
多軌衛星協同傳輸的時效性研究

1. 背景

地球衛星作為重要的信息基礎設施，在全球變化、防災減災、應急救援、遠洋航行、

導航定位、航空運輸、航天測控等重大應用中發揮了重要的作用，特別是針對大時空尺度

的結構化關聯數據的獲取，已成為不可替代的重要手段。

2. 說明

靜止軌道（Geostationary Earth Orbit / Geosynchronous Equatorial Orbit，

GEO）衛星，即地球同步軌道衛星，軌道平面與赤道平面重合，軌道高度位於35786km，

衛星的軌道週期等於地球在慣性空間中的自轉週期（23小時56分4秒），不考慮軌道攝

動時，在地球同步軌道上運行的衛星每天相同時刻經過地球上相同地點的上空，該軌

道常用於通信及氣象衛星等。 更詳細的GEO介紹可參考：

極地軌道衛星（Polar Satellite）軌道平面與赤道面夾角

為90°，軌道高度約為720-800公里。極地軌道衛星運行時能到達南極和北極區上空。

太陽同步軌道（Sun-synchronous Orbit 或 Helio-synchronous Orbit）衛星軌道平面

和太陽始終保持相對固定的取向，軌道的傾角接近90度，軌道高度主要為600-800公

里，衛星在地球兩極附近通過，因此又稱之為近極地太陽同步衛星軌道。極地軌道和太陽

同步軌道都是低地球軌道（Low Earth Orbit，LEO），需要在全球範圍內進行觀測和應

用的氣象、導航、資源、偵察等衛星都是LEO。

更詳細的極地軌道、極地軌道衛星、太陽同步軌道介紹可參考：

靜止軌道衛星能夠對指定區域進行連續的實時觀測，但由於其距離地面較遠，星載傳

感器對地觀測的精度和分辨率不夠，探測能力受限。因此，常採用低軌衛星（如中國的高

分系列衛星、FY-3等氣象衛星、外國的極軌衛星NOAA-18-19、NPP、EOS等）進行遙

感觀測，提高測量水平。
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靜止軌道衛星可以保持與地面站的不間斷實時通信，而低軌道衛星繞地球飛行，與地

面站的通信要在「過頂」期間或者通過其它衛星的中繼傳輸才能實現。

衛星的軌道參數：根據開普勒定律，衛星是在一個圍繞地球的橢圓軌道上運動，這個

橢圓軌道可以用六個軌道要素（也叫軌道根數）描述。如圖1所示，以不轉動地心赤道坐

標系XYZ為參考，六個軌道要素是：半長軸 α，偏心率 e，軌道傾角 i，近地角點距 ω，

升交點赤經 Ω，過近地點時刻 τ。在任一時刻 t，軌道上的衛星位置可以用這六個參數確

定。
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圖 1. 衛星軌道
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(1) 軌道傾角 i: 衛星軌道平面與地球赤道平面之間的夾角。

(2) 半長軸 α: 確定軌道大小的參數。圓軌道而言，就是圓的半徑；對於橢圓軌道而

言，就是橢圓的半長軸。

(3) 偏心率 e: 確定軌道形狀的參數。 e = 0時，軌道為圓，0 < e < 1時為橢圓。

(4) 升交點赤經 Ω: 確定軌道平面在空間位置的參數，沿著赤道方向，春分點至升交點

（衛星由南半球至北半球穿過赤道平面的點）之間的角度。

(5) 過近地點時刻 τ : 衛星運行中通過近地點的時刻。

(6) 近地角點距 ω: 沿著衛星運動的方向，從軌道升交點度量至近心點的角度，也就是

交點線與近地點矢徑延長線之間的夾角。

更詳細的衛星軌道根數介紹可參考:

星間光通信鏈路（Optical Inter-satellite Links，OISLs）是在空間衛星間建立相互

連接的激光通信鏈路或可見光通信鏈路，能增大連通性，擴展覆蓋範圍，擴大業務量並

提高靈活性。但是光通信只能沿直線傳播，當出現遮擋時，無法進行傳輸。如圖2所示，

LEO C與LEO A之間的紅色鏈路由於障礙物M2的遮擋，只能通過LEO B中繼到達LEO

A。

更詳細的星間光通信介紹，可參考:

多軌衛星的協同時效性研究：由上面的描述可知，靜止軌道衛星可以保持與地面站的

不間斷實時通信，而低軌道衛星繞地球飛行，與地面站的通信要在「過頂」期間或者通過

其它衛星的中繼傳輸才能實現。要實現對於衛星獲取到的數據，我們總希望它能盡快傳輸

到地面站進行處理，請設計出最優的傳輸方式。

3. 問題

(1) 選擇在軌運行的一顆極軌衛星、一顆靜止軌道衛星，再選擇一個相應的地面站，

求解極軌衛星直接與地面站、極軌衛星通過靜止衛星中繼轉發對地面站進行數據

通信（視距直線傳輸）的時間、空間範圍。

(2) 時效性是遙感探測的重要指標。求出問題1中選定的極軌衛星從探測數據生成到過

頂傳輸至地面站的最長時間間隔；進而分析通過某一顆靜止衛星進行中繼轉發的

數據傳輸時效性。
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圖 2. 激光鏈路通信

(3) 為進一步提高傳輸時效性，增加一顆極軌衛星中繼，試建模求解出新增極軌衛星

的軌道方案（確定其任一時刻的位置，包括軌道參數、與問題2中選定的極軌衛星

相位差等），使得一天之內所生成的數據通過過頂和中繼兩種方式回傳至地面站

所用的時間盡量少。

假設條件: 地球是圓的；地球上的高山會遮擋電波的視距直線傳播；衛星軌道參數也

可訪問網站:
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RESEARCH ON THE EFFICIENCY AND EFFECTIVENESS OF

COOPERATIVE TRANSMISSION FOR MULTI-ORBITAL SATELLITES

1. Background

Earth satellite is an important part of our information infrastructure. Nowadays due to
the global climate change, major applications such as disaster prevention and mitigation,
emergency rescue, ocean navigation, navigation and positioning, air freight, aerospace con-
trol, etc. are playing increasingly major roles, especially for the acquisition of structured
data in large spatial and temporal scales, which has become an indispensable tool in these
applications.

2. Description

A Geostationary Earth Orbit/Geosynchronous Equatorial Orbit (GEO) satellite, i.e.
earth geosynchronous orbit satellite, is a satellite whose orbital plane coincides with Earth’s
Equatorial Plane. The altitude of the orbit is at 35786 km from Earth, and the orbital
period of the satellite matches the rotation of Earth on its axis (one sidereal day) of ap-
proximately 23 hours 56 minutes and 4 seconds. Regardless of the orbital perturbation,
satellites operating in geostationary orbits can pass over the same location every day over
a given point of the planet’s surface, and those orbits are usually used by communication
and meteorological satellites.

For more detailed introduction to GEO, please refer to: https://en.wikipedia.org/

wiki/Geosynchronous_orbit

The orbit of a Polar Satellite has an inclination of 90� to the equator, and its altitude
is approximately 720-800 km. When in operation, a polar satellite can arrive at the space
above Antarctica and Arctic. Sun-synchronous Orbit or Helio-synchronous Orbit is a
satellite orbit whose orbital plane has a fixed orientation relative to the sun. Its orbital
inclination is very close to 90 degrees, and its orbital altitude is mostly in the range of
600-800 km. Such a satellite passes nearly above both poles of Earth, and therefore its
orbit is also called Near-Polar sun-synchronous Orbit, Polar Orbit and Sun-Synchronous
Orbit are all Low Earth Orbit (LEO) and satellites performing global scale observations
and applications such as meteorology, positioning, resources, reconnaissance, etc. are all
LEOs.

For more detailed introduction to polar orbit, polar satellite, and sun synchronous orbit,
please refer to:

https://en.wikipedia.org/wiki/Polar_orbit

https://en.wikipedia.org/wiki/Polar_(satellite)

https://en.wikipedia.org/wiki/Sun-synchronous_orbit
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Geostationary Earth Orbit Satellite can perform continuous real-time surveillance on
certain designated regions. However, since its distance from the earth surface is relatively
large, satellite-carrying sensors do not have enough precision and resolution, and hence the
surveillance capability is limited. Therefore, Low Earth Orbit Satellites, among those in-
clude China’s Gao Fen series satellites and meteorological satellites such as FY-3, Western
counterparts’ polar satellites such as NOAA-18-19, NPP and EOS, have been used exten-
sively to perform remote sensor observations so as to increase the measurement accuracy
and resolution.

Geostationary Earth Orbit Satellites can relay continuous real-time communication with
receivers on di↵erent locations on Earth, while Low Earth Orbit Satellites circle around
Earth, and their communication can only succeed during the state of “over the top” or via
the continuous relay by other satellites.

Satellite orbital parameters: Based on Kepler’s Laws, the orbits of satellites are elliptic
around the Earth. This elliptical orbit can be described using 6 orbital elements. For
example, in Figure /re�g:Orbit, we use a non-rotational equatorial earth-centered coordi-
nate system XYZ as reference, the 6 orbital elements are: semi-major axis ↵, eccentricity
e, inclination i, argument of periapsis !, longitude of the ascending node ⌦, the time of
perihelion passage ⌧ . In any given time t, the orbital satellite positions can be determined
by these 6 parameters.

(1) inclination i: vertical tilt of the elliptical orbit of satellite with respect to the
reference plane – Earth‘s equatorial plane.

(2) semi-major axis ↵: this is a parameter that confirms the size of the orbit. For
circular orbits, it is the radius of the circle; for elliptical orbits, this is the semi-
major axis.

(3) eccentricity e: this is a parameter that confirms the shape of the orbit. When
e = 0, the orbit is a circle, when 0 < e < 1 it is an ellipse.

(4) longitude of the ascending node ⌦: this is a parameter to confirm the orbital
plane, as an angle measured on the Equatorial Plane from the equinox to the
ascending node (the point where satellites will pass though on the Equatorial Plane
from the Southern Hemisphere to the Northern Hemisphere)

(5) time of perihelion passage ⌧ : the time where the satellite is passing through
the closest point on the central object around which it orbits.

(6) argument of periapsis !: defines the orientation of the ellipse in the orbital
plane, as an angle measured from the ascending node to the periapsis (the closest
point the satellite object comes to the primary object around which it orbits) and
this is also referred to as the angle between the line of ascending node and the line
of perigee.

For more detailed introduction to orbital elements, please refer to:
https://en.wikipedia.org/wiki/Orbital_elements

Optical Inter-satellite Links, or OISLs, refer to the development of interconnected laser
communications or visible light communication in outer space satellites. This can increase
connectivity, and expand coverage, boost business demands and flexibility. But optical
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Figure 1. An Orbit of a Satellite

communication signals can only transverse along straight lines, and when there is blockage,
no signals can be passed through. For example, as demonstrated in Figure 2, the red-colored
linked path between LEO C and LEO A is blocked by blockage M2, therefore signals can
only pass through LEO B to arrive at LEO A.

For more detailed information on optical communication in space, please refer to:
https://en.wikipedia.org/wiki/Free-space_optical_communication

https://en.wikipedia.org/wiki/Laser_communication_in_space

Research on the e�ciency and e↵ectiveness of the synergy of multi-orbital satellites:
From the aforementioned description, the geostationary earth orbit can maintain real-time
continuous communication with the receivers on Earth, and Low Earth Orbit Satellite
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Figure 2. Laser Link Communication

orbits around Earth, and their communication with receivers on Earth can only fulfill
during the state of “over the top” or via the continuous relay by other satellites. In order
to realize the data retrieved from the satellites, we always would hope that it can be
transmitted to the receivers on Earth as soon as possible for processing, please design the
optimal transmission mode.

3. Questions

(1) Select a Polar Satellite and a Geostationary Earth Orbit Satellite, plus one receiver
on Earth, please find the time and spatial region for direct data transmission from
the Polar Satellite to the receiver on Earth (line-of-sight transmission). Do the
same for relay data transmission in which data are first transmitted from the Polar
Satellite to the GEO Satellite, which then relay them to the receiver on Earth.

(2) E�ciency and e↵ectiveness are important criteria for remote sensing. Thus mini-
mizing the time lapse from the time data are collected by the Polar Satellite to the
time the receiver on Earth receives the data is a priority in remote sensing. Please
find the maximum time lapse in both scenarios in Question 1. Namely, find the
time lapse from the time data are collected by the Polar Satellite to the time the
receiver on Earth receives the data in both the direct transmission model and the
replay through GEO Satellite model.
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(3) Assume that in order to enhance the transmission e�ciency and e↵ectiveness we
have the luxury to add one more relay Polar Satellite to the system. Design an
orbit model for the new Polar Satellite (determine its position at any one time as
well as the phase di↵erence between it and the original Polar Satellite), so that
the total time lapse for data transmission is minimized over a whole day using
the combination of direct and relay (through the GEO and the additional Polar
Satellites) transmission.

Assumption: Earth is approximately round and spherical, and that the high mountains
on earth will block the transmission of the line-of-sight propagation of the electromagnetic
waves. For details of the orbital elements of satellites, please visit:

http://celestrak.com/satcat/search.asp
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