 
the source which has spherical symmetry; whereas the photon from 2 0 1p sϕ ϕ→  
doesn’t have the spherical symmetry of the electric and magnetic fields space-
time distributions, therefore, we know that the photon from 2 0 1p sϕ ϕ→  is cre-
ated by the source which doesn’t have spherical symmetry. 

2) Optic-Chemical Reaction [12] 
If we can determine which spacetime distributions of the electric and mag-

netic fields of photon will be more efficient to ignite the optic-chemical reaction, 
then we can utilize this property of photon to improve the energy efficiency in 
optic-chemical reaction. For example, the photon from the 2 1s sϕ ϕ→  and the 
photon from the 2 0 1p sϕ ϕ→  have the same frequency but their spacetime dis-
tributions of the electric and magnetic fields are different; therefore, their effect 
on the optic-chemical reaction should be different. If we can distinguish the 
photons from 2 1s sϕ ϕ→  and from 2 0 1p sϕ ϕ→ , then, the more detail mecha-
nism of the optic-chemical reaction will be revealed. 

3) Optical Communication 
To our knowledge, now the optical communication [13] is always realized by 

the modulation of the frequency or amplitude of the photon. Our work here of-
fers the third way to make optical communication, that is, to decode the infor-
mation carried by the photon by the spacetime distributions of the electric and 
magnetic fields of photon. In this way, the capacity of the information carried by 
the photon will be not limited by the range of frequency, such as band width, 
because even if the frequency of the photon is the same but the spacetime dis-
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tributions of the electric and magnetic fields of photon are different. 
4) Optical Computer 
From the literature, one of the hot topics is the optical computing [14]. Our 

work offers a new way to develop the optical computer. For example, we can de-
fine the photon from 2 1s sϕ ϕ→  as 0, and the photon from 2 0 1p sϕ ϕ→  as 1. In 
this way, we can simplify the optical-computer and make calculation much faster 
and easier. Furthermore, our work also provides extra safety control for the data 
protection, that is, the data handled in the computing process are spacetime 
shape dependent. 

As we discussed above, all the applications mentioned here rely on the new 
technology development. We wish the new technology comes as earlier as possi-
ble. 

4. Conclusion 

In this work, we demonstrate the spacetime distributions of the electric and mag-
netic fields of photon. It is concluded that the spacetime distributions of electric 
and magnetic fields of photon are source dependent. Based on the conclusion 
obtained in this work, some important potential applications are predicted. 
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Appendix 

1) At the beginning of our universe, there are ten suns in sky (I think this 
situation only may occur not long after the Big Bang.), which keep the hottest 
weather in our universe and it is very difficult for the living stuff to survive, not 
mention for the human being. In order to change this situation, the people think 
they have to shoot down at least some of suns to make the weather not so hot. 
So, they ask the powerful man named as “Yi” to finish this task. Yi uses the spe-
cial bow and arrow shooting down nine suns but the last sun is scared and run 
away. As a result, the whole world becomes very dark and too cold for the living 
species to live. Then the people try to call the last sun coming back. They think 
the sun may not understand the language of the human being, therefore, they 
figure the music is the international language which the sun may understand. So, 
the people ask the best singer at that time to sing the most beautiful song and 
wish the sun can understand and comes back. But the effort of the human being 
is failed. Then, the people think the animal’s song the sun may understand and 
like to hear, by trying and error, finally the people find the singing song by cock 
works. Since then, every morning, as long as cock starts singing, the sun will 
show up, called sunrise. 

2) Mr Confucius is a famous scholar at the ancient time in Chinese history 
and believed he can answer any kind of questions. One day he heard two kids 
disputing each other over there and he went over, asking “what puzzle do you 
have?”, one kid said, “ your honor, Mr Confucius, my opinion is in the morning, 
the sun is closer to us, because in the morning, the sun is bigger, the bigger, the 
nearer”. Then second kid said, “your honor, Mr. Confucius, my opinion is in the 
noon, the sun is closer to us, because in the noon, we feel hotter, the hotter, the 
nearer”. Based on the limited knowledge about the light at the ancient time, the 
Confucius can’t answer the question and run away. 

Above two stories reflect the effort of the human being in understanding the 
light at the ancient time.  
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Abstract 
For the traditional photonic crystal fibers with circular air holes, rectangular 
air holes are added to the fiber cladding. The periodic arrangement of the in-
ner rectangular air holes allows the fiber structure to better match the annular 
mode field distribution of the vortex beam. The fiber structure was analyzed 
and calculated by COMSOL Multiphysics 5.4 finite element software, and the 
characteristics of fiber were analyzed, such as the dispersion, confinement 
loss, effective mode area and nonlinear coefficient. The results reveal that the 
photonic crystal fiber structure capable of carrying 50 orbital angular mo-
mentum (OAM) modes at the wavelength of 1.15 to 2.0 μm (850 nm). The 
effective refractive index difference Δneff between vector modes can reach 1 × 
10−3, and larger difference can effectively separate the vector modes and im-
prove the transmission performance of OAM modes. Moreover, the fiber has 
good performance, such as flat dispersion distribution of the low-order 
modes, low confinement loss below 10−9 dB∙m−1, large effective mode field 
area and small nonlinear coefficient in the 850 nm wavelength range. There-
fore, this fiber structure can be applied to the high-capacity communication 
system of fiber multiplexing OAM. In addition, the good characteristics of 
this fiber structure are of great significance for the transmission of vortex 
beam in fiber.  
 

Keywords 
Fiber Optics Communication, Photonic Crystal Fiber, Orbital Angular  
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1. Introduction 

With the rapid changes in the informatization of modern society, the communica-
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tion technology has developed toward high speed and large capacity [1]. The 
vortex beam is a new type of beam with helical phase wavefront, and OAM 
modes with different topological charges are orthogonal in space, which can be 
used as independent channels. So the vortex beam can realize the multi-channel 
transmission of the information, which fundamentally improves the communi-
cation capacity of the free-space optical communication system [2] [3]. There-
fore, the generation of high-quality vortex beams is a key issue in the research of 
orbital angular momentum (OAM) multiplexed communication system. In ad-
dition, the vortex beams generated by the fiber in many generation methods can 
simplify the optical structure and have higher phase purity. And the combina-
tion of the fiber and the vortex beam can not only improve the performance of 
the fiber, but also expand the application of the fiber. Generally, the difference in 
effective refractive index between vector modes in fiber is too small, the modes 
will occur crosstalk and merging each other during propagation to form a line-
arly polarization (LP) mode, and the OAM mode cannot be transmitted stably in 
such waveguides [4]. In summary, it is particularly pivotal to design a fiber that 
can support multiple OAM modes, and ensure the stable transmission of vortex 
beams in fiber. 

In recent years, various fiber structures supporting OAM modes transmission 
have been studied. Fibers such as air-core step fiber [5] [6], graded-index fiber 
[7] and multi-core fiber [8] don’t have enough adjustable parameters to ensure 
the purity of the OAM mode. Moreover, the effective refractive index difference 
between the vector modes is mostly on the order of 10−4, so that the number of 
OAM modes supported by the fiber is small. Compared with the traditional fiber 
structure, the photonic crystal fiber (PCF) is more conducive to the design of 
various new functional fibers because of its many adjustable parameters, such as 
the low loss, excellent nonlinearity and dispersion, etc. [9]. In 2012, Yue et al. 
[10] designed a regular hexagonal PCF with the cladding material of As2S3, 
which can only support 2 OAM modes transmission, but this fiber has larger 
dispersion and confinement loss, which is not conducive to stable transmission 
of OAM modes. Wong et al. [11] twisted the PCF to generate a variety of OAM 
modes, which had the advantage of generating abundant OAM modes. In 2016, 
Tian et al. [12] designed a circular ring PCF structure that can support 26 OAM 
modes transmission in the core, and studied the characteristics of dispersion and 
confinement loss. In 2018, Nandam et al. [13] proposed a spiral PCF with spi-
rally arranged air holes that can support 14 OAM modes, and the effect of 
ellipticity on the index of fiber mode was discussed. But this fiber is relatively 
complex, which is not conducive to large-scale applications. Bai et al. [14] pro-
posed a PCF with rectangular air holes that can support 46 OAM modes, which 
greatly increased the number of modes. In summary, using PCF to transmit the 
OAM mode, the number of the modes and inter-mode crosstalk is still difficult 
to affect its application. 

In this study, by optimizing and modifying the size and spacing of air holes, a 
PCF with a combination of rectangular and circular air holes was proposed. The 
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fiber structure was analyzed and calculated by COMSOL Multiphysics 5.4 finite 
element software. And the fiber characteristics were studied in detail. Also, the 
fiber has good performance, such as flat dispersion distribution, low confine-
ment loss, large effective mode field area and small nonlinear coefficient in the 
850 nm wavelength range. 

2. Theoretical Basis and Design Principle 
2.1. Theoretical Basis of the Fibers 

The fiber is a circularly symmetrical dielectric optical waveguide. There are four 
vector modes, including TE mode, TM mode, HE mode and EH mode [15]. 
Among them, the HE and EH mode both have odd and even mode states, and 
there is a phase difference of ±π/2 between the two mode states [16]. Generally, 
the effective refractive index difference between vector modes is small, and the 
modes will occur crosstalk during propagation to form a LP mode [17] [18]. 
Similar to the LP mode, the OAM modes are also composed of vector modes in 
the fiber. When the effective refractive index difference between the modes is 
greater than 1 × 10−4, the vector modes will be superimposed to generate the 
OAM mode. 

The OAM modes are generally composed of the odd-mode and even-mode 
linear superposition of the same order HE mode or EH mode in the fiber, which 
can be expressed as [19]: 

, 1, 1,OAM HE HEeven odd
l m l m l mj±

± + += ±                   (1) 

, 1, 1,OAM EH EHeven odd
l m l m l mj± − −= ±                   (2) 

where l represents the topological charge, and m means the radial mode order. 
The superscript “±” of ,OAM l m

±
±  means the spin state of the OAM mode and 

the subscript “±” means the direction of the wavefront rotation. The “even” and 
“odd” represent even mode and odd mode, respectively.  

According to Equation (1) and Equation (2), it is known that HEl+1,m or EHl-1,m 
can be synthesized into the OAMl,m mode. The OAMl,m mode formed by the su-
perposition of 1,HEeven

l m+  and 1,HEodd
l m+  has the same circular polarization and 

field rotation direction, while the OAMl,m mode formed by the superposition of 

1,EHeven
l m−  and 1,EHodd

l m−  has the opposite behavior. 

2.2. Photonic Crystal Fiber Structure 

For effectively separate the vector modes and generate multiple OAM modes, the 
basic objectives of the fiber structure design [12] mainly include: 1) as many the 
OAM modes as possible can be generated, and the effective refractive index dif-
ferences between the vector modes should large enough (>1  10−4). 2) The fiber 
structure should be matched with the annular distribution of the OAM mode 
field, and it has a excellent fiber performance in C + L band. 

In this study, the PCF structure is improved from two aspects of fiber cladding 
air holes and fiber structure. The cladding air holes are set in a circular annular 
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distribution around the fiber core, which is beneficial to the generation of OAM 
modes of annular mode field distribution. In addition, the cladding air hole is set 
to a combination of rectangle and circle in the structure to provide a higher air 
filling rate. This method not only ensures a large refractive index difference in 
the fiber, but also prevents the leakage of higher-order modes. when the cladding 
of the PCF uses a rectangular air hole, the structure is not easily deformed, and 
the PCF has more stable characteristics [20] [21]. With the development of 
technology, rectangular air holes can be realized by methods such as sol, gel, 
casting and photolithography [22] [23], and the PCF with rectangular air holes 
can be fabricated. 

Figure 1 shows the distance from the core to the cladding air hole is un-
changed, and the effect of the core radius on the topological charge, radial order 
and the mode effective refractive index difference between the OAM modes at a 
wavelength of 1.55 μm. As shown in Figure 1(a), when the core radius r0 gradu-
ally increases, the second-order radial mode disappears gradually. When the 
core radius r0 is 8 μm, all the second-order radial modes disappear completely. 
In order to facilitate modular division multiplexing, this study only considers the 
first-order radial mode, taking m = 1. When the core radius r0 changes in the 
 

 
(a) 

 
(b) 

Figure 1. Variation of OAM mode with core radius r0. (a) topological charge number l 
and m of OAMl,m mode with core radius r0; (b) effective refractive index difference of 
vector mode with core radius r0. 
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range of 6.0 to 9.5 μm, the number of OAM modes increases at first and then 
decreases gradually, and the field distribution of the vector mode becomes more 
and more clear, which is beneficial to distinguish the vector modes of each or-
der. When the core radius r0 is 8.9 μm, the number of OAM modes is the highest 
and reaches the peak value. Figure 1(b) shows the relationship between the core 
radius and the effective refractive index difference of the vector modes. It can be 
seen that the difference between the vector modes becomes larger with the in-
crease of the core radius r0. Combining Figure 1(a) and Figure 1(b), consider-
ing both the number of OAM modes and the effective refractive index difference 
between vector modes, the core radius r0 is 8.9 μm. Therefore, in the optimized 
design of the fiber structure, the effective refractive index differences between 
the vector modes cannot be blindly increased, and the number of OAM modes 
must be considered. 

The cross-section of the improved PCF structure is shown in Figure 2. The 
fiber core is a large air hole with the air hole radius is r0 = 8.9 μm and the thick-
ness of annular high refractive index region is d = 2.5 μm. The cladding is ar-
ranged as four layers of air hole ring layer outward around the center of the cir-
cle, and the distance between cladding layers is Λ = 0.3 μm. The length of rec-
tangular air hole is a = 1.5 μm, the width is b = 1.2 μm, while the diameter of the 
circular air hole is d1 = 1.8 μm. The substrate material is silica (SiO2), whose re-
fractive index is n1 = 1.444 at 1.55 μm, and air hole is n2 = 1. 

3. Simulation Results 

The PCF structure designed in this study is calculated and analyzed by using the 
finite element software, the mode field distribution and the OAM modes sup-
ported in designed PCF were obtained. 

3.1. The Mode Field Distribution 

Figure 3 and Figure 4 show the normalized intensity distributions and the field 
intensity distribution in the Ez direction of the partial vector modes in the PCF 
at the wavelength of 1.55 μm, respectively. Figure 3 shows that the modes in the  
 

 
Figure 2. Schematic diagram of cross section in the PCF. 
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Figure 3. Normalized intensity distributions of the partial modes in the proposed PCF. 
 

 
Figure 4. Field intensity distributions in the Ez direction of the partial modes supported 
by the designed PCF. 
 
fiber are confined to the annular region among the air holes, and both are vortex 
beams with zero light intensity at the center, but it is difficult to distinguish 
whether it is EH mode or HE mode. Combined with Figure 4, the EH mode and 
HE mode of each order can be clearly distinguished. The red and blue area pairs 
in Figure 4 represent the size of the mode field strength. It can be seen from 
Figure 4 that there are 12, 6 and 3 groups of red and blue area pairs of HE12,1, 
HE6,1 and HE3,1 mode. EH12,1, EH6,1 and EH3,1 mode also have this kind of field 
distribution. In the field intensity distribution diagram of the Ez direction, the 
EH modes are closer to the inner core boundary of the fiber, while the HE 
modes are closer to the cladding of the fiber [14].  

According to Equation (1) and Equation (2), the mode field and phase distri-
bution of the OAM mode generated by the odd mode and even mode superposi-
tion of HE mode are as shown in Figure 5. The first and second rows in Figure 
5 are mode field and phase distributions of 11OAM+  mode  
( even odd

11 21 21OAM HE HEj+ = + ) and 31OAM+  mode ( even odd
31 41 41OAM HE HEj+ = + ), re-

spectively. We can see from Figure 5 that the annular distribution of intensity 
of the OAM mode remains unchanged. The area of the singularity in the center of 
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Figure 5. Changes of the light intensity and phase diagram of the vortex beam superim-
posed by the vector mode. 
 
the aperture increases as the topological charge increases, and the aperture be-
comes thinner. Meanwhile, with the increase of topological charge l, the phase 
changes to 2πl with a period.  

3.2. The OAM Modes Supported In Designed PCF 

Based on the properties of topological charge and rotation polarization of the 
OAM mode, the vector modes existing in the PCF are analyzed. It can be known 
that the topological charge of the vector mode supported by the PCF is l = 1 - 13. 
When the topological charge is l = 1, the OAMl,m mode has the same circular 
polarization and field rotation direction, and 2 OAM modes (OAM±1,1 mode is 
formed by HE2,1 mode) can be synthesized. When the topological charge number 
l ≥ 2, the OAMl,m mode can be divided into four kinds of information states in 
which the topological charges are positive and negative and the polarization di-
rection is left and right rotation. Therefore, the PCF structure can contain 50 
OAM modes at the wavelength of 1.15 to 2.0 μm (850 nm). Compared with the 
26 modes in reference [12] and the 46 modes in reference [14], the bands are 
wider and the number of modes is larger. Table 1 shows OAM modes supported 
by the PCF and the corresponding vector modes.  

4. The Characteristics of Proposed PCF 

In this part, the characteristics of the fiber were discussed, such as the disper-
sion, confinement loss, effective mode area and nonlinear coefficient. 

4.1. The Mode Effective Refractive Index 

Figure 6 shows the effective refractive index of the vector mode varies with 
wavelength. We can know that as the wavelength increases, the mode effective 
refractive index neff decreases in the PCF. In addition, with the increase of the 
order of the OAM modes, the effective refractive index of the mode decreases  
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(a) 

 
(b) 

Figure 6. Variation of the effective refractive index of different vector modes at different 
wavelengths. (a) variation of HE modes; (b) variation of EH modes. 
 
Table 1. OAM modes are contained in the photonic crystal fiber and the corresponding 
vector modes. 

OAM modes Topological charge |l| Vector modes 

OAM± 
±1,1 1 HE2,1 

OAM± 
±2,1 2 HE3,1 EH1,1 

OAM± 
±3,1 3 HE4,1 EH2,1 

OAM± 
±4,1 4 HE5,1 EH3,1 

OAM± 
±5,1 5 HE6,1 EH4,1 

OAM± 
±6,1 6 HE7,1 EH5,1 

OAM± 
±7,1 7 HE8,1 EH6,1 

OAM± 
±8,1 8 HE9,1 EH7,1 

OAM± 
±9,1 9 HE10,1 EH8,1 

OAM± 
±10,1 10 HE11,1 EH9,1 

OAM± 
±11,1 11 HE12,1 EH10,1 

OAM± 
±12,1 12 HE13,1 EH11,1 

OAM± 
±13,1 13 HE14,1 EH12,1 

 
faster and the curve is more inclined. Figure 7 shows the effective refractive in-
dex differences Δneff between the vector modes varies with wavelength. When 
the wavelength increases, the effective refractive index differences Δneff become 
increasingly lager. As can be seen from the standard line with a refractive index  
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Figure 7. Variation of effective refractive index differences between vector modes at dif-
ferent wavelengths. 
 
difference of 1 × 10−4 in Figure 7, the differences Δneff between the vector modes 
are greater than 1 × 10−4. In particular, the effective refractive index differences 
Δneff of HE3,1 and EH1,1 modes can reach 2.6 × 10−3 at the wavelength of 1.55 μm. 
The larger effective refractive index differences can effectively reduce the modal 
coupling and form a stable OAM mode transmission without serious crosstalk 
and mutual coupling.  

4.2. Dispersion Properties 

The fiber dispersion is one of the important parameters in optical waveguides, 
which has a great impact on the performance of fiber, and it will cause the 
broadening of optical pulses and further increase the communication rate. PCF 
can adjust the various structural parameters to make the dispersion value of the 
photonic crystal fiber maintain a flat characteristic in a relatively wide band. The 
waveguide dispersion can be expressed as [19]: 

( )2

2

Re effn
D

c
λ

λ

∂
= −

∂
                      (3) 

where Re(neff) is the real part of mode effective refractive index. 
Figure 8 shows the dispersion versus wavelength curve for each vector mode 

of the PCF at the wavelength of 1.15 to 2.0 μm (850 nm). It can be seen from 
Figure 8 that when the incident light wavelength is in the range of 1.15 to 2.0 
μm (850 nm), the dispersion of the low-order mode (l < 6) have little change 
with increasing of wavelength, and the dispersion distribution curve tends to be 
flat. This phenomenon is beneficial to the stable transmission of the OAM 
modes in the PCF. The dispersion of the higher-order mode is larger than that of 
the lower-order mode, and becomes larger as the wavelength increases. This also 
verifies the unstable transmission of the high-order mode in the fiber. In addi-
tion, the dispersion of HE3,1 mode is 46.9649 ps∙(nm∙km)−1, and the dispersion of 
HE4,1 mode is 57.4461 ps∙(nm∙km)−1 at the wavelength of 1.55 μm. 

4.3. Confinement Loss 

When the light transmits through the core, it will leak into the air holes of the  
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(a) 

 
(b) 

Figure 8. Dispersion varies with wavelength for the different vector modes. (a) HE 
modes; (b) EH modes. 
 
cladding in the fiber, resulting in confinement losses in the PCF. The confinement 
loss L can be expressed as [24]: 

( )2 20 Im
ln10 effL n

λ
π

=                          (4) 

where Im(neff) is the imaginary part of mode effective refractive index, and the 
unit of confinement loss L is dB∙m−1. 

The confinement loss L of the modes at the wavelength of 1.55 μm is shown in 
Table 2. We can know that each vector modes of the PCF has a relatively low 
confinement loss at a wavelength of 1.55 μm, and confinement loss is in the 
range of 10−11 dB∙m−1 to 10−9 dB∙m−1. This is mainly because each order mode can 
be well constrained in the fiber core, so the overall confinement loss is relatively 
ideal. In addition, the confinement loss of HE4,1 mode is only 1.30 × 10−10 dB∙m−1, 
whose result is four orders of magnitude lower than that in reference [25]. 
Therefore, it can be seen that the structure of the PCF designed in this study has 
a small confinement loss when transmitting the vortex beam, which lays a foun-
dation for the stable transmission of the vortex beam in the fiber in the experi-
ment.  

4.4. Effective Mode Area and Nonlinear Coefficient 

The nonlinear coefficient and the effective mode area in the fiber are also im-
portant factors influencing the mode transmission. The smaller the nonlinear 
coefficient is, the better the transmission performance of the fiber communica-
tion system. The nonlinear coefficient and the effective mode area are respec-
tively expressed as [26]. 
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Table 2. Confinement loss for different vector modes at 1.55 μm wavelength in PCF. 

Vector modes HE1,1 HE2,1 HE3,1 HE4,1 HE5,1 HE6,1 

Confinement loss (dB∙m−1) 4.84E−10 1.48E−10 1.25E−09 1.30E−10 2.54E−10 7.54E−11 

Vector modes HE7,1 HE8,1 HE9,1 HE10,1 HE11,1 HE12,1 

Confinement loss (dB∙m−1) 2.85E−11 3.31E−10 5.90E−10 7.50E−10 3.19E−10 3.14E−10 

Vector modes HE13,1 HE14,1 EH1,1 EH2,1 EH3,1 EH4,1 

Confinement loss (dB∙m−1) 9.08E−10 2.04E-09 3.70E−10 2.85E−11 2.85E−11 5.90E−10 

Vector modes EH5,1 EH6,1 EH7,1 EH8,1 EH9,1 EH10,1 

Confinement loss (dB∙m−1) 7.50E−10 3.19E−10 3.14E−10 2.85E−11 3.31E−10 5.90E−10 

Vector modes EH11,1 EH12,1     

Confinement loss (dB∙m−1) 7.50E−10 3.19E−10     

 

22
Aeff

nγ
λ
π

=                              (5) 

( )( )
( )

22

4

, d d
A

, d d
eff

x y x y

x y x y
=
∫∫
∫∫

E

E
                      (6) 

where E(x, y) is the distribution of electric field. Since the cladding material is 
silicon, n2 = 2.3  10−20 m2∙w−1 is the nonlinear refractive of the fused silica. 

The effective mode area and nonlinear coefficient of vector mode are shown 
in Figure 9 and Figure 10, respectively. It can be known from Figure 9 that as 
the wavelength and mode order increase, the mode effective area increases be-
cause the field strength of the higher-order mode is more likely to leak into the 
air cladding. On the contrary, the nonlinear coefficient in Figure 10 has the op-
posite change. The nonlinear coefficients of all vector modes in the PCF are 
small, ranging from 0.6 W−1∙km−1 to 1.5 W−1∙km−1. This phenomenon is benefi-
cial to the OAM mode transmission in the fiber. The nonlinear coefficient of 
HE8,1 mode at wavelength 1.55 μm is 0.80175 W−1∙km−1. Compared with in ref-
erences [12] and [27], the nonlinear coefficient is smaller and the nonlinear ef-
fect is weaker in this study. Therefore, the better the transmission performance 
of the fiber communication system in this PCF will be. 

5. Conclusions 

In this study, a PCF structure capable of supporting 50 OAM modes is designed. 
The fiber characteristics of different modes in the PCF are discussed. Based on 
the numerical simulation, we can draw the following conclusions: 

1) The PCF can support 50 OAM modes in the wavelength range of 1.15 to 2.0 
μm (850 nm), the effective refractive index differences Δneff of HE3,1 and EH1,1 
modes can reach 2.6 × 10−3 at the wavelength of 1.55 μm. The larger effective re-
fractive index differences can effectively separate the vector mode and improve 
the transmission performance of the OAM mode in fiber. 

https://doi.org/10.4236/opj.2020.104005


X. Z. Ke, S. S. Wang 
 

 
DOI: 10.4236/opj.2020.104005 60 Optics and Photonics Journal 
 

 
(a) 

 
(b) 

Figure 9. Variation of effective mode area of different modes at different wavelengths. (a) 
HE modes; (b) EH modes. 
 

 
(a) 

 
(b) 

Figure 10. Variation of nonlinear coefficient of different modes at different wavelengths. 
(a) Variation of HE modes; (b) variation of EH modes. 
 

2) The dispersion distribution of the low-order mode tends to be flat at the 
wavelength of 1.15 μm to 2.0 μm (850 nm). The confinement losses of all the 
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vector mode supported by the fiber are less than 10−9 dB∙m−1, and the nonlinear 
coefficients of all vector modes are between 0.6 - 1.5 W−1∙km−1. It is beneficial to 
the stable transmission of the OAM mode. Therefore, by optimizing the fiber 
parameters of the photonic crystal fiber, the number of OAM modes that sup-
porting transmission can be effectively improved, and various fiber characteris-
tics can be better improved. It is very valuable in large-capacity OAM commu-
nication systems that require mode division multiplexing. 
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Abstract 

In order to improve the correction effect of the adaptive optical system in 
coherent optical communication, we investigate the relative distortion be-
tween the wavefronts of different wavelengths of the beams transmitted on 
the near-ground horizontal atmospheric turbulent links emitted by coherent 
optical communication system. And the situation is analyzed when the wave-
length corresponding to the wavefront detected by the wavefront detector 
and the wavelength corrected by the deformed mirror are different, the in-
fluence of the wavelength factor on the adaptive optical system correction. 
We use a series of trigonometric functions and the Hankel transformation to 
derive the corrected residual variance and the Strehl ratio between the wave-
front distortions of the wavelengths of the dual-wavelength combined beam 
in atmospheric turbulence. In relation to the parameters of the turbulent en-
vironment, the ensemble average of the wavefront difference corresponding 
to different wavelengths the derived is proposed as the coefficient to correct 
the dual-wavelength adaptive optical system. The results show that the statis-
tic of the turbulence internal scale has a major influence on the difference 
between the wavefronts. By adding the correction coefficient, the signal 
light’s wavefront of the coherent optical communication system can be cor-
rected more effectively by the dual-wavelength adaptive optical closure. 
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1. Introduction 

The coherent optical communication system uses a laser beam as information 
carrier to communicate between channels in space (including the near-Earth 
atmosphere, low orbit, medium orbit, synchronous orbit, interstellar space), it 
based on coherent detection has the advantages of high receiving sensitivity, 
strong anti background noise and so on. The most fundamental effect of atmos-
pheric turbulence for the channel on the laser transmission is the degradation of 
the coherence of the transmitted beam. The random change of atmospheric 
pressure and density caused by the random change of atmospheric temperature 
leads to the random change of atmospheric refractive index. When the beam is 
transmitted in an area with the random change of the refractive index, an optical 
path difference is generated, which leads to the wavefront distortion. The wave-
front distortion makes the beam energy of the beam irradiating the receiving end 
sensor be unevenly distributed, which seriously affects the received power of the 
signal light and reduces the communication quality of the system [1]. In order to 
suppress the influence of atmospheric turbulence on the laser beam, adaptive 
optics technology can effectively overcome the wavefront distortion caused by 
atmospheric turbulence. Adaptive optics (AO) is a technology that uses deforma-
ble mirrors to correct the distortion of optical wavefront caused by atmospheric 
jitter, so as to improve the performance of the optical system. Adaptive optics 
first detects the distortion of a wavefront through the wavefront sensor, and then 
corrects the wavefront in real-time through a small deformable mirror, several 
actuators are installed after the deformable mirror to support the movement of 
the deformable mirror. As shown in Figure 1, the coherent optical communica-
tion system uses a laser beam as the beacon light, which is coaxial with a wave-
length different from that of the signal light, and the adaptive optics system on 
the coherent optical communication receiving end uses the beacon’s optical 
wavefront slope for wavefront reconstruction-the reconstruction information is 
applied to the deformable mirror to correct the wavefront of the signal light. 
Correcting the wavefront of the communication beam in this technique increas-
es the received light power and improves the quality of the communication [2] 
[3] [4]. Different wavelengths of light have different fluctuations of the refractive 
index while in the same transmission path, and different wavelengths are dif-
fracted at different propagation rates, when the lights through the same trans-
mission path, the detected and corrected wavefronts have spatial differences [5] 
 

 
Figure 1. Coherent optical communication system and adaptive optics. 
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[6] [7], the study of this difference is of great significance to the optimization of 
system performance. 

Winocur [8] used the time power spectral density of Zernike polynomial coef-
ficients to study the wavefront difference and residual error of the adaptive op-
tics of dual-wavelength correction. Hogge [9] used the perturbation method to 
derive the wavefront difference between the two-wavelength plane wave and the 
spherical wave. Lukin [10] also used the same method to derive the function of 
the wavefront structure function and variance of the dual-wavelength Gaussian 
beam, and proposed their application range. In the literature [11] two ways of 
correcting dual-wavelength adaptive optics were studied (1) using a reference 
source correction and (2) using a reflection source correction. Ishimaru [12] 
used the correlation function of the log amplitude of the dual-wavelength beam 
and the time power spectral density of the phase to analyze the temporal correla-
tion of the wavefront of the dual-wavelength beam. Gorelaya et al. [13] con-
ducted a wavefront measurement experiment in an indoor turbulence pool with 
dual-wavelength beam transmission on the same transmission path. The meas-
urement results show that the wavefront distortion of the short-wavelength 
beam is greater than that of the long-wavelength beam under the same turbulent 
environment. Lee et al. [14] constructed a turbulent phase screen to simulate the 
wavefront transmission of a dual-wavelength beam and analyzed the wavefront 
fluctuation of the dual-wavelength beam by statistical methods. Feng et al. [15] 
derived the correlation function of the Zernike polynomial coefficients of the 
wavefront of the two-wavelength beam, analyzed the correlation of the wave-
front of the two-wavelength beam at different Zernike orders, and proposed a 
method for reducing the residual error of the corrected wavefront. 

This paper studies the relative variation between the wavefront distortions of 
the two-wavelength combined beam in horizontal transmission and the influ-
ence of wavelength factor on the adaptive optical system. In the first part, we de-
rive the residual variance and Strehl ratio of the wavefront correction of the du-
al-wavelength beam with a circular aperture in the same transmission path. In 
the second part, we study the effects of the scale of the turbulence, and transmis-
sion distance on the residual wavefront variance that correction of the adaptive 
optical system of tow wavelengths. We also study the ratio of the two wavefronts 
fluctuation variances of the dual-wavelength beam in the third part, the role of 
this ratio is important for improving the quality the correction to the du-
al-wavelength adaptive optics closed-loop and the improving the signal light’s 
power received by the system in multi-wavelength laser communication systems. 

2. Theoretical Analysis 
2.1. Residual Error of the Combined Wavefront Correction 

The transmitting end of the coherent optical communication system emits two 
beams of different wavelengths. One is the beacon beam and the other the signal 
beam, two beams of light are emitted in the optical antenna and become com-
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bined beams. The combined beam passes through the same horizontal atmos-
pheric turbulence path and arrives at the adaptive optics module in the receiving 
end of the system. The wavefront of the signal wavelength λ1 is compensated by 
the wavefront compensation of the beacon wavelength λ2 in the module. When 
the beam travels along the z axis and enters the aperture of radius R, Wavefront 
of λ1 and λ2 in the aperture showed in Figure 2. ρ1 is the point of wavefront with 
λ1, ρ2 is the point of wavefront with λ2, ρ is the distance between ρ1 and ρ2. The 
compensated residual wavefront variance can be expressed by Equations (1), (2), 
(3), and (4), which also represent the difference between the wavefront aberra-
tions corresponding to the two wavelengths of horizontal transmission.  
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where 
1λ

ϕ  represents the signal wavefront on the receiving aperture, 
2λ

ϕ  rep-
resents the beacon wavefront, w(ρ) is the aperture function, R is the aperture ra-
dius, and ρ is the distance between the two points on the beam section, it is also 
the radius of aperture the beam enters. And where k1 is the wave number of sig-
nal waves, k2 is the wave number of beacons, J0 is the zero-order Bessel function, 
and L is the propagation distance. The Gaussian beam can be approximated as a 
plane wave after long-distance transmission, and iγ  is one [16]. Equation (1) is 
expanded, such that the ensemble average of the wavefront variance correspond-
ing to a single wavelength can be written as Equation (3), and the wavefront 
correlation function corresponding to λ1 and λ2 can be written as Equation (4) 
[16]. Equations (3) and (4) are derived by series approximation and Hankel 
transform [17], and Equation (5) gives the power spectrum in the inertial sub 
region described by the Kolmogorov turbulence theory model [18]: 
 

 
Figure 2. Wavefront of λ1 and λ2 in aperture. 
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( ) 2 11 30.033n nk C κ −Φ =                      (5) 

Equation (6) gives the ensemble average of wavefront variance and Equation 
(7) gives the wavefront correlation function corresponding to the derived wave-
lengths. L0 is the outer scale of turbulence and 0l  is the inner scale of turbu-
lence, where Q is 2 20.132 nCπ . 
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When the wavefront of the beam with the wavelength λ2 is used to compen-
sate for the wavefront of the beam with the wavelength λ1, the residual variance 
of the two spatial points on the aperture of a circle with radius R at a distance of 
ρ can be written as Equation (8): 
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By the same method, the residual variance of the two-wavelength wavefront 
correction of the horizontally transmitted beam is derived as Equation (9), (10), 
with c = 7.1962e−05. 
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When the distances ρ between the point ρ1 and ρ2 on the aperture of a circle 
with radius R are zero, means on the same point, the value of the Bessel function 
in the Equation (8) is one, the applicable range of the Kolmogorov turbulence 
spectrum is in the inertia sub-region, so the integral range of the spatial wave-
number should be changed from 2π/ 0l  to 2π/L0. Re-integrate, and then obtain 
the two-wavelength wavefront corrected residual variance when ρ = 0. The 
Strehl ratio is calculated using the corrected residual variance. The Strehl ratio 
can then be used to evaluate the wavefront quality after wavefront correction in 
the dual-wavelength adaptive optics system. The reason for the correction in the 
residual variance is that each actuator of the deformable mirror moves according 
to the reconstructed wavefront 

2λ
ϕ  when the deformable mirror corrects the 

wavefront 
1λ

ϕ , as shown in Figure 3(a). The ideal surface shape of the deform-
able mirror is a conjugate of 

2λ
ϕ ; thus, the theoretical correction to the residual 

variance is achieved. In practice, the deformable mirror, which is composed of 
several segmented sub-reflect mirrors supported by moving actuators, like the 4 
× 4 deformable mirror in Figure 3(b) and Figure 3(c), cannot correct wavefront 
by point-to-point in finite correction space. When ρ is smaller than the size of 
the sub reflector, the local wavefront of two points with wavefront difference will 
receive the same amount of correction, so that the wavefront difference corre-
sponding to the two different wavelengths is not corrected. When λ1 is 1.5 μm 
and ρ is zero, the corrected residual variance varies with wavelength λ2 as shown 
in Figure 4. 
 

 
Figure 3. If it is a sub-mirror distribution of a 4 × 4 reflective phase change mirror, the 
size of the sub-mirror has an important influence on the correction of the wavefront cor-
responding to the wavelength in the region. 
 

 
Figure 4. Variation of corrected residual variance and Strehl ratio when λ1 is 1.5 microns 
(a) when the outer scale is 500 m; (b) when the inner scale is 5 cm. 

https://doi.org/10.4236/opj.2020.104006


X. Z. Ke, X. Z. Chen 
 

 

DOI: 10.4236/opj.2020.104006 70 Optics and Photonics Journal 
 

With the change of λ2 and the difference between the internal scale and the 
external scale, the trend of the corrected residual variance and the Strehl ratio at 
the same point between the two wavefronts after horizontal transmission for 10 
km is shown in Figure 4. To better represent the trend of the change, the vari-
ance was scaled up. As the internal scale of atmospheric turbulence increases 
and λ2 comes closer to λ1, the two wavefront differences and the corrected resid-
ual variance gradually decrease, and the Strehl ratio gradually increases. In Fig-
ure 4(b) image with the same internal scale, the corrected residual variance and 
the Strehl ratio have the same trend as that shown in Figure 4(a) image when 
the two wavelengths are closer. With the increase of the external scale, the in-
fluences of the corrected residual variance and the Strehl ratio are not obvious, 
and the curves almost coincide. The analysis shows that the internal scale has a 
relatively large influence on the difference between the two wavefront fluctua-
tions relative to the external scale.  

Figure 5(a) shows the two points ρ1 and ρ2 in the aperture at a distance ρ of 
10 cm when the two wavelengths are fixed, the corrected residual variance 
without the correction coefficient and the Strehl ratio changes with the trans-
mission distance under different turbulent intensities. The corrected residual 
variance continues to increase as the transmission distance increases, the greater 
the turbulence intensity, the faster the increased speed, and the corrected Strehl 
ratio gradually decreases with the increase of the transmission distance, and the 
decrease slows down. Figure 5(b) shows that when the transmission distance 
and the turbulence intensity are constant, the corrected residual variance with-
out the correction coefficient varies with λ2 at different distances of two points. 
As λ2 approaches λ1 and the distance between the point ρ1 and ρ2 gradually de-
creases, the Strehl ratio gradually increases and then decreases as the difference 
between the two wavelengths increases. The smaller the distance between the 
point ρ1 and ρ2 of the wavefront in the aperture, the faster the Strehl ratio rises. 

In the process of horizontal transmission, the internal scale has a greater effect 
on the two wavefronts with different wavelengths than the size of the turbu-
lent outer scale. When the internal scale increases, the turbulence is generally  
 

 
Figure 5. Variation of the two-wave variance with center ρ. (a) Two-wave variance with 
transmission distance and refractive index structure constant. (b) Two-wave corrected re-
sidual variance and Strehl ratio with λ2 and two-point distance. 
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stronger and has a greater impact on the Strehl ratio after dual-wavelength cor-
rection. The influence of the changes of external scale on the correction with 
wavefront of different wavelengths is very small, and the smaller the degree dif-
ference between the two wavelengths, the more two wavefronts tend to be the 
same spatial distribution at the same point in the aperture. 

2.2. Wavefront Residual Error with Correction Coefficient 

To reduce the residual variance of the wavefront 
1λ

ϕ , when the wavefront 
2λ

ϕ  
of the beacon beam detected in wavefront sensor, the ratio of the ensemble 
average of wavefront standard deviation of corresponding two wavelengths in 
Equation (3) is taken as the correction coefficient. That is 

1 2
Gλ λϕ ϕ− , so the 

corrected residual variance containing the correction coefficient can be written 
as Equation (11). 
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π ∫∫               (11) 

G can be written as Equation (12), 2
2nC  is the refractive index structure con-

stant corresponding to λ1, 2
2nC  is the refractive index structure constant corre-

sponding to λ2, and A, B, C, and D are environmental factors given by Equations 
(13), (14), (15), and (16):  
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On the horizontal link near the ground, the refractive index structure constant 
is generally considered to be the constant corresponding to the environment. It 
can be calculated in the range of a given band (17), out scale can be calculated in 
Equation (18) [19], and the method of literature [20] can be used to determine 
the internal scale. G is brought into Equation (11) and the same method is used 
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to derive Equations (19) and (20). 
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If the transmission distance is 10 km and λ1 is 1.5 μm, then for different λ2 the 
corresponding correction coefficients are calculated according to Equations (19) 
and (20), and the correction residual variance and Strehl ratio containing the 
correction coefficients are obtained. The change of the correction residual variance 
and Strehl ratio with λ2 with the correction coefficient at the same point that ρ 
equal to zero as in Figure 4 is shown in Figure 6(a). When the external scale is 
50 cm, and λ2 is less than λ1 for different internal scales, the larger the internal 
scale is, the faster the correction residual variance will decrease. At the same 
time the faster the corrected Strehl ratio will rise, and the correction effect is sig-
nificantly better than that shown in Figure 3. The corrected residual variance 
with the correction coefficient at the distance ρ and the change of the Strehl  
 

 
Figure 6. When λ1 is 1.5 μm, the corrected residual variance and the Strehl ratio change 
after adding the correction coefficient (a) in the case of different internal scales at the 
same point; (b) when the two points are separated by ρ. 
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ratio with the wavelength λ2 are as shown in Figure 6(b). The residual variance 
at two points of different distances ρ on the aperture of a circle with radius R 
decreases gradually with the increase of λ2, the Strehl ratio starts to increase 
gradually and finally becomes saturated. The corrected residual variance in-
creases with the increase of the distance between point ρ1 and ρ2 in the wavefront 
space, indicating that the existence of the correction coefficient makes the cor-
rected residual variance less sensitive to the change of the distance ρ in wave-
front space, and it is helpful to improve the quality of wavefront. When com-
pared with the case where the correction coefficient is not added, the quality of 
the system obviously improves after the correction coefficient is added. 

3. Experimental Verification 

The experiment used a combined beam of wavelengths of 1.55 μm and 0.65 μm 
that is emitted horizontally from the same transmitting antenna at a distance of 
514 m from the receiving end. The structure of the receiving end is shown in 
Figure 7. After the combined beam passes through the optical antenna with a 
diameter of 250 mm, it is reflected by the deformed mirror into the dichroic 
beam splitter. The beam of wavelength 0.65 μm enters the wavefront sensor A, 
the beam of wavelength 1.55 μm is used as the target correcting beam to enter 
the wavefront sensor B. The adaptive optics system reconstructs the wavefront 
detected by the wavefront sensor A as a feedback amount and loads it into the 
deformable mirror correction wavefront through the control box. Both wave-
front sensors are relatively calibrated Shack Hartmann wavefront sensors. Fig-
ure 8 shows a beam transfer link and the experimental equipment. To avoid the  
 

 
Figure 7. Structure diagram of the receiving end of the adaptive optics system. 

 

   
Figure 8. Experimental equipment and link location. 
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influence of sunlight the experiment was carried out at night, and to avoid the 
obstruction of buildings and trees and the vibration caused by the wind on the 
experimental equipment, the transmitter is placed on the 7th floor of the 5th 
teaching building of Xi’an University of Science and Technology, and the re-
ceiver is placed on the 7th floor of the discipline building. The transmitter and 
receiver are about 22 m away from the ground. 

When the correction parameters are not added, the system performs a closed- 
loop correction, and the wavefront sensors A and B measure the root mean 
square (RMS) and peak valley (PV) values of the wavefront corresponding to the 
wavelengths of 1.55 μm and 0.65 μm respectively after removing the wavefront 
tilt. As shown in Figure 9, after closed-loop correction the wavefront RMS of the 
beam with the wavelength of 1.55 μm is 0.092 - 0.413, the mean value of RMS 
measured is 0.261, and the wavefront RMS of the beam with the wavelength of 
0.65 μm is between 0.34 and 0.62 with a mean value of 0.472.  

The correction coefficient G is calculated from the wavelength according to 
Equations (17) and (18), the sub-mirror size of the phase-change mirror, and the 
transmission distance; and is loaded into the control algorithm of the deforma-
ble mirror, and then closed-loop correction is performed. Figure 10 shows the  
 

 
Figure 9. RMS value and PV value of the two-wavelength wavefront in the closed-loop 
correction without correction coefficient. (a) RMS value of the two-wavelength wave-
front; (b) PV value of the two-wavelength wavefront. 
 

 
Figure 10. RMS value and PV value of the two-wavelength wavefront in the closed-loop 
correction of the correction coefficient. (a) RMS value of the two-wavelength wavefront 
(b) PV value of the two-wavelength wavefront. 
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results of the wavefront sensors A and B again measuring the RMS and PV val-
ues of the corresponding wavefront. After closed-loop correction the wavefront 
RMS of the beam with the wavelength of 1.55 μm is between 0.052 and 0.171, the 
mean value is 0.121, and the wavefront RMS of the beam with the wavelength of 
0.65 μm is between 0.071 and 0.252 with a mean value of 0.153. Figure 11 shows 
the Wavelengths measuring 1.5 μm and 0.65 μm corresponding to a mean of the 
Zernike coefficient of the wavefront before and after adding correction parame-
ters, the mean value of the first five orders after adding the correction coefficient 
is lower than that after adding the correction coefficient. 

By comparing the correction effect before and after the correction coefficient 
is added, we find that, after the correction coefficient is added, when the system 
is closed-loop, the mean value of the wavefront RMS and PV values in the meas-
urement time is smaller than that without the correction coefficient. The wave-
front distribution corresponding to 1.55 μm after correction is shown in Figure 
12(b), and Figure 12(a) shows compared with the case where the correction ef-
fect is not added. The correction effect is obviously improved after the correc-
tion coefficient is added as shown in Figure 12(b). 
 

 
Figure 11. Wavelengths measuring 1.5 μm and 0.65 μm corresponding to a mean of the 
Zernike coefficient of the wavefront (a) before adding correction parameters; and (b) af-
ter adding correction parameters. 
 

 
Figure 12. Wavefront distribution corresponding to 1.5 μm wavelength (a) before adding 
correction parameters (b) after adding correction parameters. 
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4. Conclusion 

When the beam from the laser communication system travels horizontally near 
the ground, the ensemble average and wavefront correlation function of the wave-
front difference corresponding to wavelength can be characterized by the turbu-
lent environmental parameters and the beam wavelength at different minimum 
correction distances. When the spatial minimum correction distance is zero, the 
turbulence scale is the main factor for correcting the residual error; when the 
spatial correction distance is not zero, the spatial minimum correction distance 
is the main factor for correcting the residual error. In the transmission process, 
the size of the turbulent internal scale has a more significant effect than the ex-
ternal scale on the wavefront distortion of the wavelength. In the near-surface en-
vironment, the number of small-scale turbulent eddies is large, and the turbulent 
flow has a scale change more rapidly than the outer scale, so the wavefront cor-
responding to the wavelength in the combined light transmitted horizontally 
near the ground is more likely to produce spatial differences in the transmission, 
This makes it easy to drop the quality of the wavefront correction of the adaptive 
optics system, and thus affects the quality of the laser communication system. 
The ratio of the wavefront difference corresponding to the wavelength is used as 
the correction coefficient of the dual-wavelength adaptive optics in the laser 
communication. The system corrects the value after the beacon wavefront re-
construction and then loads it into the actuator movement amount of the de-
formable mirror, so that deformed mirror surface type is closer to the conjugate 
of the signal light’s wavefront, thereby improving the corrected Strehl ratio, im-
proving the correction effect and signal to receive power, and improving the in-
formation transmission quality of the laser communication system. 
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