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ABSTRACT

With the first phase of COMPASS/BeiDou-2 (BDS) cdeted, the assessment of
positioning performance and the characterizationtofsystem are analyzed and
presented. Pseudo-range and carrier phase measisemedulated on B1 and B2
have been collected in Shanghai, from 00:00 to @46 28 December, 2012.
Compared with GPS, visibility and measurement guali BDS’s GEO, IGSO and
MEO satellites are analyzed. DOP during the wholdtal period is also analyzed
the results demonstrate that BDS’s HDOP is bettan tGPS'’s one, but VDOP
opposite. Furthermore, the result of positioningaiso presented and analyzed.
Short baselines are estimated by standalone BDS @R&'s carrier phase
measurement, respectively, using 48 segmentatibobservations during a whole
day (24 hours, each segmentation, is about 30 gsraltservation). The analysis of
static relative positioning demonstrates that Bd8Ia achieve to millimeter level,
corresponding to GPS. Kinematic result is produegdiouble differenced carrier
phase observations with the ambiguities fixed uriderconstraint of precise short
baseline.The result shows that the centimeter acgucould be achieved. When
comparing the results of kinematic baseline sohgjgerformance of BDS is worse
than GPS on North and Up components, but oppogiteihe component of East in
the kinematic baseline processing.
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RESUMO
Com a primeira fase do Sistema COMPASS/BeiDou-2 SBMHinalizada, este
trabalho analisa e apresenta uma avaliacdo do geséim do posicionamento e
caracterizacdo do BDS. O principal objetivo destabdlho é comparar o
desempenho do BDS em relagdo ao GPS em termosudiciac(posicionamento
estatico e cinematico), Diluicdo da Precis@nlution of Precision— DOP, i.e.,
HDOP e VDOP), e visibilidade e qualidade das megliara os satélites GEO,
IGSO e MEO do BDS. Para alcancar este objetiveetoolse as pseudodistancias e
medidas de fase da onda portadora, modulada em B2,em uma estagédo
localizada em Xangai durante o periodo de 00:0@41@0 no dia 28 de dezembro
de 2012. Estimou-se uma linha de base curta atdeéredidas de fase da onda
portadora durante um periodo de 24 horas com 48\es@gs de observacdes (a
duracédo de cada segmento foi de aproximadameniir8@os). Os resultados do
posicionamento cinematico foram obtidos a partiddpla diferenca de fase com as
ambiguidades fixadas através da injuncdo de urha life base curta (precisa). De
forma geral, os resultados das analises do posiciento relativo estatico mostram
gue o BDS alcanca uma acuracia ao nivel do miloretjue é equivalente ao GPS.
No caso do posicionamento cinematico, uma acuréefdimétrica é alcancada
mostrando que o desempenho do BDS é melhor parmponente este, entretanto,
0 contrario para as outras componentes, i.e., cestertical. Assim, pode-se
concluir que para um pior cendrio, a acuracia d&RDincide com a do GPS ao
nivel do centimetro. No entanto, mais experimemtegem ser conduzidos para
avaliar a qualidade do BDS sobre a regifio da Aa@ifieo, e.g., Australia.
Palavras-chave: Sistema de Navegacdo de Posicionamento GlobalS;BD
Constelacdo de Satélites de Navegacdo; Acuradimtla Base.

1. INTRODUCTION

The booming global navigation satellite systemscoming years, from
America modernizing GPS, Russia refreshing GLONASS developing of Europe
Galileo navigation system and the Chinese navigatistem moving ahead from a
regional navigation system (BeiDou-1) to a full stailation global navigation
system (COMPASS/BeiDou-2/BDS), will cause numeroofs new potential
applications and researches. BDS is Chinese nelligahavigation system and its
contribution for the GNSS communities is obvioubeTapplication of GNSS will
be more widely due to its special constellation &r& communication capacity of
BDS (CAO et al. 2008).

After the developed BeiDou-1 which is two-dimemsib active positioning
and provides coverage only over China, the deve@pEDS is global navigation
system with the global scale coverage. With thet 8atellite named as M1 launched
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in 2007, BDS constellation began to deploy (Tableltishould be mentioned that,
BDS includes two phases. The first phase of BDSpdetad at the end of 2012,
with 5 Geosynchronous Earth Orbit (GEO), 5 Inclir@dosynchronous Satellite
Orbit (IGSO), and 4 Medium Earth Orbit (MEQ) satebB operation (Figure 1).

Table 1 - BDS navigation system status (Decemb&pR0

Sat | PRN | Type Launch Longitude Latitude
time

G1 co1 GEO 2010/1/17 140 0%

G6 c02 GEO 2012/10/25 80.2F

G3 C03 GEO 2010/6/2 110.56

G4 Cco4 GEO 2010/11/1 160.0&

G5 C05 GEO 2012/2/25 58.6&

11 C06 IGSO 2010/8/1 104.6F — 136.08E 54.6°S - 5462 N
12 co7 IGSO 2010/12/18 102.6& — 134.13E 54.8°S —54.82N
13 C08 IGSO 2011/4/10 100.4€ — 133.82 E 56.02 S — 56.02 N
14 C09 IGSO 2011/7/27 80.2F —111.79E 54.93 S —54.93N
5 C10 IGEO 2011/12/2 78.8€ — 110.33E 54.93 S—54.93N
M3 | Cl11 MEO 2012/4/30 180N -180° E 553°S — 5462 N
M4 | C12 MEO 2012/4/30 180W -180° E 55.25 S— 54,87 N
M5 | C13 MEO 2012/9/19 180N -180° E 54.99 S—56.02 N
M6 | Cl4 MEO 2012/9/19 180W -180° E 55.10 S— 59.93 N

Figure 1 -Constellation of BeiDou-2 at the end of first phas¢he projection.
Satellites named C1, C2, C3, C4, and C5 are GEdllitzd, with the yellow, blue,
green, purple, red points, respectively. Satelli@sed C6, C7, C8, C9 and C10 are

IGSO satellites, with the red, yellow, purple, cyard black sharps of “8”,
respectively. Satellites named C11, C12, C13 artlazé the MEO satellites, with
the pink, green, orange and blue track, respegtivel
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226 The performance of BDS relative positioning...

The first phase BDS capacity of coverage for jpmsing is the Asian-Pacific
region. Users in regions other than Asia-Pacifinerghbored area could not be
benefitted from BeiDou-2 positioning service, doeohly 4 BDS's MEO satellites
operation. The second phase will complete the etlason, which consists of 5
GEO, 3 IGSO, 27 MEO satellites. The coverage vélldxpanded to a global scale.
The MEO satellites could improve visibility, andlwprovide the navigation and
positioning service for the global users, like GBEONASS and Galileo. GEO and
IGSO satellites will augment the visibility over ethAsia-Pacific region.
Furthermore, providing the backward compatibilitjthvBeiDou-1 is also under
considering (SHI et al. 2012).

BDShas its own coordinate reference system knos/rChinese Geodetic
Coordinate System 2000 (CGCS 2000) which consigtefithe coordinate system
is about 3 cm with respect to International TerrasReference Frame 1997 (ITRF
1997) (CHEN 2008; SHI et al. 2012). BeiDou-2 timestem (BDT) starts from
coordinated Universal Time (UTC) 00:00:00, Januhr2006. Difference between
BDT and GPST is 14 seconds, i.e. BDT = GPST — B&fDou-2's signals have
been transmitted on three frequencies centered58t1098 MHz (B1), 1,207.14
MHz (B2) and 1,268.52 MHz (B3), respectively.

Since the first satellite known as M1 was launcbaithe researches have been
done in order to assess the BDS satellite navigagistem. The satellite’s PRN
code sequences were decoded and the signals walyzeth The results shown
that, the observed signals of the M1 were strotiggm the GPS signals(GAO et al.
2009; GRELIER et al. 2007a). The observations of Mére comprehensive
analyzed with its orbit and clock determinatione tbrbit is computed from laser
ranging measurements(HAUSCHILD et al. 2011). Mohtaok et al.(2012)have
assessed the performance of BeiDou-2 and the gudlgignal and measurements.
There are also some researches based on simulB@dri@asurements, e.g. Grelier
et al. (2007b) analyze the satellite visibility aRasition Dilution of Precision
(PDOP). The results based on the simulation reuthats the average of PDOP was
less than 1.4 in China and neighboring regions,eévaw 2.2 in America, Antarctic
and Arctic regions. Shi et al. (2012) used both udserange and phase
measurements to estimate short baseline, and theisjpn of short baseline
estimated by standalone BDS was better than 2 crthéoNorth component and 4
cm for the vertical. The standard deviation of #ast component is smaller than 1
cm.

All the above researches accomplished during toegss of BDS deployis
hard to assess the BDS system objectively and khvéitathe end of first phase
BDS, it is necessary to analyze the performanc8D8$. In the second section,
measurements were collected in two stations eqdippth GPS/BDS's receivers
during a whole BDS orbital period in Shanghai, @him this section, equipment
and experiment were described briefly. In the tiedtion, BDS satellites’ visibility
and tracked time are analyzed, comparing with GRdtipath combinations are
presented and analyzed the precision of pseuderamgasurements. Geometric

Bol. Ciénc. Geod., sec. Artigos, Curitiba, v. 202np.223-236, abr-jun, 2014.



Xu Tang.et al 227

Dilution Of Precision (GDOP), Horizontal Dilution fCPrecision (HDOP) and
Vertical Dilution Of Precision (VDOP) of GPS and Blare also analyzed over a
whole day observations. In the fourth section, rigleo to assess the performance of
static short baseline estimation, the two statiom® segmented into 48
segmentations with 30 minutes observations. Thet $ffaseline could be estimated
by each segmentations standalone GPS (L1) and BBB €arrier phase
measurements, respectively. Furthermore, doublderdifced carrier phase
observations with the ambiguities fixed under thenstraint of precise short
baseline are used to produce the kinematic positioepoch by epoch.

2. FIELD EXPERIMENT

ComNav GPS/BDS receiver board (ComNav-K503), coroiak receiver
(ComNav-M300C) and two antenna supported by GPS/BESused in this field
experiment. Dual-frequency phase, pseudo-range urerasents (modulated on
signal B1, B2, L1 and L2) and C/Nre collected from UTC 00:00:00 to 23:59:59
on 28 December, 2012. The sampling intervals anskro#f elevation for the two
receivers were set as 1 second an{ figspectively. This experiment was carried
out on the roof of building in ComNav Company, Sgiaai, China (Figure 2), and
the baseline is about 126 meters.

Figure 2 -ComNav GPS/BDS receiver board connected with aaténfieft
GPS/BDS receiver connected witkrard B (right couple).
g | T "‘_E = - 1

couple), ComNav
1 1-. LT

3. ASSESSMENT OF BDSSATELLITESVISIBILITY AND QUALITY OF
OBSERVATIONS

In this section, satellite visibility and time thavailable satellites could be
tracked are considering to analysis the performaf@&DS constellation. Multipath
combination observations are used to analyze thalitquof pseudo-range
measurements. Furthermore, DOP time series whickatehe relationship between
receiver and satellite are also analyzed.

3.1 Visbility and Tracked Timeof Available GPS and BDS Satellites

We use the real BDS navigation file and simulate observer in Equatorial
region (Padang, Indonesia) and another observém Beijing, China, with the
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coordinate as (X: -1149077.8879m; Y: 6227881.847@m:115065.9575m) and
(X:-2169528.4733m; Y: 4385268.3297m; Z: 4078210A88), respectively.

Figure 3 (A) shows that, all the GEO and IGSO Ik&te could be tracked
with the elevation angle above 22.5 degree in Rgdamlonesia. BDS MEO
satellites could be tracked over a certain timeedrtheir orbital period, like GPS
and Glonass. The performance of BDS visibility ighhlatitude region, e.g. Beijing,
is worse than in subequatorial region (Figure 3B)S IGSO satellites could be

outsight during the whole orbital period, comparittgthe whole 1IGSO orbital
period could be tracked in subequatorial region.

Figure 3 - GEO, IGSO, MEO of BDS satellites’ tragkw in Equatorial region (A)
and Beijing (B), respectively.
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Result based on the real data collected in Shanghawsthat moreBDS
satellites could be tracked during a whole BDS tathperiod (about 24 sidereal
hours), comparing to GPS with the mask-off elevatmgle setting at 15 degree
(Figure 4 top). Even though the mask off elevatimigle is set as 30 degree, BDS

still has the capacity of navigation and positign{at least 6 BDS satellite visible,
Figure 4 bottom).

Figure 4 - Number of BDS and GPS satellites coeldracked as elevation cutoff
mask of 18 (top) and 38 (bottom).

——GPS
i —— BDS

s

number of sdclite

[ | | 1 1 1 [ 1 1 1 | 1

U] zn [E3Y 100 SR e 2® 1460 1607 130 2ru Z PERLI]
me

numiber of §dlelite

2 I I I I
fhoe  ozeo MO0 0300 JB0D WIC 1EW 496 1900 1800 20 200 e4
time

Figure 5 - Duration of GPS and BDS each sateltit@dd be tracked in Shanghai,
China, during 00:00:00 to 23:59:590n December P82201 to 05 (red) are BDS
GEO satellites, 06 to 10 (red) are BDS IGSO s#tsllil1l to 14 (red) are BDS

MEO satellites. 01 to 32 (green) are GPS MEO stsll

Il s0s . crs

D19ty obr o IF DS 0T GG 0 1L 00 03 ax e CE A P R W F) A 3 R ofr FE O 3T b 3% W
Sew iz narter

Tracked time of satellites is definedas how mapyrh satellites could be
tracked during the whole orbital period. Figurehdws the hours of BDS and GPS
satellites tracked during a whole BDS orbital périm Shanghai, on 28 December,
2012. During the whole BDS orbital period (24 houaisout 2 times of GPS orbital
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period), BDS MEO satellites are always availableordthan 17 hours, all BDS
IGSO satellites’ signal could be tracked. The teatkme of BDS MEO satellites is
similar with GPS ones, the duration is around 5rbiobrom Fig. 5, tracked time of
BDS GEO and IGSO satellites is better than BDS MO GPS satellites in Asia-
Pacific regions. It should be mentioned that, BDEOGand IGSO satellites’ signal
might not be locked other than Asia-Pacific andghbbred regions, due to the
characteristic of their orbit.

3.2 Observation Analysis

Multipath combination observation reveal the lewdl multipath, receiver
noise and the bias variations between pseudo-randecarrier phase observations.
Due to BDS constellation consist of GEO, IGSO, MO satellites, we analyze
measurements of C02 (GEO), C07 (IGSO) and C14 (MEEypectively. The
combination measurement could be got as followspgaéions (Eq. 1):

MP, =Py — (a+ Dy + ady 1)
With
a=2f2/(f} - f2)

WhereMP, denotes the multipath of signall. P, is pseudo-range
observations¢, and¢ are the carrier phase observations of siginahd signas,
respectivelyf, andfy are the frequencies of signal B1 and B2, respelgtiv

The range of C02 elevation is from°3h 34, and the multipath combination
is in the range of 1 meter (Fig. 6 top). Multipattmbinations of CO7 and C14 are
also plotted with the changing of satellites’ ekiwma (Fig. 6 middle and bottom).

Result of CO7 and C14 shows that, the variatiomoltipath combinations is
more obvious when the satellites’ elevation smahan 36.

3.3 Dilution of Precision

Position and time accuracy in the satellite natdgasystem are not only
decided by the accuracy of observations from s@telto receivers, but also the
GDOP. DOP reflects the geometry relationship betwtw receiver and visible
GNSS satellites. We assume there are k satellitelsl be tracked at on epoch, so
the coefficient of observation equation could bétem as,

L m n; 1
[lz m, n, 1 ]
Qq = | l3 m3 ‘)’l3 1 |

llk mk n, 1

)

GDOP could be given as
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GDOP = \/trace [(QEQq)_l] = JO‘,Z( + o2 + 0% + of = /PDOP? + TDOP?

= \/HDOPZ + VDOP?2 + TDOP?2

®3)

Where,trace[-] is matrix trace functiony, o, 0/and of are the diagonally
elements of the matrix(Q1Q,) '.PDOP,HDOP,VDOP and TDOP could be
written as,

PDOP = |o0% + 0 + o}

HDOP = |02 + 02

VDOP = |o?
TDOP = |a?

Figure 7 A-C shows the GDOP, HDOP and VDOP of GR& BDS during a
whole BDS orbital period for the GPS/BDS receiv€ofnNav-M300C). The
standard deviations of BDS’s and GPS’s GDOP arg0atftl 0.442, respectively.
However, BDS GDOP performs better than GPS. Pedooa of BDS’s HDOP is
better than GPS’s, but opposite on VDOP, due toBBS and GPS constellation
are different (Figure 7 B, C). Most of the time, BIHDOP is smaller than GPS
during 24 hours (BDS orbital period) except for fepochs.

Figure 6 - Multipath combination of C02 (GEO), Q0@SO) and C14 (MEO) for
pseudo-range on signal B1.
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Figure. 7 - GPS and BDS dilution of precision (D@Rjing a whole BDS orbital
period.
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4. STANDALONE BDSHIGH PRECISE RELATIVEPOSITIONING

In former sections, satellites visibility and BEBOP are analyzed.Tracked
time of Different type BDS satellites also listathe results demonstrate that, BDS
GEO and IGSO could be tracked longer than BDS MBO@PS satellites in Asia-
Pacific and neighboring areas. In this sectiortjcstalative positioning is analyzed
by estimating the precise short baseline usage @@mented observations.
Kinematic results are gained by the double diffeesh B1 (L1) carrier phase
measurements with the ambiguity fixed under comstraf precise short baseline
vector.

4.1 Static Relative Positioning

The data collected from two GPS/BDS dual frequemsmeivers are used to
collect observations for a whole day (section 2eld-iexperiment). All BDS
satellites (including 5 GEO, 5 IGSO, 4 MEO satedijt could be tracked, and its
phase observations are available. An automatecde csigh detection and repair
method developed by Liu(2010)and Cai et al. (2@&1@%ed to pre-process the BDS
and GPS carrier phase measurements.This methoMeib®urne-Wibbena wide
lane (MWWL) and the ionospheric total electron emt$ rate (TECR), jointly, to
detect and repair cycle slip, due to these two owkthhave their own
shortcomings.Many cases of cycle slips on carrfexsp L1, L2 and B1, B2 could
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be successful solved (Liu 2010).Short baseline 8i@6 meters is estimated by
standalone GPS and BDS'’s double differenced carhiase measurements with the
ambiguity fixed by LAMBDA, respectively.

Figure 8 - Components of short baseline estimaye@®S and BDS, respectively
(28 December, 2012).
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Due to GPS has been widely used in many fieldapplications, the baseline
estimated by GPS could be thought as stable artbiatative. Figure 8 shows that
short baseline on X, Y and Z component estimatedbg% are worse than GPS
results. Standard deviation of BDS X and Y compés@me 5.7 mm and 6.4 mm,
respectively, around 2 times of GPS X (3.0 mm) ¥r@bmponents (2.8 mm).

Figure 9 - Short baseline estimated by GPS and &Bfectively (28 December,
2012).
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Figure 9 gives the length of baseline estimatedGB\6 and BDS standalone
observations. Standard deviation of short baselergth estimated by BDS
observationsis 2.4 mm, corresponding to the GPSBsn2&n. Millimeters level of
baseline is available to be estimated by BDS aapf@se measurement with the
ambiguity fixed.

4.2 Kinematic Relative Positioning

We denotethe ComNav GPS/BDS receiver board (Conif3) and
commercial receiver (ComNav-M300C) as receiver Al @&) respectively. The
position of A could be computed by the pseudo-rangegsurements with low
precision. The high precise relative position betweeceiver A and B are estimated
by a whole day standalone GPS and BDS observafiotise section static relative
positioning. The errors of satellites and groundereers could be eliminated by
double differencedmethod. The troposphere and e delays are also
significantly reduced due to the delays strongaegi correlation (Xu, 2007). With
the constrain condition of precise relative positiambiguity could be gained at
each epoch. The only unknown parameter is the ibasedctor could be estimated
epoch by epoch. Position accuracy of time seriesals the carrier phase
measurements’ accuracy.

Figure 10 - Kinematic baseline solutions using standalonard |1 double
differenced carrier phase measurements.
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Figure 10 shows the time series of epoch by epogirs in three components
with respect to the “true baseline vector” whicheistimated by static relative
positioning technology using 24 hours GPS and BDSeovations. The solutions
are produced by standalone GPS L1 and BDS B1 cashiase measurements,
respectively. Results on East, North and Up compbreuld achieve level of
centimeter witi2 cm errors. BDS East component performs better tha8 (8HD
of GPS is 7.2 mm; STD of BDS is 2.6 mm). Oppositéhe performance of GPS is
better than BDS on North and Up components.

5. CONCLUSIONS

In this paper, we collected the real data to as#es constellation of BDS
satellite navigation system, since the first phasBDS was completed at the end of
2012. The tracked durationof GPS and BDS sateliitesanalyzed during a whole
BDS orbital period (24 hours). The results show,tB®S GEO and IGSO satellites
could be tracked longer than BDS MEO and GPS #atllTracked time of BDS
MEO satellites perform similar with GPS ones(all BIMEO and GPS satellites
could be tracked around 5 to 7 hours during 24 $jout is necessary to note that,
BDS GEO and IGSO satellites are unavailable in ripgion other than Asia-
Pacificand neighboring area, due to its orbit ctiréstic. More BDS satellites are
available during 24 hours, comparing to GPS obgienvsin Shanghai, China.

Multipath combinationsof C2, C7 and Cl4represgnBDSGEO, IGSO and
MEO satellites are also analyzed and the resutisvghat, errors increase sharply
when the satellites’ elevation less than 30 degree.

Series of BDS DOP are calculated by using the deth collected by
GPS/BDS receiver (ComNav-M300C) which is fixed dre troof of Shanghai
ComNav Company building. Comparing with GPS res@SOP of GPS is slightly
better than that of BDS. Performance of BDS HDOFPbéster than GPS, but
opposite on VDOP, Most of BDS HDOP smaller than G&@ept few epochs
during 24 hours.

A short baseline estimated by standalone BDS amb @arrier phase
measurements, respectively. Standard deviatiorhoft $aseline on X, Y and Z
components obtained from GPS is better than BD&nd3ird deviation of short
baseline length obtained from BDS is slightly bettan GPS.

The kinematic baseline solutions using standaBD& and GPS carrier phase
measurements demonstrate that the precision of Ifions’ East performance is
better than that of GPS. BDS solutions’ North anu ddmponents perform worse
than that of GPS.

It should be noted that all the results are olkthim this paper based on the
first phase of BDS completely constellation (5 GBOGSO and 4 MEO satellites).
The BDS satellite navigation system is still imgrgy and will contain 5 GEO, 3
IGSO and 27 MEO satellites at the end of 2020. ddweerage will be expanded for
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Asia-pacific region to global scale at that tim@ GNSS community, there are more
satellites and more signals with different frequeare available.
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