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Abstract: The terahertz frequency band has the advantages of having a large bandwidth, narrow
beam, strong penetration, and high security, and is an important direction for the frequency expansion
of next-generation satellite communications. Due to the narrow terahertz beam, the pointing error
caused by satellite perturbation will affect the attenuation of the terahertz wave power, resulting in a
decrease in the received power of the system and affecting the communication performance of the
system. In order to accurately analyze the influence of pointing error caused by satellite perturbation
on the performance of space terahertz communication system, based on satellite perturbation model
and Gaussian channel model, this paper deduces the accurate analysis of signal power attenuation
model without pointing error and with pointing error untie. The antenna pointing error in the real
environment is simulated by using the TLE data of the actual satellite, and the influence of the
pointing error on the space terahertz communication is analyzed. The results show that the antenna
pointing error caused by satellite perturbation changes periodically with the operation of the satellite,
which will cause great signal power attenuation, reduce the signal-to-noise ratio of the space terahertz
communication system, and seriously affect the communication quality. In addition, the higher
the frequency, the greater the impact on space terahertz communication, which needs to be solved
through attitude control and antenna compensation.

Keywords: satellite perturbation; pointing error; Gaussian channel model; terahertz communication

1. Introduction

With the development of satellite communication technology, the contradiction be-
tween the supply and demand of spectrum resources has become more and more serious,
and it has become a scarce strategic resource. In recent years, the terahertz frequency
band, which is higher than microwave, has become a research hotspot all over the world.
With the rapid development of terahertz communication technology, China, Germany,
Japan, France, the United States, and other countries have successfully carried out terahertz
communication system tests [1-5]. The terahertz frequency band is between the relatively
mature microwave frequency band and the infrared frequency band. It has special charac-
teristics. It has both the excellent characteristics of microwave and laser, and has the unique
advantages of large bandwidth, narrow beam, strong directivity and so on. However, its
molecular absorption characteristics in the atmosphere are relatively obvious. Therefore,
for satellite communication, its main application scenario is inter-satellite communication.
Due to the high frequency of terahertz waves, the beam angle is narrower than that of
microwaves, and direct intensity modulation is generally used in satellite communication
systems, which leads to an increase in the bit error rate. The performance of inter-satellite
terahertz communication systems is easily restricted by many factors such as pointing error.

From a macro perspective, the satellite orbit is fixed, and the antenna pointing tracking
between satellites can be accurately calculated according to the orbit parameters. However,
the actual situation is that satellites are always affected by various perturbations of the space
environment, including the additional gravitational force generated by the non-spherical
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shape of the Earth and uneven mass, the gravitational force of the sun, the moon and other
celestial bodies, atmospheric resistance, solar light pressure, etc. Under the action of the
perturbation force, the orbit and attitude of the satellite are constantly changing, which will
cause the deviation of the pointing of the terahertz antenna to produce pointing errors, thus
affecting the performance of the terahertz communication system. Reference [6] studied
the relative motion between a pair of small satellites during formation flying and proposed
a model for orbital perturbation caused by gravitational force, the Earth’s oblateness, and
solar radiation pressure. They prove that the relative motion of satellites is bounded, which
provides a theoretical foundation to characterize the beam misalignment using a Gaussian
distribution. Reference [7] uses STK to simulate the link model in the terahertz space
application scenario, and analyzes the requirements of the space terahertz communication
link for the terahertz wave pointing accuracy. In reference [8], based on the technical
requirements of inter-satellite terahertz communication application and the existing high-
gain antenna, the demand of acquisition pointing tracking (APT) technology in terahertz
communication system are analyzed. By simulating the tracking and pointing error of the
APT subsystem, it is found that the tracking and pointing error has an important influence
on the received power of the communication system. Through simulation calculation, the
influence of satellite platform vibration on terahertz communication is analyzed. When
the frequency is 0.34 THz, there is almost no effect on THz communication, and when the
frequency increases to 1.5 THz and above, the effect becomes larger. The above literature
only analyzes the pointing accuracy requirements and the impact of the pointing error
caused by the vibration of the satellite platform on the received power, but does not
specifically analyze the pointing error caused by the satellite perturbation. At the same
time, there are few studies on the antenna pointing errors caused by perturbation to
satellites in different orbits. In this paper, the perturbation model and pointing error model
are established by analyzing the specific perturbation force of the satellite and the specific
direction of the antenna during the orbit, and based on the established model, the influence
of the pointing error generated by the satellite perturbation on the terahertz communication
system is analyzed.

In the Section 2 of this paper, the perturbation forces of the satellite in different orbits
are analyzed. The perturbation forces with less influence are ignored, and the ones with
more influence are selected for research. Then the satellite perturbation model is established
by solving the satellite perturbation motion based on the existing satellite motion equation
and perturbation force research. In the Section 3, the terahertz communication system
model and noise model are introduced. In the Section 4, the terahertz wave is modeled as
Gaussian beam by referring to the processing method of optical band pointing error, and
the exact analytical solutions of the signal power attenuation model are derived in the case
of no pointing error and with pointing error. In the Section 5, according to the two-line
element (TLE) data of the actual satellite, the simulation results in the real space terahertz
communication scenario are given, and the influence of the antenna pointing error caused
by the satellite perturbation on the space terahertz communication is analyzed.

2. Satellite Perturbation Model

The motion of a satellite around the Earth is the subject motion under the action of
the gravity of the center of the Earth and various perturbation forces in space, and its
orbit is not static, as shown in Figure 1. Although the magnitude of these perturbations
is small compared to the central gravity of the Earth, they also have certain effects on
satellite orbits. Correspondingly, it has a huge impact on the pointing of narrow beam
terahertz antennas in high frequency bands. The perturbation force is usually divided into
two types: conservative force and non-conservative force. Among them, the conservative
force is only related to the orbital position of the satellite; the non-conservative force has
complex influence factors and is also related to the speed of the satellite and the surface
characteristics of the star. Conservative forces include Earth’s non-spherical gravitation,
N-body gravitation (sun, moon, and other planets), solid tide perturbation, ocean tide
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perturbation, etc. Non-conservative forces include solar pressure, atmospheric drag, and
Earth’s albedo pressure. These perturbation forces cause different perturbation accelera-
tions to satellites at different orbital altitudes, and have different effects on pointing errors.
Therefore, to establish a perturbation model for satellites in different orbits, it is necessary
to analyze the specific requirements and make a reasonable choice of various perturbation
forces. Figure 2 shows the influence of the main perturbation force on the acceleration of
low-orbit (LEO, 200-2000 km), medium-orbit (MEO, 2000-20,000 km) and geostationary
orbit (GEO, 35,786 km) satellites, reflecting the influence of different perturbation forces on
the motion of satellites at different altitudes.

gravity of the moon
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gravity of the sun T Gravity A
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Figure 1. The orbital perturbation model of satellites under the factors of third-body gravity, non-
uniform gravity, and light pressure.
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Figure 2. The magnitude of the perturbation force on satellites in different orbits.

In addition to the central gravity of the earth, low-orbit satellites also need to consider
high-order aspheric gravity of the Earth, atmospheric drag, sun-moon gravity, tidal per-
turbation, and solar light pressure. Due to the high orbital height of geostationary orbit
satellites, atmospheric resistance will not affect them, and it is mainly necessary to consider
the aspheric gravity of the Earth, the gravity of the sun and the moon, and the solar light
pressure, etc.

Generally speaking, the motion equation of the satellite photographed motion can be
expressed as Equation (1).
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Among them, 7 is the position of the satellite in the inertial coordinate system, 7=

=, . . Lo
(x,y, Z)T ; a ¢ is the sum of the conservative forces acting on the satellite; a ¢ is the sum
of the non-conservative forces acting on the satellite surface; GM, is the gravitational

— —
constant of the Earth; Fp,; is the perturbation force of the Earth’s gravitational field; F,
—
is the gravitational perturbation of the sun, moon, and other planets; F 4 is the solid tide
— —
perturbation; F; is the ocean tide perturbation; F sp is the solar light pressure perturbation;
i

F 4, is the Earth’s atmospheric resistance perturbation.

For the convenience of solving, the equation of motion is usually transformed into a
first-order differential equation, and then the variational equation is solved by numerical
integration method according to the initial parameters of the satellite orbit. In this paper,
the initial parameters of the satellite orbit are obtained by the two-line element (TLE), and
the initial position and velocity of the satellite can be obtained by solving the TLE data
into six Keplerian numbers ¢ = (a,¢,i,), w,v). Where a is the semi-major axis of the
orbit, e is the orbital eccentricity, i is the orbital inclination, (2 is the ascending node right
ascension, w is the argument of perigee, and v is the true perigee angle. Figure 3 illustrates
the specific meaning of the six elements of the orbit and their relationship to the Earth’s
inertial coordinate system. The mechanical models used for various perturbation forces are
shown in Table 1.
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Figure 3. Relationship between Keplerian parameters and geocentric equatorial frame [9].

Table 1. The mechanical models used for various perturbation forces.

Perturbation Force

Model

Main Impact
LEO GEO

Earth’s non-spherical gravity

N body gravity

Solid tide perturbation
Ocean tide perturbation
Solar pressure
Earth albedo pressure

Atmospheric drag

The orbital plane of LEO satellites
continuously rotates, and the GEO EGM2008 (first 10 levels) [10] EGM2008 (first 12 levels) [11]
satellites drift east-west.

The eccentricity of the orbit will be
changed for a long time, making the
orbit more and more flat, which will
further increase the atmospheric

Sun, Moon and Other Near-Earth  Sun, Moon and Other Near-Earth
Planets (Ephemeris JPL.DE436) Planets (Ephemeris JPL.DE436)

perturbation and reduce the orbit height.

Change the Earth’s gravity IERS2010 [12] Not consider
Change the Earth’s gravity FES2004 [13] Not consider
Change the eccentricity of a satellite ECOMC ECOMC [13]
Change the eccentricity of a satellite Not consider Not consider

Change the semi-major axis of the

satellite’s orbit NRLMSISE-00 Not consider

The extracted initial parameters of the satellite orbit and the corresponding time are
taken as the initial conditions of the orbit integration. The Runge-Kutta method [14] in
the finite difference calculation method is used in reference [15] to numerally integrate the
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variational equation of the orbital perturbation force, and the position and velocity of the
satellite at any time can be calculated.

3. System Model
3.1. Design of Inter-Satellite Terahertz Communication System

For the inter-satellite terahertz communication scenario, a spaceborne terahertz com-
munication system with an operating frequency of 310 GHz is designed. The system is
consistent with the design principle of the terahertz communication system applied to the
ground. At the same time, it also has the advantages of having a simple and compact struc-
ture, being easy to carry by satellites, and obvious potential for later power improvement,
which is convenient for carrying out inter-satellite terahertz communication experiments.
The system adopts an all-electronic method. The transmitter adopts the zero-intermediate
frequency (zero-IF) transmitter of American VDI harmonic mixer, and the receiver adopts
the harmonic-mixing zero-IF receiver. Assuming the same terminal configuration on each
satellite, the 310 GHz satellite communication system based on VDI harmonic mixing
superheterodyne transceiver is shown in Figure 4, and the system parameters are shown
in Table 2.

310GHz 310GHz
1 symbol z Ny A
Digital data period delay | | & Ix Antenna
mput ;
* splitters é_ . PA
1
IF =
zero delay 8 RF LO
g
Transmitter
o microwave signal
double H BPF H Quadruple source 19.375GHz
155GH TH2 sub-harmonic up-converter

310GHz v
A

Digital data
output Rx Antenna
output _| THz FSS |
stream BPF
Receiver

At ) N analog phase microwave
{ ople }‘[ BPF |‘ |Qu<ldruplu|‘ shifter ‘ signal source

v .
155GHz THz sub-harmonic down-converter

Figure 4. Block diagram of satellite terahertz communication system.

Table 2. Related parameters of satellite terahertz communication system.

Parameter Symbol Value Unit
Carrier frequency f 310 GHz
Transmit antenna gain Gy 60 dB
Receive antenna gain Gr 60 dB
Transmit antenna diameter D¢ 50 cm
Receive antenna diameter Dy 50 cm
Average noise temperature T 2700 K
Bandwidth B 5 GHz
Transmit power P 23 dBm
Boltzmann constant Kg 1.381 x 1023 /
Modulation / OOK /
Antenna feeder loss Ly 2 dB
Polarization loss L; 1 dB

The microwave signal source generates a sinusoidal signal with a frequency of
19.375 GHz, which goes through a quadruple, a filter, and a doubler in sequence, and
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then performs sub-harmonic mixing with the input signal IF2 when it reaches 155 GHz. A
modulated signal with a center frequency of 310 GHz and a bandwidth of 5 GHz is obtained
through the zero-IF up-mixing output. After passing through the power amplifier (PA),
the signal is transmitted through the terahertz antenna and received by the receiver an-
tenna. The receiving end adopts a superheterodyne mixing receiver. In order to make the
received signal cover the frequency band of 307.5~312.5 GHz, the center frequency of the
local oscillator (LO) of the receiver is selected as 310 GHz, and the intermediate frequency
bandwidth is selected as 0~2.5 GHz. Considering the noise of the receiving IF low noise
amplifier (LNA), the overall noise temperature at the receiving end is estimated to be 2700 K.
In order to make the LO of the zero-IF receiver in phase with the LO of the received signal,
an analog phase shifter is used to adjust the phase of the LO. Since the terahertz antenna
and the terahertz front-end device are hard-connected by a waveguide, and the distance
between the two is generally negligible relative to the transmission distance of thousands
of kilometers between satellites, the terahertz antenna is usually not considered in the
research. Instead, the transmitter, receiver and antenna of the terahertz communication
system are regarded as a whole.

3.2. Noise Model

In order to study the quality of the communication link, it is necessary to calculate the
signal-to-noise ratio, that is, the ratio of the useful signal power to the noise power in the
signal. In order to accurately calculate the signal-to-noise ratio, it is necessary to obtain the
power spectral density of the noise. Due to the unique nature of the terahertz frequency
band, the terahertz wavelength is close to the size of some molecules, so many molecules in
the atmosphere will resonate in the terahertz frequency band, resulting in molecular absorp-
tion, which in turn leads to frequency-selective attenuation, which also brings the channel.
Additional noise, related channel noise research work has attracted extensive attention.
Jornet & Akyildiz [16] analyzed the total noise in the terahertz band in the satellite-ground
link, including molecular absorption noise and antenna noise. Kokkoniemi [17] studied
the atmospheric noise of the communication link between the aircraft and the satellite and
the thermal noise of the receiver. Studies have shown that additional atmospheric noise is
introduced during molecular absorption due to the atmosphere acting as a blackbody radi-
ator. However, this paper mainly studies the inter-satellite terahertz communication link.
Therefore, considering that the noise in inter-satellite communication is mainly thermal
noise at the receiver, the power spectral density of thermal noise varies with the receiver
noise coefficient, and the noise power spectral density can be expressed as Equation (2).

N(f) = kgTn(f)10N/1° 2)

where, 17(f) = kBT[exp(: z{ TesT)=1]” T is the mean temperature, f is the frequency, Ny is the

noise factor, h is Planck’s constant, and kg is Boltzmann’s constant.

4. Signal Attenuation Model for Inter-Satellite Terahertz Communication
4.1. Signal Attenuation Model for Inter-Satellite Terahertz Communication without Pointing Error

Considering the transmitter and receiver of the terahertz communication system as
a whole, the structure of the terahertz communication link between satellites is shown
in Figure 5. After the terahertz wave is generated, it is transmitted through the antenna,
and the beam reaches the antenna at the receiving end after a long transmission distance.
Since there is no atmosphere in space, there is no need to consider the effect of atmospheric
absorption. Assuming that there is no pointing error, the received power of the inter-satellite
terahertz communication system can be expressed as Equation (3).

Pg =Pr-Gr-Gg-Ly ®)
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Figure 5. Inter-satellite terahertz communication link structure diagram.

Among them, Pr and Pg are the transmit power and receive power, Gt and G are the
transmit antenna gain and receive antenna gain, respectively, and L are the free space loss.

In the existing link budget model, the electromagnetic signal attenuation mainly
adopts the Friis equation. The Friis equation is mainly applicable to the case where the
pointing error attenuation is not too serious, which is usually used in the microwave
frequency bands. Considering the computational complexity in the performance analysis
of terahertz communication, it is generally believed that the beams in the receiving area of
the antenna are uniformly distributed [18]. However, terahertz wave has the characteristics
of light-like transmission. Due to the narrow terahertz wave beam, the pointing error has a
greater impact on the system, so the influence brought by the pointing error must be fully
considered. In addition, when there is a large difference between the received aperture and
terahertz beam radius due to other factors such as pointing error, the geometric attenuation
model under the assumption of plane wave is used to calculate the received power, which
will lead to a large error between the calculated received power and the actual situation.
A more effective method is to add the attenuation caused by pointing error on the basis
of Friis equation. In most cases, terahertz research is also based on quasi-optical theory
with Gaussian beam model analysis. For example, reference [6,8,19]. In fact, most of the
transmitted signals are Gaussian beams, which are unevenly distributed in the area of the
receiving end. Therefore, this paper adopts the Gaussian beam model for analysis. For the
Gaussian beam receiver, the terahertz wave distribution is represented by Equation (4).

Ry? 2r?
T(r,L) = To—= exp(——== 4
(1) = Togs exp(~7.5) @
where, T is a constant, related to the transmit power, Ry is the beam radius of the transmit-
ting end, 7 is the distance from any point in the plane at the transmitting end antenna to the
center, and R, is the effective radius of the beam reaching the receiving end, determined by

Equation (5).
AL \?
R, = Rpt/1 —
= Royf1+ (72 ) ®)

In the formula, L is the transmission distance. The effective radius is determined by
the field strength, where the field strength of the terahertz beam is 1/¢? at the center and
obeys the hyperbolic variation law. For Gaussian beams, the beam divergence is generally
expressed by the beam launch angle 6, which can be expressed as Equation (6).

AL
R 2
0, = 2& 1 W— 6)

dz /(”§°2)2+L2
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Assuming that the transmission distance is infinite, namely L — oo, the angle between
the two asymptotes of the hyperbola is the far-field divergence angle 6, of the Gaussian
beam, which can be expressed as Equation (7).

6y = lim =~ = @)

The beam launch angle and the far-field launch angle are determined by the transmitter
structure of the terahertz communication system. Combined with Equations (3)—(7), the
power of the transmitter and the power of the receiver can be represented by Equation (8).

0
1en (2]

It is defined h as signal power attenuation, that is, the ratio of received power to
transmit power. Therefore, the signal power attenuation of the inter-satellite terahertz
communication system under the condition of no pointing error is Equation (9).

2
Pr = [ Tlr,02erdr = "8 1 - exp (22 )
(8)
_ Dgy _ nTyR3
Pr = [y ® T(r,L)2mrdr = —;

2Dg,?
_ PR fODR" T(r,L)27trdr _ 1 —exp(——é ) ©)
Pr fODTx T(r,0)2mrdr 4 _ exp <_2%T2x2>
0

where, Dr, and Dg, are the radius of the transmitting antenna and the radius of the
receiving antenna.

4.2. Signal Attenuation Model of Inter-Satellite Terahertz Communication under Pointing Error

The satellite-borne antenna is fixedly connected with the satellite constellation coor-
dinate system, and the attitude change of the satellite will inevitably cause the antenna
pointing to change. In the inter-satellite terahertz link communication process, the trans-
mitter controls the terahertz beam to point to the receiver. Due to the influence of orbital
perturbation force and other factors, both the transmitter and the receiver have pointing
errors. Although the influence of the perturbation force is small, the terahertz wave will
have a certain offset when it reaches the receiving end through long-distance transmission,
resulting in the attenuation of the received signal power and even the communication failure.

The pointing error model of satellite communication system is based on several related
coordinate systems such as inertial coordinate system OXYZ, satellite body coordinate sys-
tem O1X1Y1Z and antenna coordinate system O»X,Y>Z, and their mutual transformations.
According to the six Keplerian numbers solved by TLE, the position of the satellite in the
inertial coordinate system can be obtained by Equation (10).

X a(1- ) cos (Y cosu — sin Q) sinu cos i
Y| = ——=|sinQcosu+ cos)sinucosi (10)
7 1+ecosf . .

sinu cosi

Since this paper mainly considers the pointing error caused by satellite perturbation,
in order to simplify the calculation, this paper assumes that there is no assembly error, and
the antenna coordinate system coincides with the satellite body coordinate system. Define
the angle between the inertial coordinate system and the satellite body coordinate system
as «, B, v, then the transformation matrix can be represented by Equation (11).

cosx cos f3 sin & cos f3 —sin
A= |—sinacosy+ cosasinfBsiny cosacosy+sinasinfsiny sinwcosf (11)
sinasin<y +cosasinfcosy  sinasinfcosy — cosasiny cosycospf
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In the antenna coordinate system, the azimuth angle 6y, and the elevation angle 6.,
of the transmitter are shown in Figure 6a, and the rotation direction along the arrow is
the positive direction. Assuming that the pointing vector of the transmitter in the antenna

. .o . .
coordinate system is r = (x,y,z), the azimuth angle fxy and the elevation angle 0., of the
transmitter can be described as Equation (12).

RS
W\

(a) (b)

Figure 6. Schematic diagram of the transmitting signal of the terahertz wave transmitter: (a) the
change of the signal beam emission angle in the antenna coordinate system; (b) the change of the
signal beam emission direction.

Oxy = arctan%, Oyz = arctang (12)

Figure 6b shows the unit vector rg of the terahertz wave emission direction and the
unit vector r; of the terahertz wave emission direction under the influence of pointing error.
The angle 0 between the pointing vector rg without pointing error and the pointing vector 7,
with pointing error is the pointing error angle. Assuming that the perturbed position of the
satellite receiving end is r1(x1, y1,21) and the offset displacement is Arq(Ax1, Ay, Azq), the
azimuth pointing error angle Afly,, and the pitch pointing error angle A8y, can be expressed
as Equation (13).

Any _ |:cos2 Oxy — sin? ny] [ Ayo :|

X0 Yo Axo
Axo
_ Xy — tan Oy, 0
AB.., = tan fy;-xp — tanbxz Yo COS Oz A
=T B Bid Vienaa | W (13)
0
AXO AX]
Ayo =A Ay1
Az Azq

The pointing error angle is decomposed into the azimuth pointing error angle Ay,
and the pitch pointing error angle Af,;, and the pointing error angle can be expressed as
Equation (14).

0 = 1/ (05 012 A0ry + 5in By 5in B,.A0.,)? + 052 B A2 (14)

At the receiving end, the terahertz beam offset Rt is expressed as Rt = L. Assuming
that the receiving end is a circular surface, affected by the pointing error, there will be a
certain misalignment between the beam center at the receiving end and the center of the
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circular surface. The beam trajectory change of the receiving end caused by the pointing
error is shown in Figure 6.

As shown in Figure 7, a plane rectangular coordinate system is established with the
center of the receiver receiving plane as the origin, and under the condition of pointing
error, the terahertz beam distribution at the receiving end is expressed by Equation (15).

Ry? 2(r — Rp)?
T(r—RT,L)—TOR eXp( (RzT)> (15)
e

Receiver teraherez
beam plane

Receiver plane

Figure 7. Schematic diagram of beam trajectories caused by pointing errors in the receiver plane.

" J

herr(0) is the signal power attenuation considering the pointing error, expressed by
Equation (16), which is a function of the pointing error angle. The larger the value of Ferr (6),
the smaller the influence of the pointing error; the smaller the value of k.. (6), the greater
the influence of the pointing error.

VR2—x2

‘ dxd
o (6) = Pr(6) f f\/D 2 (x—LAfxy)* + LAy T(x,y)dxdy (16)
err PT fDRX f\/DRx — T(x )dxd

Dgy J _ /Dsz_xz Y Yy

In the Equation (16), 0 < ke (6) < 1, when h(0) is equal to 1, it means that there is
no pointing error, and when k() is equal to 0, it means that the receiving end cannot
receive any signal due to the extremely large pointing error. x; and x; can be solved by

Equation (17).
22492 = R2 a7
(x — LAOxy)* + (y — LAO:)? = 1.

Since it is difficult to solve the integral solution of signal power attenuation in the plane
rectangular coordinate system, considering that the actual receiving area of the receiving
end is a circle, the integral calculation is carried out in the polar coordinate system, and
Equation (18) can be obtained, that is, the analytic solution of signal power attenuation.

2R2 8D% . V27R V2R 2v2Dg,
or () ot ) R o () e[ 255 )
e e( T) D >R
Pe(®) e (=) o (18)
herr (0) = =p~ = 2 % . N
= 2R 8D% . V2R V2R 2v2Dpgy
exp<‘7§)‘exp(_ng<zﬁ >2>+ e o (5 ) o[ Dix < R
’ Rx > T

1- exp( ZDT" >
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5. Results

Assume that the diameter of the transmitter and receiver of the inter-satellite terahertz
communication system is 0.5 m, the carrier frequency is 180 GHz, and the link transmission
distance is 100 km. In this scenario, through the simulation of the above models, the
relationship between the pointing error angle, beam radius at the transmitter and signal
power attenuation is obtained, as shown in Figure 8.

<

— 0.0001 120

< p.00008
08 < 0.00006

) TN 0.00004
Beam radius(m) 5 0.00002

1 g 0
Figure 8. The relationship between pointing error angle, beam radius at the transmitting end, and
signal power attenuation.

It can be seen from Figure 8 that when the pointing error angle and the beam radius of
the transmitting end are different, as the beam radius increases, the signal power attenuation
increases continuously. As the pointing error angle increases, the signal power attenuation
also increases. In addition, as the beam radius continues to increase, the signal power
attenuation changes more and more slowly with the pointing error. This shows that when
the beam radius becomes larger, the effective radius of the beam reaching the receiving
end also increases, and the power attenuation caused by the pointing error increases
relatively slowly.

In this section, STK software is used to simulate the motion scenarios of low-orbit
satellites and geostationary satellites affected by perturbation forces in space. The variation
of the pointing error angle with the satellite running time is analyzed. The relationship
between the pointing error angle and the azimuth and elevation angles of the transmitter
is studied. Taking a low-orbit satellite and a geostationary satellite as an example, the
pointing error angle, signal power attenuation, and signal-to-noise ratio of the terahertz
communication system are simulated based on the satellite perturbation model and the
inter-satellite terahertz communication link model. The effect of pointing error on the
inter-satellite terahertz communication link is analyzed by simulation.

5.1. Pointing Error Angle Simulation

Taking a low-orbit satellite and a geostationary orbit satellite as an example, the
motion scene of the low-orbit satellite and the geostationary orbit satellite affected by the
perturbation force in space is simulated by STK software. The TLE information of low-orbit
satellites and geostationary-orbit satellites is given in Table 3.

Table 3. Satellite TLE Information.

Parameter LEO GEO
Semimajor axis (km) 686 35797
Eccentricity 1.06 x 1073 2.25 x 10~*
Inclination (deg) 98.1268 0.1129
RAAN (deg) 354.3541 80.757
Argument of Perigee (deg) 65.62 125.98

True Anomaly (deg) 0 19.22
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According to the satellite perturbation model in Section 1, the six Keplerian numbers
are solved through the TLE data to obtain the initial position and velocity of the satellite.
The number of orbital elements of the satellite at any time, and finally the azimuth angle,
pitch angle, and pointing error angle of the transmitter are solved according to the inter-
satellite terahertz link model. In this paper, through the co-simulation of matlab and stk,
the calculated orbital elements of the satellite at any time are input into stk through matlab,
and stk is used to simulate the inter-satellite terahertz communication scene. The scene
parameters are set as follows: the scene time is from 04:00:00 on 12 July 2022 to 04:00:00 on
14 July 2022, see Figure 9 for the scene.

Figure 9. Schematic diagram of stk simulation scene.

The low-orbit satellites and geostationary-orbit satellites will be affected by various
perturbation forces during operation, resulting in orbital deviations. If the perturbation
forces are allowed to act on the satellites, the satellite orbits will change dramatically,
resulting in huge pointing errors. Therefore, when the satellite passes through the ground
station, the ground station will send an orbit control command to the satellite to correct
the error of the satellite deviating from the orbit, so that it can return to the predetermined
orbit and effectively control the pointing error. In this paper, it is assumed that every time
the satellite passes through the ground station, an orbit adjustment is performed. For the
uplink terahertz communication link of LEO-GEOQ, the antenna of the low-orbit satellite is
pointed as the transmitting direction, and the antenna of the geostationary orbit satellite is
responsible for receiving. For the downlink terahertz communication link of GEO-LEO,
the antenna of the geostationary orbit satellite is pointed to the transmitting direction,
and the low-orbit satellite antenna is responsible for receiving. According to the satellite
perturbation model and the pointing error model, the pointing errors of the uplink and
downlink are calculated, respectively, and the variation of the pointing error angle with
time is obtained, as shown in Figure 10.

It can be seen from Figure 10 that with the increase of time, in the case of no orbit
adjustment, the pointing error angles of the uplink and the downlink have an increasing
trend as a whole, and the maximum is 0.01638°. It can also be seen that the pointing error
angle of the downlink is much larger than that of the uplink, indicating that the influence
of the perturbation force on the low-orbit satellite is greater than that of the geostationary
orbit satellite. In addition, it is obvious from Figure 10 that the variation of the pointing
error angle with time has a periodicity, which is likely to be related to the periodic motion
of the low-orbit satellite, and with the increase of the number of operating cycles of the low-
orbit satellite. The magnitude and variation of the pointing error angle are also gradually
increasing, probably due to the cumulative effect of the perturbation force on the satellite
with the increase of time. If the orbit control is not performed when the satellite passes
through the Earth station, the pointing error angle will become larger and larger, which
will have an incalculable impact on the inter-satellite terahertz communication system,
and even the communication will be interrupted. It can be seen from Figure 11 that the
azimuth angle has little influence on the pointing error angle, and the pitch angle has a
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great influence on the pointing error angle. When the pitch angle is close to 90 degrees, the

pointing error angle increases sharply. In addition, when the azimuth and pitch angles are

equal in magnitude, the pointing error angle is the smallest.
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Figure 10. Variation of pointing error angle caused by satellite orbit perturbation with time:
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(a) uplink terahertz communication link for LEO-GEO; (b) downlink terahertz communication
link for GEO-LEO.

0.035

0.005

100
100

Oxz(°)

-100  -100 Oxy(%)

Figure 11. Relationship between transmitter pitch angle, azimuth angle and pointing error angle.

5.2. Signal Power Attenuation Simulation

Based on the designed satellite terahertz communication system and inter-satellite
terahertz communication scenario, the power attenuation of the inter-satellite terahertz
communication signal is calculated and simulated according to the value of the calculated
pointing error angle, and it can be obtained signal power attenuation as a function of time.
Assuming that the radius of the receiving antenna is 0.5 m, the signal power attenuation
under the condition of no pointing error and under the condition of pointing error is
obtained through simulation, as shown in Figure 12.

It can be seen from Figure 12 that, under the condition of no pointing error, the
signal power attenuation is comprised between —40 and —60 dB, which is relatively
stable. Under the condition of pointing error, the signal power attenuation is as periodic
distribution as the pointing error angle. As the pointing error angle increases, the signal
power attenuation also increases. The minimum value of uplink signal power attenuation
is —175.5 dB, the maximum value is —248.4 dB, the minimum value of downlink signal
power attenuation is —164.1 dB, and the maximum value is —357.8 dB. After the attitude
adjustment of the ground station, the signal power attenuation decreases rapidly. It can
be seen from the comparison that the signal power attenuation caused by the pointing
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error is very large. If the attitude control adjustment is not performed, it is likely to cause
communication interruption.
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Figure 12. Signal power attenuation with no pointing error and with pointing error: (a) uplink terahertz
communication link for LEO-GEQ; (b) downlink terahertz communication link for GEO-LEO.

5.3. Signal to Noise Ratio Simulation

According to the pointing error model and the noise model, considering the path loss,
the signal-to-noise ratio at the receiver can be expressed as Equation (19).

_ [ X(f)PL(f, Dherr (0)
SNR = /B s df (19)

Among them, B is the bandwidth, X(f) is the power spectral density of the transmitted
signal, PL(f,I) is the total path attenuation loss, including free space loss and antenna
gain, which can be expressed as PL(f,!) = Ly + Gr + Gr. Ly represents the free space loss,
which can be written as Equation (20).

Ly = 20lgf(GHz) + 20lgd (km) + 92.4dB (20)

For a given inter-satellite terahertz communication scenario, the signal-to-noise ratio is
shown in Figure 13. In the terahertz frequency band, the maximum signal-to-noise ratio of
the uplink can reach 23.47 dB, and the maximum signal-to-noise ratio of the downlink can
reach 29.04 dB. With the increase of time, the influence of the orbital perturbation force on
the satellite is increasing, and the signal-to-noise ratio of the inter-satellite communication
link tends to decrease as a whole. Due to the long distance of satellite communication and
the limitation of the current development level of terahertz power devices, the signal-to-
noise of terahertz communication system is low. Therefore, we assume that the lowest
signal-to-noise that can satisfy the normal communication of terahertz communication
system is 10 dB. We define the operation period of the satellite as starting from the current
satellite passing through the ground station to the end of the next satellite passing through
the ground station. It can be seen from Figure 13 that in the second half of the satellite
operation cycle, the system’s signal-to-noise ratio cannot meet the minimum signal-to-
noise ratio requirements, which will lead to a sharp increase in the bit error rate, reduced
notification quality and even communication interruption.

The communication link is greatly affected by the communication frequency. The
lower the frequency, the higher the signal-to-noise ratio of the link and the better the
communication quality. It can be seen from Figure 14 that for the same pointing error angle
at the same time, when the frequency is higher, the interruption probability of the inter-
satellite terahertz communication link is greater, and the pointing error of the transmitter
also has a greater impact on the communication quality of the terahertz communication
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system. Therefore, the higher the operating frequency of the inter-satellite terahertz com-
munication system, the higher the demand for pointing error accuracy, and the slight
perturbation of the satellite may have a greater impact on the communication system.
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Figure 13. Variation of signal-to-noise ratio with time in inter-satellite terahertz communication sys-
tem: (a) uplink terahertz communication link for LEO-GEQO; (b) downlink terahertz communication
link for GEO-LEO.
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Figure 14. Variation of signal-to-noise ratio with time at different communication frequencies in inter-
satellite terahertz communication system: (a) uplink terahertz communication link for LEO-GEO;
(b) downlink terahertz communication link for GEO-LEO.

6. Conclusions

Due to the particularity of its location in the terahertz frequency band, satellite ter-
ahertz communication technology has become one of the important technical means to
achieve high-speed, large-capacity, and long-distance communication in space. Since the
terahertz beam is narrow and the satellite is affected by the perturbation force in different
directions in space, in order to achieve high-speed, large-capacity, and long-distance com-
munication, it is necessary to study the pointing performance of the inter-satellite terahertz
communication system. In this paper, the perturbation model of satellites in different orbits
is established by analyzing the specific perturbation force and the specific direction of the
antenna during the orbit of the satellite, and the inter-satellite terahertz communication link
with and without pointing error is analyzed. Finally, a satellite terahertz communication
system is designed, and the satellite perturbation orbit, pointing error angle, signal power
attenuation and system signal-to-noise ratio are simulated and analyzed according to two
hypothetical satellites. The simulation results show that the pointing error angle increases
periodically with the increase of the satellite’s running time. Therefore, it is necessary to
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take measures to suppress the influence of the perturbation force on the satellite to reduce
the pointing error. By comparing the signal power attenuation without pointing error and
the signal power attenuation with pointing error, it is found that the signal power attenu-
ation caused by the pointing error reaches more than 100 dB. However, the current gain
of high-gain terahertz antennas is mostly at the level of 60 dB, it is difficult to compensate
for the huge loss caused by pointing error. Under the same pointing error, the higher the
frequency, the lower the signal-to-noise ratio of the communication system and the worse
the communication quality. This is also an important limiting factor for the development
of current terahertz communication systems in the low terahertz frequency band. If the
attitude control of the satellite is not carried out, signal distortion, communication quality
degradation and even communication interruption will occur in a very short period of time.
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