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ABSTRACT The number and scope of space applications of global navigation satellite systems have grown

significantly. However, the availability and the navigation performance for a spacecraft operating within and

beyond the space services volume are different from those of terrestrial service volume users. To effectively

evaluate the space service performance of navigation satellite systems, we present the calculation method

of signal-in-space ranging error for space users. Considering the geometric visibility and the constraints

of the lowest carrier-to-noise ratio, we analyze the feasibility of receiving the signal transmitted from the

different off-nadir angles and obtain the coverage area of navigation satellite. Then, the relationship between

the weighting factors of ephemeris errors and the orbital height of the user spacecraft is analyzed. Finally,

the statistics characteristic of signal-in-space ranging error of typical navigation satellites is presented. The

results show that the signal-in-space ranging error increases first and then decreases as the orbital height

of the user increases. Generally, when the user’s orbital height is slightly higher than the orbital height

of the navigation satellite, the signal-in-space ranging error reaches a maximum. In particular, due to the

significant horizontal orbit error, global signal-in-space ranging error of the Beidou geostationary orbits

satellites increase significantly compared with the user located on the ground. Therefore, the impact of

user height changes on the statistical properties of signal-in-space ranging error cannot be ignored when

evaluating the navigation performance of the space user.

INDEX TERMS GNSS, SISRE, SSV.

I. INTRODUCTION

As the number of human space explorationmissions increases

year by year, the autonomous positioning and navigation

supported by Global Navigation Satellite System (GNSS)

are gradually replacing ground monitoring and control,

becoming an indispensable means for spacecraft to navigate

autonomously in orbit. Historically, most space users have

been located at low altitudes, where GNSS signal reception is

similar to that on the ground. However, the use of GNSS has

expanded to other orbit regimes like Geostationary Equatorial

Orbits (GEO), High Eccentric Orbits (HEO), and even Lunar

Orbits (LO).

In a statistical sense, the point location accuracy of GNSS

can be described by the product of the User Equivalent

Range Error (UERE) and the Dilution Of Precision (DOP),

The associate editor coordinating the review of this manuscript and

approving it for publication was Seung-Hyun Kong .

where UERE includes all measurements and modeling error

of the pseudorange and DOP map these errors to the position

uncertainty. UERE can be further divided into Signal-In-

Space Range Errors (SISRE) and User Equipment Errors

(UEE). While the UEE term includes all receiver related con-

tributions, such as noise, multipath, and uncorrected atmo-

spheric errors, SISRE describes the statistical uncertainty

caused by ephemeris error [1]. As one of the major error

sources of pseudorange measurement, SISRE directly affects

the positioning accuracy and integrity. Therefore, proper

knowledge of the statistical characteristic of SISRE is essen-

tial for the performance assessment and satellite selection for

a Multi-GNSS context.

For users on earth, the statistical characteristic of SISRE

of different satellite navigation systems has been dis-

cussed. Chen et al. derived calculation formulation of

SISRE of different types of Beidou satellites and assessed

the SISRE of Beidou satellites for the user on earth [2].
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Heng et al. analyzed long-term stationarity of the SISRE

performance of Russia’s GLObal NAvigation Satellite

System (GLONASS) and characterized the SISRE concern-

ing mean and standard deviation, distribution, the corre-

lation among satellites, and geographic dependency [3].

Oliver Montenbruck et al. presented a harmonized frame-

work for the calculation method of multi-GNSS SISRE based

on the comparison of broadcast and precise ephemerides.

Besides, Montenbruck et al. pointed that representative

global average Root Mean Square (RMS) SISRE values for

the European Union’s GALILEO, the United States’ Global

Positioning System (GPS), the China’s second-generation

Beidou navigation satellite System (BDS-2), and GLONASS

in 2017 are 0.2 m, 0.6 m, 1 m, and 2 m respectively [4].

While Terrestrial Service Volume (TSV) includes all ter-

restrial and space GNSS users up to an altitude of 3,000 km,

the Space Services Volume (SSV) is defined as the region of

space between 3,000 km and 36,000 km above the Earth’s

surface [5]. For the SSV user, the United Nations (UN) spon-

sored International Committee on GNSS (ICG) is leading

the effort to coordinate the development of an interoperable

SSV. Using both a coverage grid approach and a suite of

example mission profiles, a three-phase joint analysis effort

was proposed to characterize single-constellation and com-

bined SSV performance within the SSV [6]. The observation

geometry of different orbital inclination and altitude satellites

was summarized in [7]. Tang et al. presented the application

method of the Inter-Satellite Link (ISL) for SSV users and

analyzed their service performance [8]. Shehaj et al. investi-

gated the effect of different antenna pattern assumptions on

the simulated signal availability and the consequent simulated

navigation performance of a spaceborne receiver orbiting in

a very highly elliptical orbit from the Earth to the Moon [9].

Jing et al. characterized the SSV in terms of the four

parameters of minimum received power, satellite visibility,

pseudorange accuracy, and Geometric Dilution Of Precision

(GDOP) [10].

However, in the above analysis of the navigation perfor-

mance of the space-borne receivers, SISRE still utilizes the

same value with the user on the surface of the earth. From the

definition of SISRE, SISRE is related to the relative position

of GNSS satellites and user spacecraft. Themax off-boresight

angle of the Medium Earth Orbit (MEO) navigation satellite

to the earth is about 13 to 14 degrees, the max off-boresight

angle of the GEO navigation satellite and Inclined GeoSyn-

chronous Orbit (IGSO) navigation satellite to the Earth is

about 8 degrees. Therefore, the off-boresight angle of the

navigation signal received by the ground user is generally

not more than 14 degrees. Since space users can even use

the side lobe signal of the navigation satellite for navigation,

the range of off-boresight angle of the received navigation

signal is much larger than the ground user. Therefore, the use

of ground SISRE for a space usermay be not accurate enough.

To better evaluate the performance of spacecraft within and

beyond SSV, we analyzed the SISRE statistical characteris-

tics of existing GNSS for spacecraft of different altitudes, and

the rest of the paper is structured as follows. The next section

presents the definition and calculation method of SISRE.

Section III offers the variation trend of weighting factors of

space users based on the analysis of the geometric visibility

and the Carrier-Noise Ratio (CNR). Section IV shows the

SISRE statistical characteristics of typical navigation satel-

lites. Section V contains the conclusions and future work.

II. DEFINITION AND CALCULATION METHOD OF SISRE

The SISRE can be defined as the difference between the

actual pseudorange and the pseudorange that has been cor-

rected the ephemeris error, including the orbit error and the

clock error. The direction of the SISRE is from the satel-

lite to the user on the ground, also known as the line of

sight. The satellite clock error is scalar and can, therefore,

be added directly to the SISRE. However, the satellite orbit

error is a vector. The satellite orbit error has three directions,

namely the radial direction, the along-track direction, and the

cross direction. As in Fig. 1, with the center of the earth as

the origin, the along-track direction as the x-axis, the cross

direction as the y-axis, and the opposite direction of the

radial direction as the z-axis, the Cartesian coordinate system

OXYZ is established.

FIGURE 1. Coordinate system diagram.

Suppose the spherical coordinate of the user is (ru, α, ϕ),

where ru is the orbital radius of user spacecraft, α is the

polar angle, and ϕ is the azimuthal angle; then the Cartesian

coordinates of the user satellite are Xu = (ru sinα cosϕ,

ru sinα sinϕ, ru cosα), and the unit vector of the GNSS satel-

lite pointing to the user’s observation vector is
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Then, the projection coefficients of the orbit error of the

along-track direction, the cross direction, and the radial direc-

tion are

l(Xu) =
ru sinα cosϕ

∣

∣

∣
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ρ
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rg − ru cosα

∣

∣

∣

⇀
ρ

∣

∣

∣

. (3)

Project the ephemeris error to the line of sight and take a

first-order approximation, then instantaneous SISRE can be

defined as

iSISRE = 1rn(Xu) − v1t + 1al(Xu) + 1cm(Xu), (4)

where 1a, 1c, and 1r are the orbit error of the cross

direction, the along-track direction, and the radial direction,

respectively; 1t refers to the clock error and v is the velocity

of light.

Since the clock error and orbit error of the satellite is

time-varying, the RMS value of SISRE is generally used to

evaluate the space service performance [1]. Then, the single-

point SISRE can be defined as

SISRE = rms(iSISRE). (5)

Since l(Xu), m(Xu) and n(Xu) are the function of the user’s

location, the single-point SISRE is also a function of the

user’s location. To obtain a SISRE value that is independent

with the user’s position, statistical values of the single point

SISRE for all user in the coverage region of the satellite was

introduced.

The worst single point SISRE within the satellite coverage

area can be defined as

maxSISRE = max
Xu∈6

(SISRE) . (6)

Since the satellite coverage area is rotationally symmetric

around the line connecting the satellite to the center of the

earth, the cross-correlation term in the three directions of orbit

error and the correlation between the clock error and the orbit

error of the along-track and the cross direction contribute

nothing to the global SISRE. Without loss of generality,

the global SISRE is defined as the expectation of the single-

point SISRE of all users in the area, i.e.

globalSISRE

=

√

(vT )2 + wRR2 + wAA2 + wCC2 − 2wR,T v1t1r,

(7)

where R, A, C , and T denote the RMS of orbit error and clock

error; 1t1r is the expectation of the product of the clock

error and the radial orbit error. If both the mean value of the

radial orbit error and the clock are zero, 1t1r is equal to the

cross-correlation of the radial orbit error and the clock error.

wA, wC , wR, and wR,T are weighting factors of the ephemeris

error and can be calculated as

wA = E[l2(Xu)] =

∫ ∫

Xu∈6

l2(Xu)p(Xu)

wC = E[m2(Xu)] =

∫ ∫

Xu∈6

m2(Xu)p(Xu)

wR = E[n2(Xu)] =

∫ ∫

Xu∈6

n2(Xu)p(Xu)

wR,T = E[n(Xu)] =

∫ ∫

Xu∈6

n(Xu)p(Xu), (8)

where 6 is the coverage zone of the navigation satellite;

p(Xu) is the probability density function of the user position;

wA is the weighting factor of the orbit error of the along-

track direction, which represents the average contribution of

the orbit error of the along-track direction to the SISRE;

similarly, wC and wR represent the weighting factor of orbit

error of cross direction and the radial direction, respectively;

wR,T represents the weighting factor of the expectation of the

product of the radial direction orbit error and the clock error.

Assuming that the user spacecraft are evenly distributed on

a geocentric centered sphere, then both sinα and ϕ are uni-

formly distributed [11], and the probability density function

of the user position is

p(Xu) = p(ru, α, ϕ) =
r2u sinαdαdϕ

S6

. (9)

where S6 is the area of the coverage zone.

Considering that the satellite orbit and the clock difference

are generally solved together by the control segment of the

GNSS, such asGPS, it is usually believed that the radial direc-

tion orbit error and the clock error are negatively correlated

[1], [12]. However, BDS uses the Two-Way Satellite Time

and Frequency Transfer (TWSTFT) method to determine the

satellite clock [12], i.e., the orbit and the clock difference are

solved separately, the orbital error sometimes is considered to

be uncorrelated with the clock error. In this case, the global

SISRE can be defined as

globalSISRE ′ =

√

(vT )2 + wRR2 + wAA2 + wCC2. (10)

In (7) and (10), for a specific navigation satellite and a

user satellite of a particular altitude, the weighting factor is

constant. Thus, we only need to calculate the statistical value

of the broadcast ephemeris error to determine the statistical

characteristics of the SISRE if the weighting factors are

known. For the ground users, the corresponding weighting

factor has been given [1], but there is still no relevant research

for space users. The next section will focus on analyzing the

relationship between ephemeris error weighting factors and

user height.
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III. WEIGHTING FACTORS OF SPACE USER

As in (8), the weighting factor is the geographical mean

of the error projection coefficients of the satellite coverage

area; thus, the value of the weighting factor is related to the

coverage area of the navigation satellite. Navigation satellites

typically use directional antennas to transmit navigation sig-

nals to the ground; thus, potential users must locate within the

conical of the navigation signal and guarantee the navigation

signal not blocked by the earth. We define the above condi-

tions as the geometric visibility between the user spacecraft

and the navigation satellite. On the other hand, since the

onboard receiver can only handle navigation signals with

signal strengths above the designed threshold, the coverage

area of the satellite is also affected by the signal strength.

Thus, the coverage of navigation satellites is determined

by the geometric visibility and the received signal strength

constraint. We analyze the coverage of navigation satellites

for space users and calculate the ephemeris error weighting

factors for space users in this section. At first, we summarized

the geometric visibility for the user at different heights. Then,

the signal feasibility under constraints of receive sensitivity is

analyzed. At last, based on the analysis of coverage, we calcu-

lated the weighting factors of the typical satellite navigation

system in the third part of this section.

A. GEOMETRIC VISIBILITY OF USER SPACECRAFT

As shown in Fig. 2, the coverage area of the GNSS satellite

to the ground is a spherical cap, and the spherical crown 6

can be defined as

6={Xu(ru, α, ϕ)|0≤α≤
π

2
−θmax, 0 ≤ ϕ ≤ 2π, ru = re},

(11)

where θmax = arcsin re
rg

is the max off-nadir angle of which

the navigation signal can be received by the user on earth; re
is the orbital radius of the earth.

FIGURE 2. Coverage zone for the user on earth.

For space users, navigation satellites have different cover-

age for the user at different heights. As in Fig. 3, if the cutoff

angle of the transmit antenna is less than 90 degrees, coverage

region for the user at a certain height can be divided into three

types. The user height corresponding to the three coverage

types is










Type1, re ≤ ru ≤ rg sin θm

Type2, rg sin θm < ru < rg

Type3, ru ≥ rg,

(12)

where θm is the cutoff angle of the transmit antenna.

FIGURE 3. Three types of the coverage region.

FIGURE 4. Coverage zone of type 1.

Fig. 4 shows the section of the satellite coverage zone of

Type1. Rotating the visible area in Fig. 4 (the red dashed

arc) around the line connecting the navigation satellite to the

center of the earth, we can get the continuous spherical cap

surface, i.e., the complete coverage zone. The mathematics

definition of the coverage zone 6 for the user at a certain

height ru0 is

6 = {Xu(ru, α, ϕ)|0 ≤ α ≤ αmax, 0 ≤ ϕ ≤ 2π, ru ≡ ru0}

αmax = π − arcsin
re

ru
− arcsin

re

rg
. (13)

Here ru ≡ ru0 means the orbital radius of the user is

constant. The area of the coverage zone is

S6 =

αmax
∫

0

∫ 2π

0

r2u sinαdαdϕ. (14)
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It is evident that the higher the satellite height, the larger

the coverage area is, since αmax increases along with the rise

in the height of the user.

Fig. 5 presents the coverage area of Type 2 for the user

equipped with both a zenith-pointing antenna and a nadir

pointing antenna. The mathematics definition of the coverage

zone6 and the calculation of the area of the coverage zone S6

for the user at a certain height ru0 are

6 = {Xu(ru, α, ϕ)|α ∈ [0, α3] ∪ [α2, α1],

ϕ ∈ [0, 2π ] , ru ≡ ru0}

S6 =

α3
∫

0

∫ 2π

0

r2u sinαdαdϕ +

α1
∫

α2

∫ 2π

0

r2u sinαdαdϕ

α1 = π − arcsin
re

ru
− arcsin

re

rg

α2 = π − θm − arcsin

(

rg sin θm

ru

)

α3 = arcsin

(

rg sin θm

ru

)

− θm, (15)

where α1, α2, α3 are the endpoint of the valid interval of α

(the polar angle of the spherical coordinate). Since α equals

to the geocentric angle between the navigation satellite and

the user, α3 is the max geocentric angle for a zenith-pointing

antenna, α1 and α2 are the max and min geocentric angle for

a nadir-pointing antenna.

FIGURE 5. Coverage zone of type 2.

In particular, when the cutoff angle of the transmit antenna

is 90 degrees, the coverage area directly changes from

Type1 to Tpye3 as the user height increases.

As in Fig. 6, when the user satellite is higher than the

navigation satellite, the coverage zone for the user at a certain

height belongs to Type 3. In this case, space users can only

receive signals by the nadir pointing antenna. Besides, as the

height of the user increases, the coverage of height decreases.

FIGURE 6. Coverage zone of type 3.

The mathematics definition of the coverage zone 6 and the

calculation of the area of the coverage area S6 are

6 = {Xu(ru, α, ϕ)|α ∈ [α2, α1], ϕ ∈ [0, 2π ] , ru ≡ ru0}

S6 =

α1
∫

α2

∫ 2π

0

r2u sinαdαdϕ

α1 = π − arcsin
re

ru
− arcsin

re

rg

α2 = π − θm − arcsin

(

rg sin θm

ru

)

, (16)

where α1, α2 are the endpoint of the valid interval of α.

Besides, α1 and α2 are the max and min geocentric angle

between the navigation satellite and the user, respectively.

B. SIGNAL FEASIBILITY UNDER CONSTRAINTS OF

RECEIVE SENSITIVITY

The CNR at a GNSS receiver can be expressed by the follow-

ing formula [10]:

C/N0 = Pt + Gt − LS − La+Gr−Lp − Lproc − N0, (17)

where Pt is the transmitting power of power amplifier, Gt is

transmitting antenna gain, LS is the free space propagation

loss, La is atmospheric loss and be set as 0 dB in the following

simulation, Gr is receiving antenna gain, Lp represents the

polarization mismatch loss and be set as 4 dB in the simula-

tion, Lproc is the process loss of receiver,N0 is the noise power

spectrum density.

The space propagation loss Ls in free space can be obtained

from the expression [13]

LS = 20 log10

(

4πd

λ

)

. (18)

where d is the signal propagation distance and λ is the

wavelength of navigation signal.
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The process loss Lproc derives from three-stage series

devices, including Low Noise Amplifiers (LNA), cables, and

Radio Frequency (RF) front-ends. Suppose that the LNA has

a Noise Factor (NF) of 2 dB and a gain of 26 dB, the loss in

the cable is 2.5 dB, and the NF of RF front-end is 9 dB; thus

the process loss equals 2.09 dB [10].

The noise power spectrum density can be calculated as [10]

N0 = 10 log10 kT , (19)

where k is the Boltzmann constant and T refers to the ambient

temperature and was set as 290 K in the simulation.

Although antenna gain patterns of GPS had been

given [14], the antenna gain patterns of other navigation

systems are still unclear. Fortunately, Parker presented the

signal strengths received by GEO user satellites at the edge

of the main lobe of different GNSS satellites [15]. Assuming

the transmit antenna gain at the edge of main lobe is -5dB and

the signal strengths at the edge of the main lobe of different

GNSS received by GEO user satellites equal to the value

in [15], we calculated the corresponding transmit power and

summarized the result in Table 1. In addition, since the origi-

nal intention of the design of the navigation satellite antenna

is to meet the needs of the ground users, the navigation signal

strength generally begins to drop sharply near the edge of the

earth. Furthermore, although there are specific differences,

we assumed that the main trends of the gain of different

satellite transmitting antennas with the nadir angle are gen-

erally the same, that is, as the nadir angle becomes larger,

the transmit antenna gain becomes smaller. BDS employs

a mixed constellation of MEO, IGSO, and GEO satellites.

Considering that the orbital altitude of the IGSO satellite is

the same as that of the GEO satellite, we assumed that the

antenna pattern and transmitter power of IGSO and GEO

satellites are the same.With these assumptions, we calculated

TABLE 1. SSV signal characteristics for each GNSS service provider.

the transmit antenna pattern of typical navigation satellites

in Fig. 7.

FIGURE 7. Assumed gain patterns of the antennas used in the simulation.
The GPS antenna gain pattern is based upon the data in [14].

We sampled the space region from the Earth’s surface to

a height of 60 times the Earth’s radius, with a sampling

interval of 1000 km for the orbital radius and a sampling

interval of 1 degree for the off-nadir angle. Then, based on the

sampled user position, the corresponding signal propagation

distance was calculated. Finally, based on (17)-(19) and the

antenna pattern data in Figure 7, we calculated the carrier-to-

noise ratio of the received signals for different users assuming

that the receiving antenna gain is zero.

Fig. 8 shows the CNR of the navigation signals received

by the user at different altitudes. It can be seen that the range

of off-nadir angle of the navigation signal received by users

of different heights is significantly different. When the height

of the user is lower than the height of the navigation satellite,

as the height of the user increases, the range of the off-nadir

FIGURE 8. Carrier-noise ratio of the receiver of GPS as a function of the
height of user spacecraft and off-nadir angle when the receiving antenna
gain is 0 dB. The unit of the height of the user spacecraft is the radius of
the earth.
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angle of the available navigation signal becomes larger.When

the height is far higher than the height of the navigation

constellation, as the height of the user increases, the range of

the available off-nadir angle of the navigation signal becomes

smaller. For the user at the same height, except for a few

angles, generally, the larger the off-nadir angle is, the lower

the carrier-noise ratio is.

The range of the off-nadir angle of satellite signals received

by the user on the surface of the earth generally does not

exceed 14 degrees. Thus the horizontal orbital error con-

tributes little to SISRE. As in Fig. 8, when the user height is

lower than the navigation satellite height, the received signal

is relatively strong, and the main factor affecting the coverage

footprint is the geometric visibility. At this stage, the range

of the off-nadir angle of the navigation signal received by the

user satellite becomes larger, and the satellite coverage area

also increases with the increase of the user height. When the

user height is close to the navigation satellite height, the user

can even receive a signal with a nadir angle greater than

80 degrees if the receiver is sensitive enough. With a larger

nadir angle, the contribution of the horizontal orbit error to

the SISRE became larger, and the participation of the radial

orbit error to the SISRE became smaller. Thus, the weight

factors of the along-track direction and cross direction orbit

error should increase, and the weight factors of the radial

direction orbit error should decrease at this stage. When the

user height is higher than the navigation user height, the con-

tinuous attenuation of the signal strength makes it more and

more challenging to receive a signal with a larger nadir angle.

Then, the weight factors of the along-track direction and cross

direction orbit error should begin to decrease, and the weight

factors of the radial direction orbit error should increase as

the user height increases.

C. WEIGHTING FACTORS OF TYPICAL SATELLITE

NAVIGATION SYSTEM

As in Fig 8, the range of the off-nadir angle of the received

navigation signal is a function of carrier-to-noise ratio thresh-

olds. Since the scope of the off-nadir angle will affect the

satellite coverage and the statistical value of SISRE, the

statistical characteristic of SISRE under different carrier-to-

noise ratio thresholds are also different. In the following

analysis, we assumed that all the users are equipped with a

multi-frequency, ultra-high sensitivity GNSS receiver with a

15 dB-Hz CNR threshold for space applications, as reported

in [16]. Based on the analysis of the geometric visibility

and the CNR threshold in the previous section, we obtained

the coverage area of navigation satellite. Then, according

to (8), we calculate the weighting factor of ephemeris error of

different navigation satellites for the user at different heights.

Fig. 9 illustrates the trend of the weighting factor of GPS

as a function of user height when the receiving antenna gain

is 0 dB. It is evident that wA equals to wC , and they increase

first and then decrease with the increase of user height. When

the user height is 24000 km, wA and wC reach the maximum

value of 0.276; in contrast, wR and wR,T reduce first and then

FIGURE 9. Global SISRE weight factors of GPS for the statistical
contribution of radial (R) as well as along-track (A) and cross-track (C)
errors when the receiving antenna gain is 0 dB. The unit of the height of
the user spacecraft is the radius of the earth.

increase with the increase of satellite height. When the user

height is 24000 km, wR takes the minimum value of 0.448,

and wR,T takes the minimum amount of 0.621.

Fig. 10 presents the trend of the weighting factor as a func-

tion of user height when the receiving antenna gain is 10 dB.

It can be seen that with a higher antenna gain, the overall trend

of the weighting factor does not change, but when the height

of the user is higher than the navigation satellite, the rate

of weighting factor variation is significant decreases. On the

whole, the weighting factor of the radial orbit error decreases

slightly, and the weighting factor of the horizontal orbital

error slightly increases. When the user’s orbital height is in

the range of 26200-70000 km, wA is maintained above 0.3.

Thus, with the development of technology, high gain receiv-

ing antenna gain and high sensitivity receiver may make the

horizontal orbit error contribute more and more to SISRE.

FIGURE 10. Global SISRE weight factors of GPS for the statistical
contribution of radial (R) as well as along-track (A) and cross-track (C)
errors when the receiving antenna gain is 10 dB. The unit of the height of
the user spacecraft is the radius of the earth.
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We summarized the weighting factor of different types

of navigation satellites with a 0 dB receiving antenna gain

in Figs. 11-13. It is clear that the variation trend of weighting

factors of different navigation satellites is consistent. For

GLONASS, GALILEO, Beidou MEO, and Beidou GEO,

wA reach the maximum value when the height of the user

is about 47000 km, 38000 km, 32000 km, and 41000 km,

respectively. It is evident that the user of GLONASS obtains

the maximum wA value at a higher height, for the transmitter

power of GLONASS in the simulation is higher.

FIGURE 11. Global SISRE weight factors of typical navigation satellites for
the statistical contribution of radial (R) errors when the receiving antenna
gain is 0 dB The unit of the height of the user spacecraft is the radius of
the earth.

FIGURE 12. Global SISRE weight factors of typical navigation satellites for
the statistical contribution of along-track (A) and cross-track (C) errors
when the receiving antenna gain is 0 dB. The unit of the height of the user
spacecraft is the radius of the earth.

IV. STATISTIC CHARACTERISTICS OF SISRE FOR

SPACE USERS

As is mentioned before, SISRE is essentially a projection

of ephemeris errors. Therefore, an accurate understanding

of the characteristics of ephemeris errors is the basis for

SISRE analysis.

FIGURE 13. Global SISRE weight factors of typical navigation satellites for
the statistical contribution of the correlation between the clock error and
the radial orbit error when the receiving antenna gain is 0 dB. The unit of
the height of the user spacecraft is the radius of the earth.

In principle, the difference between the broadcast and pre-

cise ephemerides can be used to calculate the orbit errors and

clock errors and thus enables computation of the SISRE. The

use of different conventions and pseudorange models in the

two types of ephemerides requires careful consideration of

antenna offsets corrections, time systems corrections, group

delay corrections and, in some cases, relativistic time correc-

tions [4]. The detail of the comparison has been described

in [4]. Reference [1] summarized the accuracy of the broad-

cast ephemeris of existing navigation satellites but did not

give the ephemeris accuracy of different types of satellites of

Beidou individually. Therefore, as a supplement, we evalu-

ated the accuracy of the Beidou satellite broadcast ephemeris

from December 1st, 2018 to January 20th, 2019, to compare

the ephemeris accuracy of different types of satellites of

Beidou.

Based on the analysis results of the ephemeris error of Bei-

dou (Fig. 14) and the ephemeris error data of other satellites

in [1], we summarized the SISRE statistics of the typical

navigation satellites in Table 2. Then, we substituted the

ephemeris error statistics in Table 2 and the weighting factors

given in Section III into (6) and (7) to obtain the statistics

characteristic of SISRE of typical navigation satellites and

summarized the results in Figs. 15-16 and Tables 3-4.

TABLE 2. RMS of ephemeris error of typical navigation satellites.
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FIGURE 14. Root-mean-square orbit errors and clock errors of broadcast
orbits relative to precise ephemerides of Beidou satellites. Here C01-C05
are GEO satellites, C06-C10 are IGSO satellites, C11-C14 are MEO satellites.

FIGURE 15. maxSISRE of typical navigation satellites for space users of
different height when the receiving antenna gain is 0 dB. The unit of the
height of the user spacecraft is the radius of the earth.

Figs. 15 and 16 show that the trends of maxSISRE and

globalSISRE are the same as the trends of the weight factor

of the along-track direction and cross direction orbit error,

i.e., increase first and then decrease as the height of the user

increases. When the user height is less than the navigation

satellite height, with the value of the SISRE statistics of

the terrestrial users as the baseline, the space user’s SISRE

generally increases due to the increased contribution of hori-

zontal orbit error. When the orbit of the user is slightly higher

than the navigation satellite, the SISRE takes the maximum

value. Especially, for the Beidou GEO satellite, the mean

of the along-track direction error is 6.25 meters, thus when

the user height is about 42371 km, the maxSISRE can reach

6.30 m, far exceeding the ground user’s 1.18 m. On the other

hand, comparing Table 3 with Table 4, we can find that the

increase of globalSISRE with the rise of the user height

is much smaller than the rise in maxSISRE. For example,

FIGURE 16. globalSISRE of typical navigation satellites for space users of
different height when the receiving antenna gain is 0 dB. The unit of the
height of the user spacecraft is the radius of the earth.

TABLE 3. maxSISRE of typical navigation satellites.

TABLE 4. globalSISRE of typical navigation satellites.

the globalSISRE of Beidou GEO increases by nearly 275%,

and the maxSISRE of Beidou GEO increases by about

433% when the user height is approximately 47371 km and

42371 km respectively, compared with the user on earth. The

difference between globalSISRE and maxSISRE of the SSV

user is much more significant than the ground user; thus, SSV

users generally cannot approximate maxSISRE with glob-

alSISRE as ground users do. Moreover, a more substantial

difference between globalSISRE and maxSISRE imply that

the range of single-point SISRE of SSV user is larger than that

of the ground user. This phenomenon not only amplifies the

performance difference between different navigation systems

but also makes the SISRE difference between the space user

and different satellites of the same navigation system bigger.

V. CONCLUSION AND FUTURE WORK

SISRE is a key performance indicator for the comparison of

different GNSS. This work focus on revealing the statistical

characteristic of GNSS SISRE of user spacecraft. At first,

based on the definition of SISRE, we derived the calculation
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method of SISRE for space users. Then, we analyzed the

geometric visibility and CNR of user spacecraft to obtain

the relationship between the weighting factors of ephemeris

errors and the orbital height of the user. Finally, we analyzed

the statistics characteristic of SISRE of typical navigation

satellites.

The analysis results show that SISRE of space users is

related to various factors such as receiver sensitivity, antenna

pattern, and user height. In general, SISRE of space user

increases first and then decrease as the height of the user

increases. For an SSV user, the contribution of the horizontal

direction orbit error to the SISRE is significantly larger than

the ground user and leads to a considerable increase in SISRE.

Therefore, for satellites with large horizontal orbital errors,

such as Beidou GEO, special attention should be paid to the

variation of SISRE with orbital height. Besides, the range of

single-point SISRE of SSV users is also larger than that of the

ground user, and that amplifies the performance difference

between different navigation satellites. In general, the maxi-

mum increase in maxSISRE for space users is approximately

52% to 433%, and the maximum increase for globalSISRE is

approximately 24% to 275% compared to ground users.

For ground users, the GDOP is widely used as a crite-

rion for selecting satellite, and the variances of range errors

are assumed to be identical and independent distribution.

However, this assumption contradicts the realistic environ-

ment because the performance difference of each measure-

ment is more significant for an SSV user. Thus, we will try

to use the weighted GDOP, instead of GDOP, in the future

research about SSV to assess the performance of navigation

and develop a reasonable satellite selection strategy.
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