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With the increasing demand for space optical communication security, space chaotic optical communication has
attracted a great amount of attention. Compared with traditional space optical communication, a chaotic op-
tical communication system has a higher bit error rate (BER) for its complex system design. In order to decrease
the BER of space chaotic optical communication systems, we introduce two diffractive optical elements (DOEs)
at a transmitting terminal (Tx). That is because the commonly used reflective optical antenna at Tx blocks the
central part of the transmission beam, which leads to a great amount of power consumption. Introducing the
DOEs into the optical subsystem at Tx can reshape the transmission beam from a Gaussian distribution to a
hollow Gaussian distribution so that the block of the secondary mirror in the reflective optical antenna can be
avoided. In terms of the DOE influence on communication quality, we give a BER model based on a minimum-
shift-key (MSK) space uplink chaotic optical communication system to describe the DOE function. Based on the
model, we further investigate the effect of the DOEs through analyzing the BER relationship versus basic system
parameters based on the BERmodel. Both different mismatch conditions of chaotic systems and different atmos-
pheric turbulence conditions are considered. These results will be helpful for the scheme design of space uplink
chaotic optical communication systems.

Keywords: chaotic-encrypted communication; space uplink optical communication; atmospheric turbulence
effects; diffractive optical element design; minimum-shift-key; bit error rate.

doi: 10.3788/COL202018.070601.

Free-space optical communication has developed for
several decades and shows a good communication perfor-
mance as many key technologies have been further
enhanced[1,2]. However, with the demand for informa-
tion security increasing, traditional space optical commu-
nication systems cannot satisfy communication safety
standards because of the risk of being a target of eaves-
dropping. Different encryption technologies have been ap-
plied to space optical communication. Among them, the
chaotic encryption method has earned great attention
for its advantages of low attenuation and high bandwidth
of optical devices and good anti-interference ability[3–5].
A fiber chaotic optical communication experiment over
120 km was carried out successfully in Athens in 2005[6].
In space chaotic optical communication systems, syn-

chronous chaotic carriers are generated by controlling
the design of chaotic circuits at the transmitting/receiving
terminal (Tx/Rx). Randomly chaotic carriers are used to
realize encryption at Tx and realize decryption through
carrier cancellation at Rx[7,8]. The chaotic carrier is decided
by the hardware design and the parameter design of the
chaotic circuit at Rx must be completely the same as that
at Tx, and then the communication security of the space
chaotic optical communication is guaranteed. However,
the bit error rate (BER) of space chaotic optical commu-
nication is much higher than that of traditional space op-
tical communication for a relatively complex system design.
In 2002, a 5 km free-space chaotic optical communication

system was reported with a BER around 10−2[9], which is
hard for realizing high quality communication. In addition,
high BER limits the increase of bit rate in space chaotic
optical communication.

As BER and bit rate are two important measuring
parameters in the space optical communication field[10], we
must purchase methods to improve the BER performance
of space chaotic optical communication. In our former in-
vestigation, we find that the transmission power will be
consumed during the expanding process. The secondary
mirror of the optical antenna blocks the central part of
the Gaussian beam[11–13]. A couple of diffractive optical
elements (DOEs) can be used to solve this problem[14,15].
They can reshape the Gaussian beam into a hollow
Gaussian beam before it enters the optical antenna. So the
practical transmission power at the exiting pupil will be
enhanced and the transmission efficiency can theoretically
be higher than 99% after introducing the DOEs[14].

In this Letter, we focus on the investigation of the DOE
effect on the BER performance in a minimum-shift-key
(MSK) space chaotic optical communication. Both atmos-
pheric turbulence effects in the transmission channel and
mismatch in the chaotic system are considered. We want
to figure out whether introducing the DOEs can help the
BER improvement and the optimization of the system
design. These results will be helpful in engineering.

The system schematic of a space uplink chaotic
optical communication system is shown in Fig. 1(a),
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which includes a transmitting/receiving terminal and a
transmitting channel. The transmitting/receiving termi-
nal is composed of a chaotic modulation/demodulation
circuit and an optical subsystem. The randomly chaotic
carrier is generated by a Mach–Zehnder modulator. The
fiber delay line is used to control the time delay to keep
the chaotic carrier at Rx and Tx totally synchronized[16].
The signal wave will be separated from the carrier by a
power combiner and then filtered. Figure 1(b) gives the
detailed schematic of the optical subsystems at Tx. One
is the traditional optical subsystem and the other is the
improved structure after introducing the DOEs. The
DOEs are placed in front of the optical antenna.
From Fig. 1(b) we can see that the central part of the

Gaussian beam will be blocked by the secondary mirror of
the optical antenna. A large part of the energy is lost, and
the amplitude at the exiting pupil (P3) is A30

[14]:

A30 ¼
8<
: e

−
r2
3

w2
03 r30 < jr3j < r3m

0 otherwise
; (1)

where r3m and r30 are the radius of the exiting pupil and
the secondary mirror, respectively, and ω03 is the waist at
the exiting pupil. The power in the system without DOEs
at P3 is E30.

After introducing the DOEs, the input spot will be
reshaped from a Gaussian distribution into a hollow Gaus-
sian distribution with no power consumption. According
to Ref. [14], the amplitude of the reshaped beam is marked
as A31:

A31 ¼
8<
:
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where α is the coefficient caused by the DOEs[17,18] andE0 is
the beam power at P1.

The far-field propagation process follows the Fraunhofer
distribution principle[19] and, according to Ref. [14], the
intensities before and after introducing the DOEs at Rx
are marked as I 4:

I 4ðx4; y4Þ ¼
8<
:
ð 1
λLÞ2·jFfA30ðx30; y30Þgj2 without DOE

ð 1
λLÞ2·jFfA31ðx31; y31Þgj2 with DOE

;

(3)

where λ is the wavelength and L is the transmission
distance.

In space uplink optical communication systems, atmos-
pheric turbulence will affect the transmission beam and
lead to intensity fluctuations and beam wander. For an
atmosphere that is changing with time, we use the prob-
ability density function (PDF) to describe the receiving
intensity I under atmospheric turbulence effects[20]. The
PDFs of the receiving intensity under the effects of inten-
sity scintillation and beam wander are[21]
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1����������������������
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(4)

PðrÞ ¼ r
σ2r

exp
�
−

r2

2σ2r

�
; (5)

where σ2I ðr;LÞ and σ2r are the variance of intensity scintil-
lation and beam wander, respectively, W and R are the
spot radius and receiving diameter at Rx, and r is the offset
between the receiving point and the beam center.

According to Ref. [22], for an avalanche photodiode
(APD) detector, the noise variance and the signal value
are

σ21 ¼ σ2d1 þ σ02d1 þ σ2n; (6)

Fig. 1. (a) Schematic diagram of a space uplink chaotic commu-
nication system. (b) The optical subsystem before and after
introducing the DOEs.
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σ20 ¼ σ2d0 þ σ02d0 þ σ2n; (7)

m1 ¼ GeðKb þKsÞ þ 2I dcTs; (8)

m0 ¼ GeKb þ 2I dcTs; (9)

where σ2d1 ¼ ðGeÞ2FKs11 þ σ2T , σ2d0 ¼ ðGeÞ2FKs10 þ σ2T
and σ02d1 ¼ ðGeÞ2FKs21 þ σ2T , σ

02
d0 ¼ ðGeÞ2FKs20 þ σ2T are

the detective noise variances of APD1 and APD2 at sig-
nals 1 and 0. G is the gain of the photomultiplier, e is the
electronic constant, and F is the excess noise factor. Ks11,
Ks21, Ks10, and Ks20 are the photon numbers of the two
APDs at signals 1 and 0. σ2T is the hot noise. σ2n is mis-
match noise variance σ2n ¼ 1∕2K2σ2m

[23],K is the amplitude
of the output electrical signal of APD1, σ2m is the chaotic
mismatch level we define, and Kb and Ks are the photon
numbers of the background light and signal light.
So, we give the BER of an MSK modulation module in

chaotic optical communication based on Ref. [22]

BERDCD ¼ 1
4

�
erfc

�
m0 þ a

2
���
2

p
σ1

�
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�
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2
���
2

p
σ1

��
; (10)

where a ¼ GeKs.
Taking atmospheric turbulence into consideration, we

calculate the ensemble average of the BER at all values
of the receiving intensity I as the actual BER. Thus, the
ensemble average BER of an MSK space chaotic optical
communication system can be expressed as

BER¼
Z
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In numerical simulation, the parameters in the space
uplink chaotic optical communication system are set as
shown in Table 1[24,25]. The loss coefficient of the DOEs
is caused by the insertion loss and diffraction loss of the
DOEs. It should be noted that the chaotic signal will
be amplified by the erbium-doped fiber amplifier (EDFA)
at Tx, and at Rx the receiving power will be detected by
the APDs with bandwidths larger than 1 GHz. Since the
performance of these two key devices has been greatly
improved in recent years, many good companies can be
selected. For example, the EDFA (series of CEFA-C-
PB-HP-CPB42) made by Keopsys company and the
photodetector (RIP1-JJAF) made by Siletz company
are all good choices. The atmospheric turbulence model
is based on the Hufnagel–Valley model[26].
We show the intensity distribution at Tx/Rx in Fig. 2.

Figure 2(a) is the intensity distribution of the input power.
The input power will be expanded by the optical antenna
and in this Letter the beam radius will be expanded by 4
times. The intensity distribution of the spot at the exiting

pupil (P3) is shown in Figs. 2(b) and 2(c). The DOEs
realize beam reshaping through changing the phase infor-
mation of every point. We can see that the DOEs only
improve the beam intensity while not influencing the
beam profile at Tx. Thus, introducing the DOEs will not
change the far-field propagation process. According to the
Fraunhofer diffraction principle, the hollow Gaussian spot
turns into a Gaussian-like spot. The intensity at Rx in the
system with and without the DOEs is shown in Fig. 2(d).
The peak value of the intensity can be enhanced by around
1.5 times after introducing the DOEs. The far-field spot
radii in the system with and without the DOEs are the
same, as the transmitting spot profile is not changed.

Table 1. Basic Parameter Values in the Space Uplink
Chaotic Optical Communication System

Basic Parameter Value

Height of ground station h0 100 m

Height of satellite orbit H 45,000 km

Transmission power Pt 10 W

Transmission aperture Wo 0.08 m

Receiving diameter Dr 1 m

Zenith angle ζ 0°

Wavelength λ 1550 nm

Bit rate 1 Gbps

APD bandwidth 1 GHz

Expanding coefficient M 4

Loss coefficient of the DOEs 3%

Strong/weak atmospheric refractive
index C2

n

∼10−12∕10−14

Fig. 2. (a) Input spot. (b) The spot at the exiting pupil in a sys-
tem without the DOEs. (c) The spot at the exiting pupil in a
system with the DOEs. (d) The intensity of the beam at Rx.
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For a space uplink chaotic optical communication sys-
tem, both atmospheric turbulence effects and system
noises affect the communication quality. Based on the
BER model derived above, we investigate the effect of
the DOEs through analyzing the BER relationship with
basic parameters. As the transmission power is the most
direct parameter that can influence the BER, we first
show the BER relationship curve versus transmission
power under weak atmospheric turbulence in Fig. 3(a).
In this case, we can see that the BER decreases with
the increase of transmission power. Introducing the DOEs
can also achieve this goal, as the substantial function of
DOEs is to supplement the lost transmission power caused
by the optical antenna. For a fixed obscuration ratio
(1/M), the larger the transmission power is, the more

power the DOEs can complement. We can see that the
DOEs can decrease the BER by more than 10−1 magni-
tude at Pt ¼ 10 W. The mismatch level at Tx/Rx in a
chaotic optical communication also influences the BER.
In order to better explain the influence of the DOEs,
we investigate the BER at different chaotic mismatch lev-
els. In our simulation, we take a mismatch level higher
than 10−1 as a large chaotic mismatch and that lower than
10−2 as a small chaotic mismatch. We can find that in a
condition of weak atmospheric turbulence, the effect of
the DOEs on the BER is more obvious at a small chaotic
mismatch than that at a large chaotic mismatch.

In order to make the explanation of the phenomenon
clear, we give a further analysis from the perspective of
the signal-to-noise ratio of the system. In space chaotic op-
tical communication systems, the signal-to-noise ratio is
often defined as r ¼ m1∕

�����
σ21

p
[27], where m1 is the signal

value and σ21 is the noise variance of signal 1. Chaotic noise
can be written as σ2n ¼ 1∕2K2σ2m, where the chaotic mis-
match at a large chaotic mismatch is σ2mlarge ¼ 0.1, and
the chaotic mismatch at a small chaotic mismatch is
σ2msmall ¼ 0.01. Taking Eq. (6) and Eq. (8) and the expres-
sion of chaotic noise σ2n ¼ 1∕2K2σ2m into the expression of
the signal-to-noise ratio r, we can further give the signal-
to-noise ratio r large at a large chaotic mismatch condition
and rsmall at a small chaotic mismatch condition as

r large ¼
m1�����������������������������������������������������

σ2d1 þ σ02d1 þ 1∕2K2σ2mlarge

q ; (12)

rsmall ¼
m1��������������������������������������������������������������������

σ2d1 þ σ02d1 þ 0.1·ð1∕2K2σ2mlargeÞ
q ; (13)

where σ2d1 and σ02d1 are the noise variances of APD1 and
APD2, and 1∕2K 2σ2mlarge and 0.1·ð1∕2K 2σ2mlargeÞ are the
chaotic noise variances at large and small chaotic mis-
match conditions.

For the effect of the DOEs on the BER, we know that
the DOEs will improve the receiving power at Rx. Accord-
ing to the analysis above, when the increment of the re-
ceiving power is the same, the increment of the signal
value m1 and the increment of the two APD noise values
(σ2d1 þ σ02d1) are the same. So, based on Eq. (12) and
Eq. (13), the only difference lies in the mismatch noise,
and the increment of the mismatch noise at a small mis-
match level is only one-tenth of that at a large mismatch
level. In this way, with the receiving power increasing, the
improvement of the signal-to-noise ratio at a small mis-
match noise will be better than that at a large mismatch
noise. Here, in Fig. 3(b), we give the relationship curves of
the total noise versus the transmission power at two mis-
match levels. It shows clearly that the increment of the
total noise caused by the DOEs is smaller at a small cha-
otic mismatch. So, in conditions of weak atmospheric
turbulence, the effect of the DOEs on the BER is more
obvious at a small chaotic mismatch than that at a large
chaotic mismatch.

Fig. 3. Weak atmospheric turbulence. (a) The BER relationship
versus transmission power at different chaotic mismatch levels.
(b) The total noise relationship versus transmission power at dif-
ferent chaotic mismatch levels. (c) The PDF distribution at
Pt ¼ 2 W, 6 W, and 10 W. The Ī in red is the average receiving
power in the system without the DOEs and the Ī in blue is the
average receiving power in the system with the DOEs.
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In Fig. 3(a) we also find that introducing the DOEs can
decrease the BER more at a large transmission power. To
explain the results more clearly, we further analyze the
PDF of the receiving power. The transmission beam will
be influenced by atmospheric turbulence effects like the
intensity fluctuation and the beam wander in space uplink
optical communication; the receiving power is floating,
and the PDFmodel can describe the distribution of receiv-
ing power clearly. Figure 3(c) gives the PDF of the receiv-
ing power in the system with and without the DOEs at
Pt ¼ 2 W, 6 W, and 10 W. It shows that the PDF of
the receiving power tends to shift to the right and be more
centered on a large receiving power after introducing the
DOEs or increasing the transmission power. Considering
that the integral PDF curve is not specific enough, we use
the average receiving power to analyze it further. It is clear
that the PDF of the average receiving power will change to
a δ function because the average receiving power is a fixed
value. So, we marked the PDF of the average receiving
power as a δ function in Fig. 3(c). We can see that the
right-shift values of the average receiving power are
1.1 × 10−8, 3.3 × 10−8, and 5.5 × 10−8 at Pt ¼ 2 W, 6 W,
and 10 W after introducing the DOEs. It indicates that
the right-shift of the average receiving power caused by
the DOEs increases with the increase of the transmission
power. That also explains why introducing the DOEs
can decrease the BER more at a large transmission power
in Fig. 3(a).
However, in extreme weather conditions or regions, the

communication system will be affected by strong atmos-
pheric turbulence. In this case, we change the near-ground
atmospheric refractive index coefficient C2

n to 10−12 ac-
cording to the Hufnagel–Valley atmospheric turbulence
model[24]. As shown in Fig. 4(a), the overall system
BER under strong atmospheric turbulence effects is higher
than 10−4. In this condition, the DOEs still work, though
they will not perform as well as that under weak atmos-
pheric turbulence. We can see that the DOEs can decrease
the BER by about 10−0.6 magnitude at Pt ¼ 10 W and
mismatch level ¼ 10−2. Since the communication perfor-
mance of the chaotic system is poor under strong atmos-
pheric turbulence effects, we want to figure out whether
the DOEs can help the BER below 10−3. It shows that
the required transmission power can decrease from about
9 W to 6 W after introducing the DOEs to keep the BER
lower than 10−3. Figure 4(c) can give a clearer explanation
for these results, which shows the PDF of the receiving
power at Pt ¼ 2 W, 6 W, and 10 W under strong atmos-
pheric turbulence effects. Compared with Fig. 3(c), we
can see that the right-shift of the PDF caused by the
DOEs under strong atmospheric turbulence is smaller
than that under weak atmospheric turbulence when other
conditions are the same. Taking Pt ¼ 10 W as an exam-
ple, the enhancement of the average receiving power is
5.5 × 10−8 W under weak atmospheric turbulence while
the enhancement will only be 3.7 × 10−8 W under strong
atmospheric turbulence. The changing trends of the re-
ceiving power at Pt ¼ 2 W and Pt ¼ 6 W are the same.

This explains why the improvement of the DOEs on
the BER in conditions of strong atmospheric turbulence
is smaller than that in conditions of weak atmospheric
turbulence.

Figure 4(a) also indicates that the influence of a chaotic
mismatch is smaller under strong atmospheric turbulence
effects than that under weak atmospheric turbulence ef-
fects. The conclusion is obvious, and we can also explain
it from the perspective of signal and noise. For the signal-
to-noise ratio r ¼ m1∕

�����
σ21

p
[27], a decreasing mismatch does

not affect the signal valuem1. For the total noise σ21, which
is composed of the noise of APD1 and APD2, and the cha-
otic noise, a decreasing mismatch also does not affect the

Fig. 4. Strong atmospheric turbulence. (a) The BER relation-
ship versus transmission power at different chaotic mismatch lev-
els. (b) The total noise relationship versus transmission power at
different chaotic mismatch levels in a system without the DOEs.
(c) The PDF distribution at Pt ¼ 2 W, 6 W, and 10 W. The Ī in
red is the average receiving power in the system without the
DOEs and the Ī in blue is the average receiving power in the
system with the DOEs.
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noise of APD1 and APD2. So, we just need to further
analyze the improvement of the chaotic noise here.
Based on the chaotic noise variance expression,

σ2n ¼ 1∕2K2σ2m, we can give the improvement of the mis-
match noise Δσ2n when the mismatch level σ2m decreases
from 10−1 to 10−2 magnitude:

Δσ2n ¼ 1
2
K 2·0.1−

1
2
K2·0.01 ¼ 0.09·

1
2
K 2; (14)

where K is the amplitude of the output electrical signal of
APD1, which is proportional to the receiving power.
Considering that K is proportional to the receiving

power, the improvement of the mismatch noise Δσ2n is pro-
portional to the square of the receiving power. As we
know, the receiving power under a strong atmospheric
turbulence is much smaller than that under a weak atmos-
pheric turbulence. So, in conditions of strong atmospheric
turbulence, the improvement of the mismatch noise Δσ2n
caused by a decreasing mismatch level will be not obvious.
In addition, the noise of APD1 and APD2 are not affected
by the decreasing mismatch mentioned above, and the im-
provement of the total noise caused by a decreasing mis-
match level will also not be obvious. In Fig. 4(b), we give
the relationship curves of the total noise versus power at
two mismatch levels in the system without the DOEs
under strong atmospheric turbulence. It shows clearly that
the improvement of the total noise is not obvious when
decreasing the mismatch level from 10−1 to 10−2 in strong
atmospheric turbulence conditions. Considering that the
signal is not affected by a decreasing mismatch, based
on the expression of the signal-to-noise ratio r, the im-
provement on the signal-to-noise ratio will also not be
obvious by decreasing the mismatch level. Thus, decreas-
ing the mismatch level is not very helpful for the system
BER improvement in strong atmospheric turbulence
conditions.
We have analyzed the effect of DOE on BER improve-

ment at different transmission powers in weak and strong
atmospheric turbulence channels. Then, in order to under-
stand the effect of DOE on optimization of the design of
the practical system, we further analyze the relationship of
the DOE effect on the BER versus other basic parameters
based on Table 1. Since a low chaotic mismatch can de-
crease the BER and the mismatch of the chaotic system
can be controlled below 10−2 by the electronic equipment
nowadays, we investigate the BER relationship with other
basic parameters in this condition. According to the analy-
sis above, the DOEs influence the BER through changing
the receiving power. However, after far-field propagation,
the spot is very large and not all the transmission power
can be achieved by Rx. How much power can be detected
at Rx is decided by the receiving diameter. So, we analyze
the relationship between the BER and receiving diameter.
In Fig. 5, we can see that the BER decreases with the in-
crease of the receiving diameter. That is because increas-
ing the receiving diameter results in a large input signal in
the APD. We can also find that the effect of the DOEs on

the BER is more obvious at a large receiving diameter
under weak atmospheric turbulence. For example, the
BER decreases by 10−0.8 atDr ¼ 0.75 m while it decreases
by 10−1.2 atDr ¼ 1.5 m after introducing the DOEs in this
case. That is because the DOEs can improve the receiving
power at a large receiving diameter. We have found that
the improvement of the DOEs on the receiving power will
be better at a large transmission power. The affect of in-
creasing the receiving diameter on the receiving power is
equivalent to that of increasing the transmission power at
a fixed receiving diameter. So the function of the DOEs at
a large receiving diameter will be improved. Figure 5
also indicates that the tendency in conditions of strong
atmospheric turbulence is the same, but the influence of
the DOEs on the BER is not so obvious. As we can see,
at Dr ¼ 1.05 m, introducing the DOEs can improve the
BER by 10−1 under weak atmospheric turbulence while
the improvement of the BER will only be 10−0.5 under
strong atmospheric turbulence. The reason is obvious.
It is because the average receiving power under strong
atmospheric turbulence is smaller than that under weak
atmospheric turbulence, which will decrease the function
of the DOEs on the BER. In all, introducing the DOEs can
help decrease the required receiving diameter at the same
BER performance, which is helpful for the miniaturization
of the satellite volume.

Corresponding to the receiving diameter at Rx, the
transmitting aperture at Tx also influences the BER per-
formance. However, the BER relationship curve versus the
transmitting aperture is not monotonically increasing or
decreasing. As it shows in Fig. 6, there exists a best trans-
mitting aperture in each space optical communication
system. According to Ref. [25], at a small transmitting
aperture the transmission beam will be more influenced
by beam wander, while at a large transmitting aperture
the transmission beam will be influenced more by intensity

Fig. 5. BER relationship versus the receiving diameter at differ-
ent atmospheric turbulence conditions.
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fluctuation. So the system can achieve a good BER perfor-
mance only when the transmitting aperture is set to a
proper value. We can also find that the best transmitting
aperture under a strong atmospheric turbulence is around
0.07 m and the best transmitting aperture under a weak
atmospheric turbulence is around 0.12 m. That is because
the variation of the atmospheric refractive index coeffi-
cient C2

n changes both the intensity fluctuation effect
and the beam wander effect. So, the best transmitting
aperture under a strong atmospheric turbulence is differ-
ent from that under a weak atmospheric turbulence. It
should be noted that introducing the DOEs hardly
influences the best transmission aperture, as the effects
of atmospheric turbulence will not be obviously affected
by the introduction of the DOEs. Also, we can find that
the DOEs can decrease the BER efficiently and improve
the communication quality. In this Letter, the DOEs can
decrease the BER by around 10−0.5 and 10−1 at the best
transmission aperture in strong and weak atmospheric
turbulence conditions.
Zenith angle is another basic parameter at Tx. The ideal

zenith angle is 0°, but for practical communication link
requests the zenith angle is set according to the position
of Tx and Rx. From Fig. 7 we can see that the DOEs can
decrease the BER by around 10−1 and 10−0.5 at a zenith
angle of 0° under weak and strong atmospheric turbulence,
respectively. If the BER is aimed to be kept below 10−3

under strong atmospheric turbulence effects, introducing
the DOEs can enlarge the range of the zenith angle from
[0°–17°] to [0°–43°]. In case of weak atmospheric turbu-
lence, the BER in the system without the DOEs is higher
than 10−5 when the zenith angle is 0°. After introducing
the DOEs, the BER can be kept below 10−5 with the range
of zenith angle of [0°–20°]. In all, introducing the DOEs
can allow a wider range of zenith angle, which greatly in-
creases the flexibility of the practical system design.

Bit rate is another important measuring parameter in
space optical communication systems as mass data need
to be transferred. The BER relationship with bit rate
under strong and weak atmospheric turbulences is shown
in Fig. 8. The BER deteriorates with the increase of bit
rate. Under weak atmospheric turbulence, introducing
the DOEs can decrease the BER from around 10−9 to
10−11 at 0.1 Gbps and from around 10−4 to 10−5 at 1 Gbps.
We can see that the influence of the DOEs on the BER
decreases with the increase of bit rate. The effect of the
DOEs on the BER under strong atmospheric turbulence
is similar, but the overall effect of the DOEs on the
BER is smaller than that under weak atmospheric turbu-
lence. The results indicate that introducing the DOEs
into the optical subsystem at Tx can decrease the BER,

Fig. 6. BER relationship versus the transmitting aperture at dif-
ferent atmospheric turbulence conditions.

Fig. 7. BER relationship versus the zenith angle at different
atmospheric turbulence conditions.

Fig. 8. BER relationship versus the bit rate at different atmos-
pheric turbulence conditions.
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which enables the space optical communication system
with a higher bit rate. Thus, the space uplink chaotic
optical communication system can achieve a better perfor-
mance under a weak atmospheric turbulence.
In this Letter, we introduce a couple of DOEs at Tx to

improve the communication quality of the MSK space up-
link chaotic optical communication system. The DOEs
realize the intensity re-distribution through changing
the phase of each point of transmission spots. They will
not influence the beam profile at the exiting pupil, so
the far-field transmission process will not be affected for
the use of the DOEs. The substantial effect of the DOEs
is to complement the power lost during the beam expand-
ing process at Tx. Then we build the BERmodel to discuss
the effect of the DOEs on the communication performance
and give the BER relationship curves versus basic system
parameters. According to our simulation results, the
DOEs perform well both under strong and weak atmos-
pheric turbulences. Introducing the DOEs into the MSK
space uplink chaotic optical communication system can
help decrease the required transmission power or receiving
diameter, allowing a wider zenith angle range and larger
bit rate while the system maintains a good BER perfor-
mance at the same time. Since the DOEs can be easily
designed by computers, and introducing the DOEs into
the chaotic space optical communication is not complex,
introducing the DOEs into space uplink chaotic optical
communication systems is of great value.
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