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ABSTRACT Compared with ground-based gravitational wave detection, space-based gravitational wave
detection has become a research hotspot because of its abundant wave sources. However, how to reliably
transmit the detection data, obtained by the space gravitational wave detector, back to the ground station
from a distance of 10° kilometers is a huge challenge. In this paper, the visibility analysis and link budget
are carried out for the data transmission of gravitational wave detection in geocentric orbit space, and a
high real-time data transmission scheme is provided to support the mHz band gravitational wave detection.
In more detail, we firstly establish a theoretical model for visibility analysis and link budget based on
spacecraft dynamics model and communication link model. Secondly, through visibility simulation and
calculation, we obtained the average communication time per day, and found that the Zhuhai station has
a more uniform distribution of communication time compared with other ground stations. Subsequently, the
link budget model indicates that link performance is largely determined by various gains and attenuations
during the link process, which are related to the link working frequency band and resource allocation.
Comparing the differences on gain and attenuation between X-band and Ka-band, we design an X-band
communication scheme with the transmission rate of 1Mbps and bit error rate of 107>. The calculation
results also show that the communication scheme has a C/Ny margin of 4.10 dB, which meets the data
transmission requirements of TianQin. Finally, the research shows that compared with the heliocentric orbit
of LISA, the geocentric orbit of TianQin has obvious advantages in transmission delay, communication time
and real-time performance of data transmission, avoiding the antenna pointing issues and is more conducive
to the multi-messenger detection of large astronomical events.

INDEX TERMS Gravitational waves, link budget, satellite communication, visibility analysis.

I. INTRODUCTION on September 14, 2015 [1]. This is the first time that humans

Albert Einstein proposed the general relativity in 1916. One
of the ideas is that the asymmetric motion of mass will cause
ripples in the gravitational field, whose space-time distortions
propagate at the speed of light, called gravitational wave
(GW). In 2016, Laser Interferometer Gravitational-Wave
Observatory (LIGO) announced that it had successfully
detected GW from two stations on the ground for the first time

The associate editor coordinating the review of this manuscript and

approving it for publication was Vittorio Camarchia

have directly observed gravitational wave. In 2017, LIGO
and VIRGO announced that three distant gravitational wave
detectors detected GW almost simultaneously on August 14,
2017 [2]. However, due to the limited arm length, gravity gra-
dient noise, and seismic noise from the ground, the detection
frequency band of ground-based gravitational wave detectors
cannot be extended to a lower frequency range. Compared
with ground detection of GW, space gravitational wave detec-
tion has obvious advantages in terms of wave source type,
quantity, signal strength, detectable space distance, etc., and it
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is an irreplaceable observation method for gravitational wave
astronomy research. Therefore, the detection of space GW
has become a hot spot in the field of space science detection.

Laser Interferometer Space Antenna (LISA) is an all-sky
monitor to unveil the Gravitational Universe by detecting
GW [3]. LISA’s orbit is an Earth-trailing heliocentric orbit
between 50 and 65 million km from Earth, with a mean
inter-S/C separation distance of 2.5 million km. TianQin is a
geocentric space-based GW observatory mission, consisting
of three identical drag-free controlled S/C in high Earth orbits
at an altitude about 10° km, and detect GW in the mHz
frequency band [4].

Communication is a key requirement for space gravita-
tional wave detection. On the one hand, the space-based GW
detection mission has a long duration, then a large amount
of measurement data obtained by GW observatories needs
to transmit to the ground for processing in time. On the
other hand, the selection of spacecraft orbits will affect its
coverage of ground stations, and different communication
strategies need to be analyzed and evaluated to ensure the
effective transmission of data. According to the nominal
mission duration of 4 years in science phase, LISA ana-
lyzes the communication requirements for space gravitational
wave detection, and enhances the bidirectional laser links
between each S/C with data links by modulating data on the
pseudo-random code used for ranging [5]. Thus, spacecraft-
to-ground data transmission could take place with only one of
the three S/C per pass and serve the whole constellation. With
this configuration, it has been calculated that communications
between a single pointing of one antenna and a single ground
station using the X-band can be maintained for 3 days at the
rate of >108.5 kbps, which ensures that the complete 334 MB
dataset can be transmitted in less than 7.2 hours. Furthermore,
by utilizing multiple ground stations (New Norcia, Cebreros
and Malargue), the contact window can be extended to more
than 23 hours per day. Different from LISA’s heliocentric
orbit, TianQin orbit is a geocentric orbit with the geocentric
distance of 107 km [6]. Consequently, it is necessary for
TianQin to explore what communication strategy can be used
to transmit data in specific orbital parameters.

In recent years, satellite communication technology has
experienced rapid development, thanks to advancements in
microelectronics, computer technology, and space science.
Addressing the challenges posed by the explosive growth of
wireless data traffic in ground cellular networks, particularly
in terms of security and energy consumption, the author
proposed a collaborative design of the base station’s hybrid
beamformer and satellite-borne digital beamformer in [7].
This design maximizes confidentiality and energy efficiency.
Furthermore, the author achieved multicast communication
in satellite aviation integrated networks through technologies
such as frequency division multiple access (FDMA), optimiz-
ing transmission system rates while satisfying signal-to-noise
ratio and power constraints as outlined in [8]. In [9], the
author designed a giant satellite-ground integrated network
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with the potential to achieve seamless global connectivity.
In [10], an alternating optimization scheme was proposed to
address System Secrecy Energy Efficiency (SEE) by decom-
posing the original non-convex problem into subproblems.
Additionally, in [11], the author utilized Reconfigurable Intel-
ligent Surface (RIS) technology in a satellite-ground hybrid
relay network (HSTRN) to enhance communication services,
improve HSTRN’s Quality of Service (QoS), and reduce the
power consumption of the transmission system.

In terms of the satellite communication scheme, it is imper-
ative to analyze the impact of orbit on communication prior
to embarking on link design. In space exploration missions,
such as Earth observation satellites, earth survey satellites
and space stations, Low Earth Orbit (LEO) is commonly
employed. Conversely, Middle Earth Orbit (MEO) primarily
caters to mobile communications and satellite navigation
requirements [12], [13]. Higher geosynchronous orbit (GEO),
owing to its synchronization with the angular velocity of the
Earth’s rotation, is typically utilized for continuous in-orbit
measurement and control as well as communication services
provision at specific locations [14].

After comprehending the characteristics of the track, exe-
cuting the link budget work becomes facile. Distinct orbit
heights exert diverse influences on communication link
design. As orbit height increases, signal propagation extends
further and results in amplified propagation loss. Similarly,
in LEO and MEO orbits, alterations in the elevation angle
of ground stations significantly impact the communication
distance between satellites and ground stations [15]. Further-
more, it is imperative to consider factors such as transmission
rate and communication frequency band’s effects on the link.
Latachi, I designed a reliable link to cope with the effects
of atmospheric attenuation and Doppler shift effects [16].
Lewark U J analyzed the feasibility of establishing satellite
downlink to Earth in E-band [17].

Inevitably encountering attenuation and noise interference
within a communication link necessitates optimization for
optimal performance. Liu S proposed an adaptive time scale
load balancing (ATLB) routing algorithm based on SDN,
which has better performance in terms of packet loss rate,
end-to-end delay and throughput [18]. Hou C proposed a QoS
guaranteed routing strategy to ensure that the route delay and
link cost meet the engineering requirements [19].

According to the characteristics of geocentric orbit
gravitational wave detection, we analyze the characteris-
tics of satellite and ground station visibility, and design
satellite-ground station communication links combining with
existing resources, and form several feasible communica-
tion schemes for TianQin-Zhuhai. The paper is organized
as follows. In Sec. II, we introduce the theoretical model
of visibility computation and link budget model. In Sec. III,
we describe calculation and simulation analysis under differ-
ent strategies and modes, In Sec. IV, firstly, the attenuation
and gain of X-band and Ka-band in sunny and rainy scenes are
meticulously designed and precisely calculated. Moreover,
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a comprehensive comparison and analysis is conducted to
evaluate the respective merits and demerits of TianQin and
LISA in terms of data transmission pertaining to delay, real-
time processing, as well as antenna pointing accuracy.

Il. THEORETICAL MODEL

A. ORBIT CALCULATION

The TianQin spacecraft orbit is the geocentric ecliptic coor-
dinate system based on J2000 to describe the TianQin
spacecraft orbit as Table 1 [20].

TABLE 1. The initial elements TianQin orbits.

a (km) e i 2e) o® 6
SCI  100926.  0.000 94.774 209.43 09808  84.729
15846 30 82 301 70 13
SC2  100940.  0.000 94.782  209.43  205.69  359.97
78902 02 18 045 214 613
SC3  100938.  0.000 94.785  209.43  0.0618  325.61
05641 41 62 823 31 985

Where, a is the semimajor axis of the orbit, e is the eccen-
tricity, i is the inclination of the orbit, and 2 is the longitude
of ascending node. w is the argument of periapsis, and 6 is
the true anomaly.

The near-focus coordinate system is a natural coordinate
system based on the orbital plane, as shown in Figure 1 with
the focus of the orbit as the coordinate origin, the x, y plane as
the orbital plane and pointing from the focus to the perigee.
The unit vector of the x-axis (arch line) is denoted as P. The
unit vector of the y-axis whose true anomaly angle is 90° with
the x-axis is denoted as é The z-axis is perpendicular to the
orbital plane and coincides with the direction of the angular
momentum /4, whose unit vector is denoted as w.

S|

semi latus rectum

perigee

I
I

FIGURE 1. The near-focus coordinate system.

In the near-focus coordinate system, the position vector 7
of the spacecraft can be expressed as

F=rcos-P+rsind-Q, 1)
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in the Eq., the modulus of the 7 can be obtained by the orbital
equation

|
r=———. 2)
u1+ecosé
Deriving 7, the velocity ¥ can be obtained as
T/:?:—%sin@-ﬁ—l—%(e—i—cos@)@, 3)

At the initial time #(, the position and velocity vectors of the
spacecraft can be expressed as

[?0 = roCOSQ(yﬁ—I—r()SiIIQ()-é

- i > - 4
vo=—%s1n90-P+%(e+cos90)-Q, )

13, Q can be calculated

i) u(e+cosBy) —  hsinfy -
- 2 u(I+ecos fp) ZO 5)
Q e sin By hcos 6y Vo ’

12 ~ ju(1+ecosbp)

Substituting P and Q into (1) and (2), we can get

| _[F®,600) GO,60) || 70 ©6)
v Fu(6,f0) Gi(8,60) | [ Vo |’
Among them, function F and function G are called
Lagrangian coefficients. According to the Lagrange coef-
ficients, the real-time position prediction of the spacecraft

can be performed according to the initial position of the
spacecraft from (5) [21].

B. GROUND STATION POSITION CALCULATION

In order to describe the position of the ground station
conveniently, it is necessary to introduce a special coordi-
nate system, the geocentric equatorial coordinate system,
as shown in Figure 2(a). In the geocentric equatorial coordi-
nate system, the Xeq, yeq plane is the equatorial plane, and the
Xeq axis points to the vernal equinox, and the angle between
the yeq axis and the x, axis in the equatorial plane is 90°, and
the zeq axis is perpendicular to the equatorial plane, pointing
to the north celestial pole, xeq, Yeq, Zeq axes form a right-
handed system.

The radius of the earth is R,, at the initial time ¢y, the
latitude and longitude of the ground station are (¢p, op), and
the altitude of the ground station is /p, then its coordinates in
the geocentric equatorial coordinate system are

(Re + hp) cos ap cos gp,
o = | (Re + hp)ecosopsingp, |, (7
(Re + hP) sin op

The earth rotates at a speed of w,, after time ¢, and the
coordinates of the ground station in the geocentric equatorial
coordinate system are

(Re + hp) cos op cos(op + wet),
s = | (Re + hp)cosopsin(op + wet), |, (3
(Re + hp)sinop

In order to facilitate position comparison with spacecrafts,
it is necessary to unify the coordinates of spacecrafts and
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FIGURE 2. Schematic diagram of the geocentric coordinate system.

spacecraft into the same coordinate system. In this paper, the
coordinates of the ground station are transformed into the
J2000 ecliptic coordinate system that describes the position
of the spacecraft. The transformation matrix is

1 0 0
0 cosy siny |, )
0 —siny cosy

th =

Among them, y is the angle between the geocentric equatorial
coordinate system and the J2000 ecliptic coordinate system,
as shown in Figure 2 (b).

From this, the coordinates of the ground station in the
J2000 ecliptic coordinate system can be obtained as

Ps =1y -Ps. (10)

C. VISIBILITY COMPUTATION

For space-to-ground communication, it is convenient to real-
ize that the spacecraft and the ground station can see each
otheg In Sec.II-A and Sec. II-B, the real-time positions R
and Py of the spacecraft and the ground station in the J2000
ecliptic coordinate system are respectively obtained through
the calculation. The real-time visibility of the spacecraft and
the ground station is judged and analyzed, and the judgment
process is as follows.

a. Calculate the relative position of the observatory rela-
tive to the spacecraft

W =R — Ps. (11)
b. Calculate spacecraft elevation angle relative to ground
station
Pe . Ti ]
o = arccos ——— — 90°. (12)
s
c. Visibility determination
o > ¢ visible
[ o < ¢ invisible, 13)

among them, ¢ > 0 is the elevation angle threshold related to
the terrain, in this paper, ¢ = 5°.
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D. LINK BUDGET MODEL

In the link budget, the gain and attenuation levels of signal and
noise are mainly calculated. As shown in (14) [22], we are
mainly concerned with the power level of the signal at the
receiving end

P, = EIRP+ G, — L, (14)

where EIRP is equivalent omnidirectional radiated power, G,
is the gain of the ground station receiving antenna, and L is
the various losses involved in the link.

In detail, EIRP is the sum of transmitter transmitting
power P; and transmitting antenna gain Gy, as shown in (15).

EIRP = P, + G,(dB). (15)

In the link budget, if it is a parabolic antenna, then its antenna
gain is

G ~ 101g(109.66f%d’n4)(dB), (16)

where, f, d indicates the carrier frequency, antenna aperture
respectively. And ny4 indicates the antenna efficiency, which
ranges from 55% to 65%.

In this paper, the X-band communication is mainly con-
sidered, and the effect of rain failure is not considered for the
time being. For other attenuation factors, path attenuation has
a greater impact on the link and is related to the communica-
tion frequency band and path length.

Lrs = 201g(f) + 201g(r) + 92.44(dB). (17)

For the attenuation term, the factors that have a great influ-
ence on the link are path attenuation and rainfall attenuation.
Among them, rainfall attenuation increases significantly with
the increase of communication frequency band. For exam-
ple, the magnitude of rainfall attenuation in the Ka band
(25-40 GHz) is greatly increased compared to the
X band (7)-10 GHz).

IIl. TRANSMISSION TIME CALCULATION BASED ON
VISIBILITY ANALYSIS

This section initially introduces three time evaluation indica-
tors, followed by a comprehensive analysis of these indicators
in conjunction with the TianQin orbit.

A. DEFINITION OF TIME EVALUATION INDEXES

In order to analyze the communication transmission capabil-
ity of the communication mode for TianQin, we define three
types of evaluation indexes.

1) AVERAGE COMMUNICATION TIME (ACT)

We define the average communication time fact as the pos-
sible communication time per day between the S/C and the
ground station during the scientific mission phase.

2) COMMUNICATION DURATION (CD)
We define the duration of communication zcp as the dura-
tion from the beginning to the end of each communication
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between the S/C and the ground station. We also use fcpmax
and fcpmin to represent the maximum duration and minimum
duration during the science mission respectively.

3) DISCONNECTION TIME (DT)

We define the communication disconnection time fpt as the
interval between two adjacent communication duration dur-
ing the scientific mission phase. fpTmax and fpTmin represent
the maximum disconnection time and minimum disconnec-
tion time respectively.

B. CALCULATION AND ANALYSIS OF TIME EVALUATION
INDEXES

1) ACT ANALYSIS

Figure 3 shows that the average communication time between
the spacecraft and the ground station is between 11.29 h and
11.42h. In comparison, Jiamusi station has the largest aver-
age communication time (11.41 h), followed by Argentina
(11.37 h), Kashgar (11.36 h), and finally Zhuhai (11.29 h).
For the three spacecraft, the average communication time
with the ground station is the same as 11.38h.

1150 ¢ mSC1
1145 F 11.41

11.40
11.35
11.30

mSC2

E 11.25
S 1120
11.15
11.10
11.05
11.00
Jiamusi  Kashgar Argentina  Zhuhai
Ground Station

FIGURE 3. ACT of ground stations.

2) CD ANALYSIS

Figure 4-7 shows the CD duration distribution of SCI in
relation to Jiamusi Station, Kashgar Station, Argentina Sta-
tion and Zhuhai Station respectively. The horizontal axis
represents the interval in which the communication duration
is located, and the unit is hour. The vertical axis represents the

300 ¢
250 |
200 F

150 F

Number of CD

100 F

CD between Jiamusi Ground Station and SC1(h)

FIGURE 4. CD between Jiamusi ground and SC1.
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Number of CD

CD between Kashgar Ground Station and SC1(h)

FIGURE 5. CD between Kashgar ground and SC1.

300 ¢
250 F

200 |

Number of CD

150 |
100
* Lty l

MmN o= o O ~
S

wy o
S

— o
N e

CD between Argentina Ground Station and SC1(h)

FIGURE 6. CD between Argentina ground and SC1.

300
250
200

150

Number of CD

CD between Zhuhai Ground Station and SC1{h)

FIGURE 7. CD between Zhuhai ground and SC1.

number of occurrences of the corresponding communication
duration during the scientific mission phase.

The data show that under the orbit constraints of TianQin,
the communication durations present a regular distribution,
and these durations concentrate in three intervals, which is
(0, 16), (25, 31) and (45, 47) respectively.

Furthermore, we also found that there is a certain number
of short communication durations. Considering the long dis-
connections before and after these durations, it is difficult
to transmit scientific data within the durations. Therefore,
we need to reduce the occurrence of short communication
durations through ground station selection.

Figure 8(a) illustrates the distribution of the shortest com-
munication duration among the four ground stations, ranging
from 0.17 to 1.02 hours. Notably, the ground station in
Argentina exhibits the smallest fcpmin distribution, followed
by Zhuhai. Figure 8(b) shows that Zhuhai has a significantly
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m ashgar  Argentina Zhuhai Jiamusi Kashgar Argentina Zhuhai
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FIGURE 8. Short CD of spacecraft-ground stations.

lower frequency of occurrence for short communication dura-
tions (fcp <5 hours) compared to the other three ground
stations. Considering that shorter communication times are
not conducive to stable data transmission, it can be concluded
that Zhuhai ground station is an optimal choice in this regard,
with Kashgar ground station being a close second option.

3) DISCONNECTION TIME

The disconnection time can be used to directly analyze the
availability of the link between the S/Cs and the ground
stations. We obtained the disconnection times during the
scientific mission phase, as shown in Figure 9-14. It indi-
cates that the disconnection times distribute in three intervals,
which are (0, 17), (27, 32) and (47, 48).

Number of DT

DT between Jiamusi Ground Station and SC1(h)

FIGURE 9. DT between Jiamusi ground and SC1.

180 ¢
160 |
140 £
120 |

60 F

» Eant LN
, b1l L.

Number of DT
» o
S 3
Ty
28] j———
e ———
f—

DT between Kashgar Ground Station and SC1(h)

FIGURE 10. DT between Kashgar ground and SC1.

Considering the direct impact of large disconnections on
data transmission, we analyze the relationship between the
selection of different ground stations and the maximum
disconnection time. The disconnection times, which are more
than 24 hours, can be divided into two categories, 24h~35h
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FIGURE 11. DT between Argentina ground and SC1.

200 |

150 |

Number of DT

100 |

DT between Jiamusi Ground Station and SC1&SC2(h)

FIGURE 12. DT between Jiamusi ground and SC1&SC2.

Number of DT
Iy
S
T

DT between Kashgar Ground Station and SC1&SC2(h)

FIGURE 13. DT between Kashgar ground and SC1&SC2.

and 35h~50h. The statistics data of the two categories are
shown in Figure 15. During 24h to 35h, the number of large
disconnections of Jiamusi ground station is small, followed
by Kashgar ground station, Argentina ground station and
Zhuhai ground station. However, during 35h to 50h, Zhuhai
ground station appears less frequently, followed by Argentina
ground station, Kashgar ground station and Jiamusi ground
station. Due to the correlation between large disconnection
time and large connection time, it is not advantageous for
long-term data transmission to have excessively long or short
disconnection times. The data evidence indicates that Zhuhai
station exhibits a more evenly distributed connection time,
which is conducive to efficient data transmission in the long
run.

C. COMPARATIVE ANALYSIS OF GROUND STATIONS

Based on the previous analysis results, it can be concluded
that the differences in the average communication time of
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FIGURE 14. DT between Argentina ground and SC1&SC2.
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FIGURE 15. Large DT of ground stations.

Kashgar, Jiamusi, Argentina and Zhuhai stations are all
within a 7-minute range. However, when considering the
distribution of communication time, it is observed that Zhuhai
station predominantly exhibits a concentration between 6 to
15 hours. Moreover, occurrences of both short communica-
tion times (<5h) and long disconnection times (>35h) are
infrequent (<50 times). Consequently, it can be inferred that
the communication distribution at Zhuhai station demon-
strates greater uniformity compared to other stations. This
characteristic is advantageous for designing data transmission
schemes and ensuring an organized implementation of data
transmission tasks.

IV. COMMUNICATION SCHEME

A. DATA TRANSMISSION REQUIREMENTS OF TIANQIN
When the TianQin satellite is in scientific mode, Data
will be generated from Interferometer, Ancillary, Optical
Monitoring, GRS Cap.Sens, Drag-Free Attitude Control Sys-
tem(DFACS), etc. According to the sampling rate, sampling
depth and sampling channel evaluation, the data generation
rate of the TianQin satellite constellation is as shown in
Table 2. The data generation rate is expected to be about
41.54 kbit/s for a single satellite and 126kbit/s for the entire
constellation. Taking into account satellite overhead such as
data coding, the total daily data generated by the entire con-
stellation is approximately 1.62GB based on a 20% margin.

B. COMMUNICATION SCHEME FOR TIANQIN

Since the working distance is 100,000 km away, and the beam
antenna can only be aimed at the earth through spacecraft
attitude adjustment. As shown in Table 3, we use the Zhuhai
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TABLE 2. TianQin data generation rate breakdown.

Parameters Unit Quantity

Raw Rate per SC kbit/s 41.54

Packetization Overhead [20%)] kbit/s 8.31

Packaged Rate per SC bit/s 49.85

Packaged Rate for Constellation kbit/s 149.54
TABLE 3. General properties.

Parameters Unit Quantity

S/C Dish Diameter m 0.25

S/C Tx Power w 50

GS Dish Diameter m 5

GS G/IT dB/K 35

Data Rate bps 1,000,000

Other Loss dB 3

ground station with Sm antenna, which equips with space-
craft receivers of X-band and Ka-band. The spacecraft has
an 0.25 m antenna, with transmission power of 50W and
transmission rate of 1Mbps.

The preliminary link budget results are shown in Table 4.
The main variable is the communication frequency band,
which mainly analyzes the different performances of the
X-band and Ka-band in the communication link. Among
them, compared with the Ka-band, the X-band has the charac-
teristics of longer transmission distance, stronger resistance
to atmospheric attenuation and rain attenuation. Compared
with the X-band, the Ka-band has a higher bandwidth and
can provide a higher transmission rate. In addition, because
the Ka-band has a higher frequency, it can bring higher gain
under the same antenna aperture. It has greater advantages in

TABLE 4. Communications link budget for TianQin.

. . Ka-band Ka-
Link Parameters Unit X-band (sunny) bqnd
(rainy)
Orbital altitude km 100000 100000 100000
EIRP dBW 39.83 50.19 50.20
f GHz 7.15 33.25 33.25
Free space loss dB 209.53 222.88 222.88
K dBW/Hz.K  -228.60 -228.60 -228.60
Atmospheric loss dB 331 0.24 72.95
P, dBW -127.14 -110.71 -183.42
CIN dBHz 13.55 30.67 -42.04
C/Ny-real dBHz 75.20 90.67 20.41
Ey/Ny-real dBHz 15.68 29.33 -43.94
Demodulation loss ~ dB 2.00 2.00 2.00
C/Ny-need dBHz 71.60 71.60 71.60
C/N, margin dBHz 4.10 19.08 -53.63
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scenarios where server resources are limited. However, while
the high frequency brings high gain, if the link transmission
encounters rain, it will also bring greater rain attenuation.
Additionally, we also calculate the link performance of the
Ka-band in sunny and rainy days. It can be seen that if there
is no rain attenuation, the Ka-band has significant gains in all
aspects of the link.

Judging from the link budget results, there are two options
for frequency band selection. Solution 1, directly use the
X-band for stable communication at a lower rate. Solution 2,
in sunny days, use the Ka-band for high-speed, low-power
communication, and in rainy days, use the X-band backup
communication link, that is, use the X/Ka frequency band
in combination to achieve the maximum communication rate
and the lowest communication power consumption. The

Table 4 also reveals that, for the same antenna aperture,
Ka-band yields a higher EIRP compared to X-band, resulting
in an additional antenna gain of 10.36 dB. In sunny condi-
tions, the C/Np margin in the Ka band is about 19.08 dBHz,
compared to 4.10 dBHz in the X band. It is indicated that at a
data rate of 1Mbps, Ka-band could achieve a lower bit error
rate. However, during rainfall events, precipitation signifi-
cantly reduces the C/Np margin to -53.63 dBHz in Ka-band
which far falls below the demodulation threshold. Consid-
ering Zhuhai’s meteorological conditions characterized by
frequent rainfall and its pronounced impact on Ka-band per-
formance, real-time transmission of gravitational wave data is
affected accordingly. Therefore, according to the above link
budget analysis, it is recommended to use X-band for TianQin
data transmission.

C. COMPARISON WITH LISA COMMUNICATION SCHEME

While both LISA and TianQin share the primary mission
objective of detecting GW, their distinct focus areas lead
to differences in their orbits and communication strategies,
which is show in Table 5. To begin with, LISA orbits in a
heliocentric trajectory at a distance of approximately 47~57
million kilometers, with an arm length of roughly 5 mil-
lion kilometers, resulting in a communication delay of about

TABLE 5. Comparison of communication strategies between TianQin
and LISA.

Parameters TianQin LISA

Orbital Type Geocentric orbit Heliocentric orbit

S/C Tx Frequency 8.45 GHz 8.40 GHz

Data Rate 1 Mps 139 kbps

Transmission Delay 3.33x10%s 1.67x10"'s

communication duration 24 h 92h

S/C Dish Diameter 0.25m 0.5m

Beam Width 10 ° 5°

G/S Dish Diameter 5m 35m

CIN, 75.20 dBHz 55.44 dBHz
4.10dB 3dB

Gain Margin
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1.67 x 107! seconds. On the other hand, TianQin follows a
heliocentric orbit at a distance of 103 kilometers, resulting in
a communication delay of about 3.33 x 10~ seconds.

Moreover, concerning visibility analysis outcomes, with
both utilizing inter-spacecraft links, LISA experiences an
average daily visibility window with the Earth of approxi-
mately 9.2 hours per day. In contrast, TianQin can achieve
real-time online transmission under inter-spacecraft link
conditions. Even in the absence of an inter-spacecraft
link, TianQin can reach a communication duration of
11.2 hours per day. Highlight the high practical significance
of high-frequency data transmission for multi-messenger
observations activities [23].

Finally, due to the characteristics of LISA’s orbit, adjust-
ments to antenna pointing are necessary before each com-
munication session. In the context of GW detection, the
straight-line antenna alignment of the spacecraft may result
in changes to the spacecraft’s center of mass, leading to minor
deviations in the spacecraft’s orbit that could potentially
impact the stability of the ranging link. TianQin, situated in
a geocentric orbit, can design its antennas to remain con-
sistently pointed towards Earth, mitigating the challenges
associated with antenna pointing variations.

V. CONCLUSION
Aiming at the data transmission requirements of gravitational
wave detection, this paper establishes a data transmission
model of geocentric orbit. Based on the visibility analysis and
link budget, several communication comparison schemes of
X band and Ka band are given to provide guarantee for the
smooth implementation of Tianqin project. Among them, the
visibility simulation results show that the average visibility of
the four ground stations is 11.29~11.34 hours/day. Among
these stations, Zhuhai has a more uniform distribution of
communication time, so it becomes the first choice. In addi-
tion, in the link design, combined with the data transmission
requirements, we set the transmission rate to 1 Mbps. Further-
more, the link performance under X-band, Ka-band(sunny)
and Ka-band(rainy) scenarios are calculated respectively. The
results show that although Ka-band can bring greater gain and
can meet higher transmission rate, when rain occurs, its C/Ny
margin will drop to -53.63 dBHz, far from meeting the 107>
bit error rate demodulation threshold. Therefore, X-band has
better anti-interference performance under the condition of
satisfying the basic transmission rate. Finally, the differences
between TianQin and LISA in data transmission link are
compared and analyzed. The results show that TianQin can
achieve lower delay and higher real-time performance in data
transmission, which is more conducive to multi-messenger
observations activities of major astronomical events. In addi-
tion, compared with LISA, TianQin spacecraft does not have
the problem of centroid migration caused by the change of
spacecraft pointing.

To sum up, due to the different orbital characteristics of
TianQin satellite and Tianqgin satellite, Tianqgin satellite has
great advantages in distance attenuation and real-time per-
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formance of link signals. Accordingly, we can use smaller
resource allocation in TianQin satellite to complete higher
speed and higher real-time data transmission.
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