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Abstract This paper presents a comprehensive review of channel models for deep space communications.

Based on the characteristics of environment, deep space channels can be divided into three kinds, i.e.,

near Earth link, interstellar link and near planet link. The modeling for different kinds of channels are

summarized respectively, and some simulation results are provided in this paper. In addition, according to

the development trend of deep space communications, optical wave will become an important carrier in the

future. Therefore, deep space optical communication is also briefly introduced. Finally, challenges of deep

space channel modeling are pointed out and future research direction is also discussed.
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1 Introduction

In deep space exploration mission, reliable communication system plays the guaranteeing role in the suc-

cess of whole task. Data transmission, tracking, navigation, telemetry and telecommand are all depended

on this system. As an important part of communication system, channel is the base to research system

performance and various signal-processing algorithms. In this case, channel modeling is significantly

important.

In comparison with mobile communication and general satellite communication, deep space commu-

nication has significantly different characteristics [1]. First, the communication distance is far and the

signal attenuation is large. The average distance from the Earth to the Moon is about 380000 km, and to

Pluto is as high as 4.4 billion to 7.4 billion kilometers. Such long distance will arise a great attenuation

during transmission, and the SNR of received signal is extremely low. Second, the transmission delay is

very large and unstable. It takes few seconds to communicate with the Moon probe, but few hours with

Pluto probe, and the delay varies under different circumstances. The duration of each communication

may even be less than the signal transmission. Third, the communication link is intermittent. Due to the

rotation and revolution of the planets, links are often interrupted. In addition, the existence of various

cosmic rays can disturb the useful signal during transmission process, resulting in random interruption.

Fourth, the uplink and downlink are asymmetric. Channel capacity and transmission data rate are differ-

ent, and sometimes there is only one-way channel. Additionally, the capacity of the spacecraft makes the
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payload volume, weight and complexity limited, which leads to a lot of technical constraints. Therefore,

there exists a great deal of challenges for deep space communications.

Great effort has been devoted to channel models for deep space communications. In traditional research,

the channel is usually regarded as an ideal additive white gaussian noise channel (AWGN), which shows

a large deviation from the actual situation. Then the variable parameter AWGN channel (VPAWGN)

appeared, which is more accurate [2], but did not take the impact of solar scintillation into consideration

yet. From the 1970s, the National Aeronautics and Space Administration (NASA) carried out a series

of deep space exploration missions to study the performance of deep space communication links and

obtained a large number of observations [3–7]. Based on these data, Feria et al. [8] established an

amplitude fluctuation model for free space, but only considered the effect of weak solar scintillation.

Morabito [9] found a relationship between the scintillation index and the Rician factor, and established

a Rician channel model for deep space communications. Since then, the Rician channel model has been

constantly improved. Sun-Earth-probe angle (SEP) has been considered and the widely used in variable

parameters Rician channel model (VPRician) [10]. Although research on deep space channel model has

been conducting, different factors have to be considered under different scenarios such as near-Earth

orbit, transfer orbit, Entry-Descent-Landing (EDL) orbit. As a result, the channel modeling method

must change and it is difficult to find a unified model. Recently, though some valuable efforts have been

made on deep space link division, the theoretical model is too simple and incomplete [11,12]. Therefore,

it is essential to classify and research the channel characters in different deep space environments.

In this paper, deep space communication channel is classified into three kinds and existing modeling

methods are introduced under different scenarios. Besides, some simulation results are given. In addi-

tion, with the development of technologies, optical wave will become an important carrier in the future.

Therefore, this paper will also briefly introduce the characteristics of deep space optical communication

and its channel modeling. Finally, challenges and future research direction are pointed out.

2 Deep space microwave communication channel

Space communication can be divided into near space communication and deep space communication,

which has a distance boundary of 2×106 km away from the Earth [13]. Figure 1 shows a diagram of deep

space communication link which takes Mars as an example. In deep space communication system, we can

divide the channel link into three parts: near Earth link, interstellar link and near planet link. Different

links are subject to different interference and noise, so it is necessary to introduce channel modeling

method according to the characteristics of each link.

2.1 Near Earth link

Main interference in near Earth link comes from the Earth’s atmosphere. The atmosphere will bring

about atmospheric losses, rain and fog losses [14, 15].

• Atmospheric loss. Atmospheric loss is reflected in atmospheric absorption and atmospheric scintilla-

tion. Atmospheric absorption means the electromagnetic wave will be absorbed by electrons, water vapor

molecules and oxygen molecules when it propagates through the atmosphere. The attenuation is related

to distance which can be calculated as follows:

ΓA =

∫ r0

0

(γ0(r) + γw(r))dr (dB), (1)

where γ0(r) is the propagation distance (km), γ0(r) and γw(r) are the loss rate of oxygen molecules and

water vapor molecules, respectively, whose impact can be basically ignored in 0.3–10 GHz frequency band.

In the transmission path, the tropospheric atmospheric turbulence causes change of atmospheric refractive

index, so atmospheric scintillation comes about. It will make the amplitude and phase of received signal

fluctuate. Many statistical models have been established to describe atmospheric scintillation: STHV2

model, ITU-R model, Ortgies-N model, Karasawa model and van de Kamp model, while van de Kamp
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Figure 1 (Color online) A diagram of deep space communication link.

model is the latest improved one. It only needs some meteorological information. The standard deviation

can be expressed as

σx = σr0f
7/12g(x)/(sin θ)6/5, (2)

where σr0 = 3.6× 10−3+1.03× 10−4Nwet, Nwet is the wet term refractive index, and g(x) is the antenna

average function.

• Rain and fog loss. Rain and fog loss has two parts: rain attenuation, cloud and fog attenuation. Rain

attenuation mainly comes from the scattering absorption of rains whose specific attenuation is related to

regional precipitation. It can be calculated with the attenuation coefficient of unit path length [16, 17],

rR = 4.343× 103 ×
∫ ∞

0

n(ar)Q(ar, λ)dar, (3)

where ar is the raindrop radius, n(ar) is the number of rain drops per unit volume, and Q(ar, λ) is

the attenuation cross-sectional area. Cloud and fog attenuation is generally calculated according to

the ground-to-air path attenuation formula proposed by international telecommunication union radio

(ITU-R)

Ac =
LK1

sin θ
, (4)

where L is the total columnar liquid water content, K1 is the attenuation coefficient, and θ is the elevation

angle. In different weather conditions, the channel characteristics vary, so the attenuation will also change.

In cloudy weather, due to the large amount of clouds, there will be multipath and shadow effects, so it can

be described by Corazza model [18], which is composed of Rician distribution and Lognormal distribution.

And in foggy weather, fog concentration is the factor that mainly determines the attenuation of signal.

Therefore, it can be described by Nakagami model whose fading factor p represents the concentration of

fog [19, 20]. The larger the concentration is, the smaller p values.
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Figure 2 (Color online) (a) Superior conjunction; (b) inferior conjunction.

2.2 Interstellar link

2.2.1 Link model

• Free-space loss. Interstellar link is the most important link in deep space communication, which

is characterized by very long transmission distance. So the main attenuation in this link comes from

free-space attenuation

Lbs ≈ 32.45 + 20lgf + 20lgd, (5)

where f is frequency (MHz), and d is distance (km). For deep space communication, f is usually in X

(8–12 GHz), Ka (27–40 GHz) and other bands.

• Solar scintillation. Solar scintillation is a kind of important interference in deep space communication,

and it is also the focus of research. When deep space probe arrives near the Sun, the electromagnetic

waves are scattered through the charged particles from the Sun, resulting in multipath effect. From the

1970s, NASA began to explore the impact of solar scintillation. Morabito found a relationship between

scintillation index and Rician factor in 2003, and established the Rician channel model. Until now the

study of Rician model has been gradually improved [8, 21–24].

We use index m to measure the intensity of solar scintillation which expresses plasma density in the

solar wind. It is weak scintillation when m < 0.3, transition zone when 0.3 < m < 1, while strong

scintillation when m = 1. The relationship between Rician factor and m can be expressed as

γ =

√
1−m2

1−
√
1−m2

. (6)

In planetary revolution, there is a special state called solar conjunction, which can be described with

the SEP angle. Two kinds of spatial location are shown in Figure 2.

It can be seen that when the planets are near superior conjunction, the communication link is very close

to the Sun and is significantly disturbed by solar scintillation. On the contrary when the planets are near

inferior conjunction, the communication link is far from the Sun and less disturbed. The relationship

between scintillation index m and SEP angle in X-band has been observed by NASA. Please refer to

Figure 2 in [25].

According to the curve, a fitting expression of SEP-m is given [26],

m =

{

e−a1(SEP−θ0)+a2(SEP−θ0), SEP < θ0,

1, SEP > θ0,
(7)

where a1 = 1.14± 0.09, a2 = 0.02± 0.02 and θ0 is about −1.3 degree.

Figure 3 shows the simulation results about the influence of different solar scintillation indexes on

signal. As can be seen from the figure, solar scintillation impact on the signal increases with increasing

index m. When m is equal to 1, it reaches a strong scintillation state. In actual communication link, the

solar scintillation has less influence and m is about zero in most cases.
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Figure 3 (Color online) Influence of solar scintillation index on signal.

• Antenna loss. Antenna loss is divided into two parts: the antenna pointing error loss and the antenna

polarization error loss. In actual scene, pointing error loss is caused due to the spindle axis of receiving

antenna cannot accurately point to the maximum gain direction of transmitting antenna. For spaceborne

and ground station antenna, the cause of error is different. The former is determined by control accuracy,

while the latter is determined by rotation accuracy and weather conditions. Relationship between actual

gain of the antenna and the pointing error is as follows [27]:

G(θ) = Gme−2.77(θ/θ0.5)
2

, (8)

where Gm is the maximum gain of antenna, θ0.5 is the beam width, and θ is the antenna pointing error.

Therefore the pointing loss can be expressed as follows:

[Lpe] = [Gm]− [G(θ)] = 12(θ/θ0.5)
2. (9)

The antenna polarization loss is caused by the satellite altitude changes which make the transceiver

antenna cannot realize polarization matching. The calculation expression is

Lp = −10lg
1

2

[

1 +
±4XTXR + (1 −X2

T )(1−X2
R) cos 2a

(1 +X2
T )(1 +X2

R)

]

, (10)

where XT is the ratio of long axis to minor axis of the receiving electromagnetic wave, XR is the axis

ratio of receiving system, and a is the long axis angle of the transmitting and receiving electromagnetic

waves. When the polarization direction of electromagnetic wave coincides with the system, the sign is

positive. Otherwise it is negative.

• Cosmic ray interference. In addition, there are complex cosmic rays in interstellar links, which come

from the outer solar system. At present, when analyzing the channel model, it is usually considered to

be cosmic noise that obeys the Gaussian distribution and has flat power spectral density.
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Table 1 Ground station, orbiter and Mars rover parameter settings

Ground station Orbiter Mars rover

Longitude 58.67◦ W Semi-major axis 9509.57 km Longitude 48.222◦ W

Latitude 34.59◦ S Eccentricity 0.615 Latitude 22.697◦ N

Altitude 0.0 Inclination 86.9 Altitude 0.0

Antenna aperture 35 m Transmitter power 44.3 dBW Received frequency 415 MHz

Received frequency 8.5 GHz Frequency (ground) 8.5 GHz Bandwidth 2 MHz

Bandwidth 2 MHz Frequency (rover) 415 MHz G/T −20.0 dB/k

Antenna efficiency 50% Antenna aperture 2.5 m

Antenna efficiency 50%

Figure 4 (Color online) Received power of the ground station from Mars orbiter.

2.2.2 Simulation

According to the above analysis, we use STK (system tool kit) software to simulate the ground station-

orbiter link and the orbiter-Mars rover link with a background of the future Mars exploration project.

The parameters are shown in Table 1. The simulation time is set from March 2021 to April 2021.

The simulation results of received power attenuation, on-off characteristics, Doppler shift and solar

scintillation index of the ground station-orbiter link and the orbiter-Mars rover link are as follows.

Figures 4 and 5 show the received power of the ground station and the Mars orbiter in 5 days. As

shown in Figure 4, the received power of ground station is decreasing and relatively stable, so we can

know the Earth and Mars are gradually moving away from each other at the simulation time. The reason

of keeping stable is that the distance between the Earth and Mars is very far and the relative distance

change has little effect. While for the Mars orbiter shown in Figure 5, the impact of the relative distance

change is very large, so the fluctuation of received power is also large. Moreover, there are some discrete

points in Figure 5, which are caused by the rapid drift of the orbiter at periareon, and the duration is

very short, which is not suitable for communication.

Figures 6 and 7 show on-off characteristics of the links. The visible time ratio of these two links is about

40% and 30%. Moreover, the ground station-orbiter link is relatively stable, while the orbiter-Mars rover

link is more disorderly. Simulation results of specific loss, Doppler shift and solar scintillation coefficient

are shown in Table 2.

2.3 Near planet link

Analysis of the near planet link can be analogous to the near Earth link, whose most important distur-

bance is also the atmosphere. The difference is that atmospheric conditions vary. The atmosphere of

Mars is thin and the attenuation of electromagnetic waves, which is almost negligible, is much smaller

than the Earth [28]. And the atmosphere of Pluto only exists in the form of gas at perihelion while in

the rest of time it is condensed into solid. So we can choose a communication time to avoid atmospheric

interference. In addition, some planets will have dust on the surface which is considered to be able to
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Figure 5 (Color online) Received power of the Mars orbiter from Mars rover.

Figure 6 (Color online) Visible time of the ground station-orbiter link.

Figure 7 (Color online) Visible time of the orbiter-Mars rover link.

interrupt the communication. In the actual design of channel link, it is recommended to leave a certain

electrical level allowance.

There is a special channel in the EDL stage when the atmosphere exists, called the plasma sheath

channel. When a spacecraft enters the atmosphere, the tremendous heat generated by atmospheric
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Table 2 Simulation results list

Ground station–orbiter Orbiter–Mars rover

Transmitter power (dBW) 44.3 44.3

Transmitter gain (dBW) 43.9432 17.716

EIRP (dBW) 88.243 62.016

Receiver gain (dBW) 66.825 62.016

Distance (km) [2.2, 2.6]× 108 [359.69, 14973.93]

Doppler shift (kHz) [−386, −567] [−5.30, 5.59]

Free-space loss (dB) [−277.8, −279.4] [−168.31, −135.92]

Atmosphere loss (dB) [−0.07, 0.29] 0

Antenna pointing loss (dB) −(2.296 + 0.3) −2.296

Rain attenuation (dB) [−1.3, −4.4] 0

Cosmic ray loss (dB) [−0.0417, −0.3173] 0

Scintillation index m [0, 0.3] 0

0 5 10 15 20 25 30 35 40
−100

−90

−80

−70

−60

−50

−40

−30

−20

−10

0

Frequency (GHz)

A
m

p
li

tu
d
e 

at
te

n
u
at

io
n
 (

d
B

)

 

 

Small (5%)
Medium (10%)
Large (15%)
Transmitted

Small (5%)
Medium (10%)
Large (15%)
Transmitted

0 5 10 15 20 25 30 35 40
−150

−100

−50

0

50

100

150

200

250

300

350

Frequency (GHz)

P
h
as

e 
sh

if
t 

(d
eg

)
 

(a) (b)

Figure 8 (Color online) (a) Amplitude attenuation and (b) phase shift caused by the plasma sheath at a speed of

6000 m/s.

frictions makes the surrounding air ionize and forms a plasma sheath wrapped on the surface of the

spacecraft. It can cause significant attenuation and large dynamic dithering of electromagnetic waves,

which seriously affects the performance of communication. The Mars Pathfinder in 1997 and the Cu-

riosity Rover in 2012 both suffered signal interruption for seconds. Figure 4 in [29] shows the change of

received signal level during the landing of the Curiosity, where the level fluctuation reaches a maximum of

30 dB [29–31].

This phenomenon cannot be effectively overcome in the actual project at present and the received

signal will have a brief interruption. For this reason, a space-time perturbation model of plasma sheaths

electron density has been established [32–34],

ne(x, t) = T {n0(x)} × [1 + ∆ · n(t)], (11)

where n0(x) is the steady state distribution of plasma sheaths, ∆ is the relative turbulence intensity

and T {} represents turbulent mapping. According to this model, the influence on electromagnetic wave

transmission of the sheath channel can be simulated [35].

Figure 8 shows the amplitude attenuation and phase shift caused by the plasma sheath. The blue curve

represents results in the steady state, and the others represent the upper and lower bounds of possible

fluctuation under different turbulence intensity.

3 Deep space optical communication channel

With the need for faster transmission rates and greater communication capacity in deep space exploration,

traditional microwave communication has become increasingly difficult to meet the requirements of deep
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space communication, so wireless optical communication was born. Optical communication has the

characteristics of narrow beam width, large capacity, small delay and high confidentiality. It is considered

as an important development direction to realize high speed communication. The time of researches

on optical communication is more than 40 years [36–41]. NASA successfully carried out space optical

communication in 2014 with a video transmission rate of 50 Mbps from the international space station to

the Earth, which only takes 3.5 s while traditional downlink mode will take more than 10 min. This means

that the optical communication will soon realize engineering applications. This section briefly describes

channel modeling of spatial optical communication, including the transmission attenuation model and

the noise model.

3.1 Transmission model

Deep space optical communication mainly takes atmosphere and free space as the transmission medium.

The effects of atmospheric channel are similar to microwave communication in near Earth link, which

includes two parts: atmospheric attenuation and turbulence effect.

• Atmospheric attenuation. When optical signal passes through the atmosphere, the molecules and

other substances will make an absorption and scattering on it. Different wavelengths correspond to

different atmospheric absorption conditions, which is shown in Figure 3-2 in [42].

It can be seen from the figure that atmospheric molecules absorb weakly only in several areas, which

is called “atmospheric window”. Usually we choose an appropriate working wavelength to minimize the

impact of atmospheric absorption and in actual channel modeling we only consider the impact of aerosols.

Atmospheric aerosol is some large diameter particles which can generate Mie scattering on optical signal.

The scattering coefficient is related to the density of particles in the atmosphere. The scattering coefficient

increases with increasing density. The attenuation can be obtained by the following formula:

L = 10lg[exp(−kZm(θ))] = −10kZm(θ)

ln10
(dB), (12)

where k is the attenuation coefficient of aerosols, Z is the transmission distance in atmosphere, θ is the

Zenith angle, and m(θ) is the relative atmospheric mass along the zenith angle.

• Turbulence effect. Turbulence effect means the atmospheric refractivity varies randomly as place and

time change, and the impact on beam propagation changes with geographical location, height, weather

conditions and season conditions greatly. In general the turbulence decreases with increasing height, and

it is weak at night while rising rapidly as the Sun rises. The effect of turbulence on optical transmission

is related to the beam diameter dB and the turbulence size l. When the ratio is far less than 1, it will

mainly cause beam bending. When the ratio is about 1, it will mainly cause random beam drift. When the

ratio is greater than 1, it will cause intensity scintillation, phase fluctuation and beam expansion [43,44].

Experiments show that intensity scintillation is very small, and beam drift can also be suppressed by

selecting a wide beam in practical application. The main attenuation is caused by the expansion

L = 10lg
A

S
= 20lg

D

Lθs
, (13)

where A and S are transmit and receive power, D is receiver aperture, L is the distance, and θs is launch

angle.

3.2 Noise model

The noise in optical communication mainly comes from two types of background light. One is extended

background light source, which exists in the whole background, mainly from sky, starlight and Earth’s

reflected light. The other is pointolite. It mainly comes from the Sun and the planet’s radiation. The

average received power of these two noise, P1 and P2, can be calculated by the following equation [45,46]:

P1 = W (λ)×A×∆λ× Ωfv × T, (14)
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P2 = W (λ)×A×∆λ× T, (15)

where A is the optical aperture area of the receiver, ∆λ is the bandwidth, Ωfv is the receiver field

of view (Ωfv = Π
4 θ

2
r), T is the transmittance, and W (λ) is radiation spectrum function which shows

atmosphere influence on radiation intensity at different wavelengths. Figure 1 in [47] shows the solar

radiation spectrum measured vertically in the ground plane by the climate literacy labs of Georgia State

University, while the radiant intensity of other stars is much smaller than that of the Sun.

Based on the transmission model and the noise model and other factors such as Doppler shift, optical

communication channel can be modeled. Since the main characteristic of optical channel is scattering,

and an important nature of the scattering process is linear and the number of particles acting on the

path is huge, according to the central limit theorem, the scattering component arriving at the receiver

aperture obeys a Gaussian distribution [48].

Compared to traditional microwave communication, optical communication has higher bandwidth,

narrower beam angle, lower cost and better confidentiality. Although the establishment of deep space

optical communication model has been basically completed, there are still some uncertain factors such as

solar radiation spectrum function which need further study, and interstellar link also need to be improved,

in order to lay a good foundation for future optical communications.

4 Conclusion

This paper introduces channel models for deep space communications in different scenarios, and gives

some simulation results for Mars exploration. In addition, current situation of optical channel is also

briefly introduced. This review shows that although many researches have been carried out, channel

models for deep space communications are still limited to the AWGN model and its deformation due

to its particularity and the incompleteness of measurement data. Numerous factors have not been fully

considered. Therefore, it is worthwhile of researching whether there is other realistic model for deep space

communications. Moreover, the existing channel modeling is incomplete. Future work can be carried out

in the channel model on the surface of planets such as Mars. And the channel resource allocation is worth

studying. The research results will be beneficial to the further development of deep space exploration.
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