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ARTICLE INFO ABSTRACT

X-ray communication (XCOM) is an advanced space-communication technology. The high penetration of X-ray
enables XCOM to achieve lower signal attenuation than conventional optical communication in Martian dust
storm. This study provided a demonstration of this approach based on simulation methods. The transmission
properties of X-ray beams in Martian non-dust storm weather were evaluated based on the MCNP5 code. Results
demonstrated that the X-ray beam can transmit through a long-distance in Martian atmosphere. Moreover, on
the basis of the anomalous diffraction and Mie theory codes, the transmission properties of X-ray and optical
links in Martian dust storm were evaluated. Results showed that the dust attenuation of the X-ray links were
significantly lower than that of optical links. Moreover, the penetration and communication performance of X-
ray links were evaluated and compared with the optical link, considering atmospheric and dust attenuation.
Results indicated that XCOM can be used to establish a low-BER communication link between rovers, and from
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the rover to the orbiter, in Martian dust storm.

1. Introduction

Mars exploration has now become a hot topic for space missions.
China has officially approved the Mars mission and plans to launch a
Mars probe consist of one orbiter and one rover in 2020 [1,2]. Future
landing-exploration missions to Mars have a great demand for com-
munication bandwidth. As a large-capacity communication technology,
free-space optical (FSO) communication has one to three orders of
magnitude more bandwidth than the radio-frequency (RF) system and
is thus suitable for Mars exploration missions [3,4]. Moreover, optical
communication can also offer size, weight, and power advantages over
RF systems due to its short wavelength. In Mars missions, optical links
can not only provide the use of high-performance scientific instruments
but also support real time high-resolution video in future manned
missions [5]. However, conventional optical links, also known as laser
communication links, will be severely attenuated or even interrupted
by the frequent dust storms in Mars [6-8].

X-ray communication (XCOM) is a special type of wireless optical
communication, which also has the advantage of low divergence and
high bandwidth [9]. XCOM uses modulated X-ray beams as a carrier for
data transmission and is considered to be the next-generation aerospace
communications technology [10]. Researchers at NASA Goddard
Spaceflight Center has developed a modulated X-ray source with the
switching time of nanoseconds and a communication control module
called NavCube. Based on this system, NASA will conduct a 50 m XCOM
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demonstration on the International Space Station in 2019 [11]. Re-
searchers at the Chinese Academy of Sciences have developed grid-
controlled X-ray sources and further realized the X-ray based data
transmission with a data rate of 240 kbps [12]. Researchers at Nanjing
University of Aeronautics and Astronautics have proposed a new X-ray
modulation method based on laser-to-X-ray conversion, which can in-
crease the modulation rate up to 100 Mbps [13]. Researchers at Saint
Petersburg Electrotechnical University have built their XCOM prototype
based on the photo-X-ray tube and experimentally determined that this
XCOM scheme can provide a transmission rate up to 10 Mbps [14].

XCOM can be used to establish a communication link between a re-
entry vehicle and a satellite. In this process, XCOM link can avoid
communication blackout due to its high plasma penetration [15,16].
Based on the strong penetration performance of X-rays, we expect that
XCOM links may be immune from dust disturbance. In this study, we
propose the use of XCOM to mitigate the extinction effect of dust and to
achieve high-speed data transmission during Martian dust storms
among spacecrafts on Mars. The XCOM among spacecrafts is shown in
Fig. 1. Two communication scenarios are considered: the communica-
tion link between the rover and the Mars orbiter and the short-distance
communication link between two Mars rovers.

In this study, the theoretical analysis method is used to evaluate the
performance of XCOM links in Martian dust storms. Moreover, the
performance of optical links is also calculated under the same dust
storm conditions, and the results are used as indicators of the signal
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Fig. 1. Schematic of XCOM in Martian dust storm weather.

attenuation caused by dust storms. In the following sections, the at-
mospheric attenuation and dust extinction processes of X-ray are si-
mulated. Based on the simulation results and the communication
model, the performance of the XCOM link under different commu-
nication scenarios are obtained.

1.1. Martian dust storm climate

Global and large-regional dust storms represent an important com-
ponent of the main Martian climate cycles [17,18]. During the Martian
dust storm season, suspended dust is widely present in the atmosphere;
the global distribution of dust mass mixing ratio is shown in Fig. 2
[19-22]. In this study, four locations were selected for discussion:
Northeast Syrtis, Jezero Crater, Columbia Hills, and a large dust storm
center. The first three were the three candidate landing sites of the
NASA Mars 2020 project [23].

The parameters of dust particles and atmosphere at these locations
are shown in Fig. 3, in which the radius of the Martian dust particle can
be described by a bimodal size distribution (Fig. 3(a)) [24]; each of the
two peaks can be determined by
n(r) = 1/ro,¥2m)exp(—(In r — Inr,)* /2 In? ), 6}
where, n(r) represents the single peak of the bimodal size distribution, r
is the radius of dust grain, and the coefficients r; and o, can be obtained
by
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T = 1,exp(2.5 X In?g,), &)

vy = exp(In®gy) — 1,

3)

where rer and vy are the effective radius and variance of the dust
particle. The number ratio y of dust between small and big modes as a
function of the altitude is shown in Fig. 3(b). On the bases of the Mars
climate database and the bimodal size distribution, the vertical dis-
tribution of dust number density was obtained (Fig. 3(c)). Moreover,
the curves of the Martian atmosphere density at four selected Mars
locations as a function of altitude are shown in Fig. 3(d) [25-27].

2. XCOM under clear sky condition
2.1. Simulation method

In non-dust storm weather, the absorption of the Martian atmo-
sphere is the main factor, leading to the attenuation of the X-ray link.
Unlike optical photons, the attenuation of X-ray photons in the atmo-
sphere is essential. Therefore, the evaluation of atmospheric attenua-
tion in different XCOM scenarios is needed. In this study, an X-ray
transmission coefficient evaluation was performed based on the Monte
Carlo particle transport program MCNP5 [28]. The Martian atmosphere
was modeled based on the data in Fig. 3(d). The calculation error of all
results was less than 0.1%.

2.2. Results and discussions

XCOM links from the rover to the orbiter over four selected loca-
tions were considered. The transmission coefficients of X-ray links with
different energy as a function of attitude are shown in Fig. 4. Results
indicated that most of the lost X-ray photons deposit their energy in the
atmosphere below 20 km along the propagation path. Above the Co-
lumbia Hills, X-ray attenuation was severe due to the high atmosphere
density. The 30keV X-ray beam had a transmission coefficient of
0.07%, and the transmission coefficient increased with increased X-ray
energy. When the link energy reached 200 keV, a transmission coeffi-
cient of 7% can be achieved. With increased X-ray energy to 800 keV,
the transmission coefficient can reach 22%. The 200 keV X-ray links can
provide more than 10% transmission at three other locations.

The transmission coefficients of X-ray links between two rovers on
Martian surface with different communication distances from 50 m to
2 km were evaluated. Results are shown in Fig. 5. At Columbia Hills, the
2km X-ray link with energy up to 30 keV can achieve a transmission
coefficient higher than 24%, whereas the X-ray link with energy up to
30keV can provide transmittance more than 30% at the three other
locations due to lower atmosphere density. Results of this Monte Carlo
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Fig. 2. Global map of dust mass mixing ratio with dust storm maximum solar scenario.
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Fig. 3. (a) Radius distribution of Martian dust particles; (b) Population ratio between small and big modes; (c) Vertical profile of dust number density; (d) Vertical

profile of the Mars atmosphere density.

simulation showed that under clear sky condition, X-ray beams can
realize long-distance transmission in the Martian atmosphere without
high-energy requirement. Furthermore, the X-ray beam with energy
above 30 keV can be used to build the 2 km link between the rovers, and
X-ray beams with energies above 200 keV can be used to build an up-
link from the rover to the orbiter.

3. XCOM under dust storm condition
3.1. Simulation method for dust extinction

The impact of dust storm on communication links is caused by the
extinction effect of dust particles. As shown in Fig. 6, the extinction
effect includes scattering and absorption. In this study, the extinction
process of X-ray photons and optical photons was simulated by the
General Geometry Anomalous Diffraction Theory (GGADT) [29] and
Mie scattering code, respectively [30]. GGADT is an open-source
FORTRAN suite that can be used to simulate the collision process be-
tween X-ray photons and dust particles. For optical photons, the ex-
tinction process was simulated by the Mie scattering theory.

The cross-sections of scattering Qs.q, absorption Qg,, and extinction

Qex: can be obtained by the simulation. Then, the intensity of the light
beam after passing through the dust storm can be expressed by Ref. [31].

1 o
I = Iyexp —ffﬂermpN(r)drdl ,
) ()]

where I, is the incident light intensity; r is the dust particle radius; L is the
distance of transmission; N(r) is the radius distribution of dust particles; p
is the number density of dust particles.

During a Martian dust storm, the pulse signal may be broadened and
delayed due to multipath effects in the high dust density area. The pulse
delay time At caused by the multipath effect can be expressed by
Equation (5), and the pulse response function P can be obtained by
Equation (6) [32].

At = (z/c) X {0.3z/wtb[(2.25 X wtd? + 1)3/2 — 1] — 1}, 5)

P(t) = (t/At¥)exp(—t/At), (6)

where z is the transmission distance; c is the speed of light; w is the
scattering albedo; 7 is the optical thickness; and 6 is the scattering
angle.
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Fig. 4. Mars atmospheric transmission coefficients of the X-ray links from the rover to the orbiter at (a) Northeast Syrtis; (b) Jezero Crater; (c) Columbia Hills; (d)

Dust storm center.

3.2. Cross-sections of Martian dust extinction

The absorption, scattering, and extinction cross-sections of photons
by dust particles as a function of photon energy are shown in Fig. 7. The
energy of X-ray photons was from 100 eV to 20 keV. The optical band
included infrared, visible light, and ultraviolet. Fig. 7(a) and (b) were
the results of small and big modes of dust in a Martian dust storm,
respectively. With increased X-ray energy, the extinction cross-section
decreased rapidly, indicating that the extinction of Mars dust particles
on high-energy X-ray is extremely weak.

The normalized differential scattering cross-sections of different
energy photons were calculated to illustrate the scattering angle dis-
tribution of scattered photons. Fig. 8(a) and (b) were the results of small
and big modes dust, respectively. This figure showed that the scattering
angle of optical photons is considerably larger than that of X-ray. The
scattering angle gradually decreased with increased optical photon
energy. However, the X-ray scattering angle was extremely small, and
the scattered X-ray photons can almost maintain its initial path.

The differential cross-sections of X-ray photons with different en-
ergies are shown in Fig. 9. The X-ray scattering cross-section of big

280

mode dust was considerably larger than that of small mode dust, which
means that the scattering of X-ray by big mode dust particles is the main
factor leading to X-ray dust extinction. Moreover, the X-ray scattering
angle was smaller than 2 arcseconds, which means that the scattered X-
ray photons can still be received by the detector with a receiving area of
0.05 m™, after passing through a distance of 13 km.

3.3. Impact of dust storm on communication links

Based on the cross-sections obtained in the previous section and
taking the dust storm center location as an example, the transmission
coefficient of the communication link was calculated by considering
only the dust extinction effect (Fig. 10). Results showed that the dust
attenuation of the X-ray link was considerably lower than that of optical
link. As shown in Fig. 10(a), in the scenario of 2km communication
between rovers, the transmission coefficient of the optical link was less
than 50%, whereas X-ray links of energies above 5keV can transmit
2km without obvious attenuation. The transmittance results of com-
munication from the rover to the orbiter is shown in Fig. 10(b). At an
altitude of 10km, the optical link transmission was reduced to
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Fig. 6. Schematic of extinction by dust particle.

approximately 0.1. With increased altitude to 140 km, the transmit-
tance of the optical link was reduced to less than 1.5 x 10~ 8. More-
over, the X-ray link transmission increased with increased energy. X-ray
links with energies above 20 keV would almost be unaffected by a dust
storm.

Normalized pulse response functions with transmission distances of

0.5, 1, 5, and 10 km were calculated. The results of optical and X-ray
links are shown in Fig. 11(a) and (b), respectively. This figure showed
that the pulse delay and the broaden value increased with increased
transmission distance. When the transmission distance is 10 km, the
broadening and delay time of the optical pulse was several micro-
seconds, whereas the X-ray pulse exhibited a broadening and delay time
of less than 1 ps. The calculation results of transmittance and pulse
response function showed that the intensity and temporal character-
istics of X-ray pulse signals were less affected by dust storm compared
with optical pulses.

3.4. Signal attenuation in Martian dust storm

The attenuation of X-ray and optical links is dominated by the ab-
sorption effect of the atmosphere and the extinction effect of dust.
Considering the atmospheric and dust storm attenuation, the trans-
mission curves of the optical link and the X-ray link were calculated.
Transmission curves of the communication links from the rover to the
orbiter during the dust storm are shown in Fig. 12. Results showed that
the transmission performance of the X-ray link is better than that of
optical links. During the dust storm, at an altitude of 140 km, the
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transmission coefficient of the 200 keV X-ray link was greater than 7%,
and the transmittance of the optical link was lower than 1.5 x 10~8,

XCOM links from the rover to the orbiter could provide better
transmission performance, during the dust storm. However, this result
was obtained under the condition that the elevation angle was 90°.
When the elevation angle is less than 90°, the slant path of XCOM link
will result in a decrease in transmission performance. For this reason,
transmission coefficients of XCOM links with different elevation angles
were also evaluated. The results of XCOM links with different energies
are shown in Fig. 13. The 200 keV XCOM links with elevation angles of
30° and 10° can provide transmission coefficients of 2.763% and
0.003%, respectively. The increase of X-ray energy can significantly
improve the penetration of the XCOM link. When the elevation angles
are 30° and 10°, transmission coefficients of the 1 MeV X-ray link are
15.74% and 0.49%, respectively.

The transmission curves of the 2 km communication links between
the rovers during the dust storm are shown in Fig. 14. Results showed
that the transmission performances of X-ray and optical links were
close, with the X-ray links performing slightly better. However, at four
different Mars locations, the transmission coefficients of 50%-75% can
be achieved by the 200 keV X-ray link, which is better than an optical
link.

283

4. Link performance evaluation
4.1. Evaluation method

In this section, the XCOM and optical links were modeled based on
the intensity modulation/direct detection communication system. A
modulated X-ray source and a high-time-resolution scintillation de-
tector [33] are employed as the transmitter and receiver of the XCOM
system. The scintillation detector is coupled by a lutetium-yttrium
oxyorthosilicate (LYSO) crystal [34] and an avalanche photodiode
(APD). The nested X-ray focusing optics are employed as the trans-
mitting and receiving antennas of the XCOM system [35]. The FSO
system consists of a modulated laser diode, an APD and optical an-
tennas [36]. In addition, the acquisition pointing and tracking (APT)
system is required to keep both ends of the XCOM and FSO system
aligned. The communication performance was evaluated by calculating
the signal-to-noise ratio (SNR) and bit error ratio (BER), based on the
communication system model. SNR is the ratio of the received signal
strength over the noise strength in the frequency range of the operation.
BER is the number of bit errors divided by the number of transferred
bits during a particular time arrival. In this study, the atmospheric at-
tenuation, dust attenuation, and beam divergence of the links were
calculated. The receiving power P can be determined by
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Pr = AgPrCrn?/n6; 2, 7)

where, Ar is the receiving area; Pr is the transmitting power; Cr is
transmission coefficient; 7. is the focusing efficiency; 6, represents the
beam divergence; and [ is the transmission distance. The SNR of X-ray
and optical links can then be determined by (8) and (9), respectively
[371.

SNR = (B/R)
X (MY;1qPx/Eshv)?/((MY;nqFs/Ey)? + 2qM? BFI; + 4KTB/Ry)
®
SNR = (B/R) x (MnqPy/hv)?/(2qM2BFI; + 4KTB/Ry), )

where, B is the bandwidth; R is the bit rate; M is the gain of APD; Y;
represents the photon yield of LYSO crystal; E; is the energy of incident
X-ray photon; 7 is the detection efficiency; F is the excess noise factor;
R; is the impedance of detector; v is the carrier frequency; I, is the
average dark current; T is noise temperature; q is electron charge; h is
Planck constant and k is the Boltzmann constant. Fg is the flux of
background X-ray photon and was set to 50m~2s~ ! in the Martian
environment [38]. In order to highlight the dust attenuation of the
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to the orbiter during the dust storm at (a) Northeast Syrtis; (b) Jezero Crater; (c)

optical link, background noise of the FSO system was not considered.
The APD used in this simulation is Hamamatsu Photonics Si-APD S3884
[39]. The parameters of XCOM and FSO systems can be determined by
Table 1.

According to the SNR value, the BER of XCOM system with on—off
keying (OOK) and pulse position modulation (PPM) method can then be
obtained by Ref. [37].

BERoox = 0.5 X erfc(v/SNR /2+/2), (10)
BERppy = 0.5 X erfc(,/(L/2) X SNR x log,L /24/2), an

where, L is the modulation level and was set to 4 in this calculation.

4.2. Results and discussions

The SNR value of optical and X-ray links in Mars surface-to-surface
and surface-to-orbiter scenarios at the dust storm center were calcu-
lated, and the BER performance of the OOK and PPM modulated links
were then obtained based on the SNR results. For the communication
links between the rovers, transmitting power of the XCOM and optical
links were set to 61 mW and 1.5 mW, respectively. The SNR and BER
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Fig. 13. Transmission coefficients of (a) 200 keV; (b) 500 keV; (c) 800 keV; and (d) 1 MeV XCOM links from the rover to the orbiter with varying elevation angles.

value as a function of the communication distance are shown in Fig. 15.
Results showed that in order to achieve similar communication per-
formance, X-ray links require more transmitting power than optical
links. This is because the single photon energy of X-ray is much higher
than that of laser. As shown in Fig. 15(b), for the same SNR conditions,
PPM-modulated links can provide lower BER value than OOK-modu-
lated links. Moreover, on Martian surface, the 61 mW X-ray link and
1.5mW optical link enable the BER value to be less than 10~°.

For the communication link from rover to orbiter, transmitting
power of the XCOM and optical links were set to 3 mW. Results showed
that the laser link can be considered completely interrupted, and the
SNR performance of X-ray link was much better than that of the optical
link (Fig. 16). As shown in Fig. 16(b), the optical link always exhibits a
high BER at an altitude more than 60 km, which indicates that the
optical link from rover to orbiter interrupt in Martian dust storm.
However, X-ray links can provide a good performance under the same
condition, which demonstrates the effectiveness of XCOM in Martian
dust storms.

The minimum transmitting power required to achieve the BER less
than 10~ as a function of the elevation angle were calculated, and the
results of the X-ray links with energies of 200 keV, 500 keV, 800 keV
and 1 MeV are shown in Fig. 17. In order to achieve the low-BER
XCOM, the minimum transmitting power requirement increases

significantly as the elevation angle decreases. When the elevation angle
is reduced from 20° to 10°, the transmitting power requirement is in-
creased by two orders of magnitude. Obviously, improving X-ray energy
can reduce the transmitting power requirement of XCOM link. 1 MeV X-
ray link with transmitting power of 18.3mW can realize low-BER
XCOM from rover to orbiter at the elevation angle of 20°.When eleva-
tion angle is 30°, the transmitting power of 3.6 mW is sufficient.

5. Conclusions

As a special wireless optical communication technology, XCOM is
expected to overcome the interference of Martian dust storm on com-
munication signals. This study preliminarily demonstrated this ap-
proach via the simulation method. The Monte Carlo method was used to
simulate the propagation of X-ray beams in non-dust storm weather,
and the transmittance of different X-ray energies was obtained. The
results showed that X-ray beams have the ability to propagate long-
distances in the Martian atmosphere. Moreover, the dust extinction
processes of laser and X-ray were simulated based on GGADT and Mie
scattering theory, and detailed cross-section parameters were obtained.
According to these parameters, the transmittance and temporal char-
acteristics of the optical and X-ray links were evaluated. Results in-
dicated that XCOM can resist the interference of Martian dust storms.
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Table 1

Parameters for link performance evaluation.
Parameters XCOM system FSO system
Photon energy E 200 keV 1.24evV
Bit rate R 100 Mbps 100 Mbps
Light yield of LYSO Y, 26300 ph/MeV -
Gain of APD M 100 100
Quantum efficiency of APD 5 75% 75%
Bandwidth of APD B 400 MHz 400 MHz
Dark current of APD I 5nA 5nA
Focusing efficiency 7, 70% 100%
Receiving area A 0.05 m? 0.05m?
Divergence 6 of surface-to-surface link 10 mrad 10 mrad
Divergence 6, of surface-to-orbiter link 10 prad 10 prad

Furthermore, the communication performance of the optical and X-ray
links during a Martian dust storm weather was evaluated by calculating
the SNR and BER of the communication links. The results demonstrated
that XCOM system can be employed to establish Mars surface-to-surface
and surface-to-orbiter links during dust storms. The 61 mW surface-to-
surface XCOM link and 3.6 mW surface-to-orbiter XCOM link with
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elevation angle greater than 30° can achieve the bit rate of 100 Mbps
and the BER less than 1075,

XCOM has advantages of size, weight, power and bandwidth over
RF systems and has advantages over FSO systems in anti-dust at-
tenuation. However, it should be pointed out that the XCOM system
also has some limitations. In the Martian area with dense atmosphere,
the strong atmospheric absorption effect of the X-rays will result in a
high transmit power requirement for the XCOM system. Furthermore,
the power consumption of XCOM systems will be higher than other
communication systems, due to the current immature XCOM devices.
Moreover, efficient APT systems are needed to keep both ends of XCOM
system alignment. X-ray links with low divergence will challenge cur-
rent APT technology and increase the difficulty of establishing a com-
munication link. In addition, high power X-ray transmitting may in-
crease the risk of radiation damage. Modulation techniques with low
transmitting power requirements and radiation shielding are needed to
protect the crews and electronic equipment from radiation damage.
Therefore, XCOM devices can be equipped as a supplementary system
by Mars probes and used as a high-speed emergency communication
method during dust storms.
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