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Influence of Cloud Characteristics on
PPM Optical Communication Rate

Binyu Li

Abstract—Pulse position modulation (PPM) is a key technology
for deep space optical communication (DSOC) system to improve
the data transmission rate. To reach optimum rate, the modulation
parameters of PPM are required to be analyzed. The rate can be im-
proved by choosing appropriate modulation orders and the initial
pulse width. In this paper, the meteorological statistical data of our
experimental location are analyzed. Then, the analysis formula of
the cloud scattering and atmospheric turbulence influence on PPM
communication rate are given. The cloud particles are measured
through aircraft detector, simulation analysis is carried out by using
the measured data of aircraft detector. Finally, the influence on
the communication rate of different cloud physical thickness are
analyzed.

Index Terms—Atmospheric channel, pulse broadening, PPM,
optical communication rate.

I. INTRODUCTION

OMPARED with the microwave communication, optical
C communication between ground stations and satellites
offers several significant advantages, such as smaller size and
mass of system, less power consumption on satellite terminal,
more immune to interference, lower probability of interception,
larger datarate [ 1]-[3]. It also has abroad prospect for deep space
exploration system to greatly improve the data transmission rate

[4]-[8].

Pulse position modulation (PPM) provides an energy-efficient
means of using high peak power laser for transmitting signals
from deep space to earth-based receiving stations [9]-[11]. In the
2M_ary PPM modulation scheme, each channel symbol period
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is divided into 2™ equal non-overlapping time slots, and the
information comprised of M bits is sent by pulsing the optical
intensity in one of these slots. Each slot is very short (~ns),
but the laser power that the signal slot contained is very high
(~kW). Therefore, the PPM can compensate the huge link loss
and suppress the background photons, and now it is the preferred
technique for DSOC system. It should be noted that PPM results
in a relative low communication rate in comparison with the
other modulation methods and it seldom used in high rates
demanded FSO systems now, but it can bring a pretty good rate
gain to DSOC.

The relationship between PPM parameters and the wireless
optical communication performances has been widely studied,
especially in the research of its BER performance in turbulence
channel. For example, the error performance of PPM channels
in turbulent atmosphere with lognormal density distribution
and Gamma-Gamma distribution were investigated respectively
[12], [13]. Chatzidiamantis studied the error performance with
inverse Gaussian distribution [14]. Accurate BER computation
for 2M-ary PPM was proposed by Beaulieu and Hamkins [15],
[16]. A deep discussion about PPM communication rate is
meaningful in DSOC, and it also required in MIMO-PPM of
optical wireless [17], [18]. But the literatures about relationship
between PPM parameters and the data transmission rate are
limited. The capacity of PPM on Gaussian and Webb Channels
was computed, the results showed that the capacity depended
on the physical parameters of the APD and the constraints
imposed by the orthogonal signaling set [19]. Several properties
of the channel capacity that lead to an appropriate selection of
modulation format, PPM order, and error-control code rate were
described by Moision [20].

However, the laser pulse broadening and delay caused by
cloud and atmospheric turbulence also can degrade the com-
munication performance, as shown in Fig. 1. The transmitting
signal is in the second slot at the start, but the received signal is
broadened and then occupies the next two consecutive slots. This
phenomenon will lead to BER increase. One method for solving
this problem s to increase the slot width, as aresult, it reduces the
data rate and heavily decreases the performance of DSOC data
transfer. Therefore, the influence of pulse broadening on DSOC
system must be taken into consideration. However, little work
has been done on this and the literatures mentioned above only
discussed the capacity or communication rate under different
attenuation distribution models without taking the degradations
into account. In this paper, we focus on the influence of cloud on
PPM, and the analysis formula is derived. Then, the relationship
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Fig. 1. The illustration of pulse broadening and time delay caused by atmo-
sphere channel.
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between pulse broadening and the DSOC communication rate
are described. Through aircraft detection test and the detec-
tion or prediction of actual atmospheric conditions, we draw
a conclusion, the rate can be improved by choosing appropriate
modulation orders and the initial pulse widths.

II. THEORETICAL ANALYSIS
A. Cloud

Scattering optical thickness of cloud with uniform density can
be expressed as

Td:T/Dd (1)

T 418 the cloud optical thickness of the effective scattering part, T
is the cloud physical thickness, and D is the average multipath
scattering length in the effective scattering cloud,

Da = D/(1 - (cosf)) 2

D is the average free path length between continuous scatter-
ing; <cosf> is the average cosine of included angle which is
between incident light and scattered light. In isotropic scattering
medium, D is the reciprocal of extinction coefficient, so it can
be obtained [21],

D = (NT‘—TQQemt)_l (3)

Where Q.. is the extinction efficiency factor and N is the
scattering number with unit volume.

T4 =T N7?Qept(1 — (cos b)) %)

LW(Cis the liquid water content of the cloud at the observation,
pis the density of water, r is the average radius of cloud particle
atthe observation. Q... and <cosf> are the function of the water
droplet radius. The average value is taken [21],

LWC = (4n/3)Nryp = 4/3pro - N7rg 6)
1
r(t) =ro[l — (t/T)]3 (©)

Integrate over 74,

T
Tg = / N7r2Qept (1 — (cos 0))dt
0

T
/ CTLWC  — (4/1)]3 Quan(1 — (cos )t
0 Pro
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_ 045LWC - Qegt (1 — (cos0)) T
Pro
E. A. Bucher group established experimental relation of the

time interval /At and scattering optical thickness through exper-
imental statistical data [22],

@)

.74
At = ﬂng? ®8)
Eq. (7) is combined with Eq. (8),
0.82
Af — 0.74 (0.45LWC Qext (1 — (cos b)) T) ©)
c pro

The maximum communication rate R. can be achieved after
pulse broadening under PPM modulation [23],

M
(to + At) - 2M+1

Jilin Province is located in the middle latitudes of the northern
hemisphere and situated in the hinterland of the Songliao Plain
in northeast China. The central geographic coordinate of jilin
Province is N43°55°, E125°18’. The average precipitation of
summer is 522-615mm, more than 60% of the precipitation
of the year is concentrated in summer. The weather is sunny
and dry in autumn and winter, and the occurrence probability
of cumulus and stratus are very low [24]. According to the
cloud cover statistical report provided by China Meteorological
Administration, cirrus occurs less than 10% in most areas of
China, but the occurrence probability in some areas of Jilin
Province is up to 60%.

Cirrus is composed of small ice crystals in high-altitude, and
the distribution of particles is sparse, and the cloud thickness
is thin. The horizontal range of cirrus can reach hundreds to
thousands of kilometers, and the life span can reach several hours
to several days. Although cirrus has less attenuation (1~2dB)
on optical signal comparing with other clouds [1], in view
of the high occurrence probability of cirrus in Jilin Province,
the influence of cirrus on space optical communication must
be considered when analyzing the slant link of space optical
communication.

The extinction efficiency for a sphere of radius r can be
approximated as follows [25],

R = (10)

QLpi (B,p) =2 —4exp(—ptanf) [

3 2
(22) iy

cos .
P

+4(c0s6>2
p
(11)

Where p = 2x|m, — 1| is the phase delay that the ray passes
through particle. The phase shift of the transmitted ray is given
though 3 = tan~t(m;/(m, — 1)). The extinction efficiency of
non-spherical ice crystal can be expressed like this,

Q//ezt (pea Ba Ot)

=2 [1 — exp (_?gpe tanﬂ) cos <§pe + a)} (12)
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Fig.2.  Extinction efficiency factors of different particle forms in cirrus clouds.

where p. = 2wd.|m, — 1|/A is the effective phase delay. To
account for the complex ray behavior inside the ice crystal, Eqgs.
(11) and (12) are combined to given the extinction efficiency of
effective phase delay pe,

Qext (D7 my, mz) = (1 - f) Q/ext (/813 Ulpe)

+£QCut (2pe; B2, @) (13)

Ice crystal particles in cirrus clouds have many typical forms.
The mathematical model of particles scattering characteristics
can be obtained through calculating the extinction efficiency
factor of each form and the proportion in cirrus cloud. When the
maximum size of ice crystal particles in cirrus clouds is small,
the midlatitude cirrus clouds consist of 50% bullet rosettes, 25%
hollow columns and 25% plates [26].

Then, according to the scattering database of ice crystal
particles given in reference [27], the extinction efficiency factor
of main ice crystal particles in cirrus cloud can be obtained and
shown in Fig. 2 .

B. Turbulence

Atmospheric turbulence also can result in pulse broadening
effect, the broadening time caused by atmospheric turbulence
can be expressed as [28]

T1:\/T02+8a

where T is the initial pulse width, « is the turbulence parameter
which represents the phase fluctuations of the pulse, and it is
defined by

(14)

~0.391 (14 0.17162—0.2876%/%) g sec¢

@ 2

15)
C

6 = lp(h)/Ly(h), ¢ is the ratio of inner scale to outer scale, ( is
the zenith angle, and 1 is the parameter related to altitude that
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can be evaluated numerically,
hs 5/3
p= | CE(h) ko (h)] > *dn (16)
ho

where kg(h) = 1/Lg(h), C2(h) is the refractive-index structure
constant which is adopted to H-V21 model [1],

10

C2 (h) = 0.00594(v/27)*(10°R) " exp (—h/1000)

+ 2.7 x 1076 exp (—h/1500) + Aexp (—h/100)
a7

where v is the average wind speed, A is the typical constant
of the surface refractive index of the atmosphere. The outer
scale of turbulence as a function of altitude 4 can be expressed
as (18), shown at the bottom of the page [29].

Assuming that § = 0.1 and the propagation distance of vertical
is 20km, the relationship between pulse broadening ratio and
initial pulse width under weak and strong turbulence are obtained
and shown in Fig. 3.

Fig. 3(a) shows the relationship between pulse broadening ra-
tio and initial pulse width under weak turbulence (the turbulence
intensity is C2 = 103 m™/?). The pulse broadening ratio reduce
drastically with the increasing of initial pulse width. When the
initial pulse width is higher than 50fs, the downward trend of
pulse broadening ratio slows down and gradually stability, and
the pulse broadening ratio is close to 1. The pulse broadening
effect of small zenith angle is weaker than large zenith angle.
When the zenith angle become larger, the actual propagation dis-
tance of light become farther, and the influence of atmospheric
turbulence become more serious under the same vertical prop-
agation distance. Fig. 3(b) shows the pulse broadening under
strong turbulence (the turbulence intensity is C2 = 1073 m23),
The variation trend of the curve corresponding to different zenith
angle are roughly same as weak turbulence. However, when
the initial pulse width is small (79 <50fs), the pulse broadening
caused by strong turbulence is much larger than weak turbulence.
When #,>100fs, the pulse broadening effect decreases gradually
and tends to be stable.

In conclusion, the transmission of femtosecond laser is af-
fected by turbulence seriously. But in actual PPM, the pulse
width are sub nanosecond and nanosecond generally. According
to Eq. (10), the influence of atmospheric turbulence on PPM
optical communication rate can be ignored.

III. DETECTION EXPERIMENT

The scattering mechanism of particles with different sizes
are not same, and different scattering processes are usually
distinguished by the size parameter (o« = 277 /A, A is the laser
wavelength, r is the particle radius). The scattering process
is Rayleigh scattering when the size parameter of scattering

4
1+[(h—8500),/2500]°’
Lo (h) =

3.21p7 011,

0.307 — 0.0324 (5 — 17) + 0.00167 (15 — 17)° + 0.000476 (1255 — 17)” h > 17000

2000 < A < 17000
(18)
1000 < h < 2000
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(a) Relationship between pulse broadening ratio and initial pulse width under weak turbulence; (b) Relationship between pulse broadening ratio and initial
pulse width under strong turbulence.
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TABLE I
THE ENVIRONMENT DATA OF CIRRUS

7804907

SAMPLE 1 2 3

4 5 6 7

LwcC 0.03226 0.08071 0.005504
D 20.0661 21.8769 20.6602
Qext 2.0382 2.0207 2.0500

0.03787 0.002731 0.003813 0.02058
20.4678 20.1521 20.2533 20.2070
2.0486 2.0412 2.0442 2.0429

particles less than 0.1; The scattering process is Mie scattering
when the size parameter of scattering particles larger than 0.1;
When the size parameter is more than 50, the scattering process
is geometrical optical scattering. Mie scattering is mainly con-
sidered when analyzing the multipath effect. Assuming that the
communication wavelength is 1550nm, the cloud particles with
the size range of 0.02~12.3nm are mainly detected in this paper.

The detection equipments are the cloud particle detector
on aircraft (Forward scattering cloud-droplet spectrum prober
(FSSP-ER), Two-dimensional cloud particle spectrometer (2D-
C) and Two-dimensional precipitation particle spectrometer
(2D-P)), and the detection range of particle diameter is set as
1~264m.

The aircraft (Xinzhou 60) of Jilin Weather Modification Office
carried out the detection mission among September and October
2020. The ground observation shows that the sky is clear and the
cloud coverage area is less than 3/8. Cirrus predominate in the
sky. The detector detected the target Cirrus for the first time when
the flight altitude of the aircraft reaches 7300m. The detection
equipments and aircraft are shown in Fig. 4.

The detection position is observed through the external mon-
itor of the aircraft, and the detection time of the aircraft flying
into and out the cirrus were recorded. The detection data with
corresponding time are extracted, and the invalid data is elimi-
nated. The average particle diameter and the atmospheric water
content are shown in Fig. 5.

Table I shows seven groups of cirrus environment data ob-
tained from multiple detection (Oct. 2020). Sample 1, sample
4 and sample 7 are feather cirrus, Sample 2 is deny cirrus, and
sample 3, sample 5 and sample 6 are fake cirrus. These data of
even groups will be used for simulation in this paper.

IV. RESULTS AND DISCUSSION

In this paper, we assume that the slot time is the same as the
width of the broadened pulse all the time, and the power density
function of the atmospheric channel is not taken into consider-
ation. Fig. 6 shows the variation of laser pulse broadening with
cloud physical thickness under different cloud parameters.

We can see from Fig. 6 that the cloud has a significant impact
on pulse broadening. The broadened time is less than 3.5ns
when the cloud physical thickness is 3000m. Therefore, the pulse
broadening amplitude can be controlled within a allowable range
even when the thickness reaches 3000m. According to Eq. (9),
the broadening time is directly proportional to the atmospheric
water content and inversely proportional to the particle size. The
broadening time can not be judged completely by the statistical
characteristics of cirrus clouds.

35
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Fig. 6. Pulse broadening versus cloud physical thickness in different liquid
water contents.
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Fig. 7. Relationship between maximum communication rate and cloud thick-
ness (32PPM, Ins).

In order to illustrate the rate change of PPM optical communi-
cation system, the relationship between communication rate and
cloud physical thickness with different cirrus clouds are shown
in Fig. 7. It gives the relationship between laser communication
rate and cloud physical thickness under 32-PPM modulation
when the initial pulse width is 1ns. With the increase of cloud
physical thickness, the laser communication rate decreases and
finally remains stable. The influence of sample 4 is much
stronger than sample 5 under the same PPM orders and initial
pulse width.

Fig. 8 shows the relationship between the maximum com-
munication rate and cloud thickness with different PPM orders
(M). The laser communication rate at low PPM orders is higher
than high PPM orders. The communication rate show great
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Fig. 8. Influence of communication rate by different PPM orders.(a) LWC =
0.08071g/m?, D = 21.8769um, (b)LWC = 0.03787g/m>, D = 20.4678um.

affected by cirrus cloud with the decrease of modulation ele-
ments. Fig. 8(a) represents deny cirrus and Fig. 8(b) represents
feather cirrus. The feather cirrus have greater impact on the
communication rate through comparison. For example, R._4ppm
= 149.9Mbps, Rc—16PPM = 112.4Mbps, Rc_gppM = 74.9MbpS,
R._3oppv =46.8Mbps (@7 = 2000m, dense cirrus); R._4ppym =
72MbpS, Rc—lGPPM = 54MbpS, RC—SPPM = 36MbpS, Rc_ggppM
= 22.5Mbps (@T = 2000m, feather cirrus), feather cirrus have
greater impact on laser communication than dense cirrus.

The effects of different initial pulse width are analyzed under
the conditions of dense cirrus and feather cirrus. With the in-
crease of cirrus physical thickness, the laser communication rate
decreases and finally remains stable. Fig. 9 shows that the rate
under dense cirrus is higher than that under feather cirrus, and
the difference is obvious. Besides, the rates falls down sharply
when the initial pulse width is 0.5ns. It means that the initial
pulse width becomes much narrower, the performance of the
laser communication system degrades more severely.

According to Eq. (9), the scattering optical thickness is di-
rectly proportional to the extinction efficiency factor and in-
versely proportional to the average size of cloud particles. The
accurate detection of cloud particles is difficult. The detection
accuracy of sounding balloon is low. Aircraft cloud detection
needs to be supervised by air traffic control and the cost is very
high.
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Fig.10. Relationship between maximum communication rate and atmospheric
water content under different PPM orders with Ins initial pulse width.

In order to predict the impact of cirrus clouds on communi-
cation rate, finally realize stable and high-speed laser commu-
nication, the impact of real-time cirrus clouds on PPM com-
munication rate can be retrieved through ground atmospheric
water content detection. The relationship between the maximum
communication rate and atmospheric water content are analyzed
through the statistical average data measured by aircraft. The
resultis shown in Fig. 10. According to the results of local mete-
orological statistics, the thickness of cirrus clouds in Changchun
is distributed among 0.3~1.5km, and the average thickness is
about 0.73km. The average particle size in this paper is set as
20.5262 through the aircraft test results (detection results of
Xinzhou 60 in Jilin Weather Modification Office). And the value
of water content is 0.04-0.003 according to the the aircraft test
results.

V. CONCLUSION

Pulse position modulation has a promising prospect for im-
proving the data transmission rate of deep space optical com-
munication system, but the optical channel will exert attenuation
on the communication rate. In this paper, the data transmission
rate attenuation caused by pulse broadening are investigated.
The general formulas of the rate attenuation caused by cloud
scattering was presented. Combined with the actual application
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site, the pattern and physical characteristics of cloud are detected
by aircraft and then analyzed. The measured data of aircraft
are used for numerical simulation. Numerical simulation results
indicate that the rate attenuation increase strongly initially with
the increase of cloud physical thickness and aerosol optical
thickness, and then shows a tendency toward stabilization. Both
the lower modulation orders and the smaller initial pulse widths
can improve the data rate greatly when the thickness are small.
Because the aircraft detection process is difficult, statistical
values of particle size are used when analyzing the impact of
cirrus clouds in Changchun. Then the real-time water vapor
content are combined with statistical values of particle size to
analyze the impact of cirrus clouds on ppm communication rate.
This work can provide reference for the parameters selection of
DSOC system, and one can adjust the optimum communication
rate according to the results of atmosphere channel monitoring.
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