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Abstract This paper reviews positioning systems in the context of momication
systems. First, the basic positioning technique is desdrior location based ser-
vice (LBS) in mobile communication systems. Then the higiegnity global posi-
tioning system (iGPS) is introduced in terms of aspects oatwhis and how the
low Earth orbit (LEO) Iridium telecommunication satelitenhance the global posi-
tioning system (GPS). Emphasis is on the Chinese Area Bosifj System (CAPS)
which is mainly based on commercial geostationary (GEO)mamication satellites,
including decommissioned GEO and inclined geosynchrosoosmunication satel-
lites. Characterized by its low cost, high flexibility, wideea coverage and ample
frequency resources, a distinctive feature of CAPS is tisahavigation messages
are generated on the ground, then uploaded to and forwasd#telcommunication
satellites. Fundamental principles and key technologisied in the construction
of CAPS are presented in detail from the CAPS validation pliasts experimental
system setup. A prospective view of CAPS has concluded it @ $eamless, high ac-
curacy, large capacity navigation and communication systdich can be achieved
by expanding it world wide and enhancing it with LEO sate#iitand mobile base
stations. Hence, this system is a potential candidate fon#xt generation of radio
navigation after GPS.

Key words: satellite navigation — communication — mobile positionirgCAPS
—iGPS —LBS

1 INTRODUCTION

Broadly speaking, the term positioning, if related to radi@ans radiodetermination. As defined by
FS-1037C, radiodetermination is the determination of the positigglpcity, time (PVT) or other
characteristics of an object, or the acquisition of infotiorarelating to these parameters, by means
of the propagation properties of radio waves. There are tam ffields of radiodetermination. One

1 http://mmw.its.bldrdoc.gov/fs-1037/fs-1037¢.htm
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is radiolocation, which is the process of finding the locatidan object using radio waves, typically
applied in a radar or mobile system. The other one is radigatien, which provides continuous
tracking of position, such as in the Global Positioning 8gs{GPS).

Since it was made available to civilians in 1995, GPS hasrneawidely deployed and useful
tool for commerce, scientific research, tracking, and sliavee (Kaplan & Hegarty 2006; Msira &
Enge 2010). The success of GPS and the fact that access te B&tguaranteed in hostile situations
has stimulated the development of other Global Navigatatelite Systems (GNSS) and Regional
Navigation Satellite Systems (RNSS) (Hegarty & Chatre 2008e GNSS also includes the Global
Navigation Satellite System (GLONASS) of Russia, whichuflyf operational (Daly 1993); the
Galileo Positioning System of the European Union (GALILEGharpe 2001) and the Compass
Navigation System of China (COMPASS), both of which are urdkelopment (Tan 2008). As
for the RNSS, there is the Beidou Navigation System (Beidd@Whina (Huang & Tsai 2008), the
Indian Regional Navigational Satellite System (IRNSS)dta et al. 2011) and the Quasi-Zenith
Satellite System (QZSS) of Japan (Inaba et al. 2009). Opgrat L or S frequency bands, these
systems utilize the concept of one-way time of arrival (T@#)ging. Launching a series of specific
navigation satellites is necessary to construct the assatconstellation.

Aiming to develop a regional navigation system with indegemcy, high flexibility and low cost,
another RNSS was proposed in China in 2008is named the Chinese Area Positioning System
(CAPS) (Ai et al. 2008, 2009b). It is fundamentally diffetérom the other GNSS or RNSS in that
it is based on commercial high Earth orbit (HEO) or geostatiy (GEO) communication satellites
and inclined geosynchronous orbit (IGSO) communicatidaelk&s, and the navigation messages
are generated on the ground and uploaded to the commumicatiellites with the satellites acting
only as transponders (Ai et al. 2008, 2009b; Wu et al. 2008; Diempster 2010). Using four GEO
communication satellites, a validation system for CAPS deeloped in 2005 (Han et al. 2009).
This type of constellation cannot provide three-dimenai¢8D) positioning because the satellites
are all located in orbit over the equator. Consequently,rarbater is incorporated into CAPS re-
ceivers to provide an estimate of height (Ai et al. 2009a)c&2006, the CAPS experimental system
has been set up with two GEO and four decommissioned gemsayi obit (DGEO) communica-
tion satellites. To ensure the required precision, seggstbmatic innovations were proposed: triple
frequency signals and a physical augmentation factor fecipior? (Ai et al. 2011).

CAPS is not the only positioning system based on a commuaitaystem. The high integrity
global positioning system (iIGPS)provides ranging measurements from the GPS and low Earith orb
(LEO) Iridium communication satellites. It is a Boeing iative under contract from the U.S. Navy.
The basic goal of the system is to enhance GPS timing andqgusiy performance, especially un-
der jamming (Joerger et al. 2010). In addition, large sétafleometry variations generated by fast-
moving Iridium spacecraft enable rapid estimation of flogttycle ambiguities. Augmentation of
GPS with Iridium satellites also guarantees signal rednoglavhich enables Receiver Autonomous
Integrity Monitoring (RAIM) (Joerger et al. 2010). While madetails of iIGPS are not public, as-
sumptions are made herein indicating that iGPS opens treljildy for rapid, robust, and accurate
floating carrier-phase positioning over wide areas (witliloe need for local reference stations). The
system’s promise for real-time high-accuracy positiorpegformance makes it a potential naviga-
tion solution for demanding precision applications, sustaatonomous terrestrial and aerial trans-
portation.

2 National Astronomical Observatories of China, CAS, Natiofime Service Center, CAS, Transponder satellite com-
munication navigation and positioning system, Ai, G. X.i,$h L., et al. PRC Patent, No. 200410046064.1, 2004

3 National Astronomical observatories, CAS, A method of inyimg positioning precision in satellite navigation syste
Ai, G. X., Ma, L. H., Shi, H. L., Ji, H. F., PRC Patent, No.2002D0864.8, 2012

4 http:/mww.insi degnss.convnode/1594
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Both CAPS and iGPS work with the aid of space-based commitioicaystems. Positioning
using ground-based mobile networks can be traced back #®8en the Federal Communication
Commission (FCC) issued rules requiring all cellular pdevs to generate location estimates
for Enhanced-911 (E-911) serviesSoon location-based services (LBSs) were proposed in
2001 (Virrantaus et al. 2001). Finding the location of a nwphone is one of the important fea-
tures of the current third generation (3G) mobile commuicesystem. Many valuable LBSs can
be enabled by this new feature. The most widely employedilmtéechnologies are radio location
systems that attempt to locate a mobile user by measuringsephals between the mobile user and
a set of base stations. Radio location systems can be basighahstrength, TOA, time difference
of arrival (TDOA), or angle of arrival (AOA), and can be netikar terminal-based (Zhao 2002).
The latest issue of standards regarding the positioningpadstspecified for 3G systems include
cell-ID, assisted GPS (A-GPS), and TDOA-based method4) as®bserved Time Difference of
Arrival (O-TDOA), Enhanced Observed Time Difference (Ef@Tand Advanced Forward Link
Trilateration (A-FLT) (Zhao 2002 and references thereichiffer & Voisard 2004, Bellavista et al.
2008).

It can be observed that as the only positioning system to teaahed full functionality, GPS has
opened a new era of radio navigation. It also stimulates¢lieldpment of other positioning systems,
either to compete with or to enhance GPS. Under such ciramoss, CAPS has been implemented
based on communication satellites. With high flexibilityldow cost, it meets the ongoing demands
for both navigation and communication in cases such astdisgsovery and vehicle monitoring.

It is the purpose of this paper to give a comprehensive revigilve positioning systems in the
context of communication systems. Emphasis is on CAPS:u®e giretrospect of the history and
development, to understand its current status, to anatgzadvantages and disadvantages, and to
predict its potential. The work done so far tends to providefarence of strategic planning for
future development of CAPS.

The remainder of the review is organized as follows: Sec®ids about the positioning tech-
nologies used in mobile communications. In Section 3, iGP8lly presented in the frame of LEO
Iridium communication satellites. Section 4 deals with GABnder the architecture GEO com-
munication satellites, focusing on CAPS’ fundamental gples, key technologies, development,
advantages and disadvantages. Section 5 proposes aniexteh€APS to a global positioning
system based on communication systems. Also, suggestiofigtfire development are presented.
Finally, conclusions are drawn in Section 6.

2 POSITIONING BASED ON MOBILE COMMUNICATION

GPS is widely used for various purposes. It dominates a#troftbrms of positioning because of its

high accuracy, world wide availability, reliability andvocost (Rappaport et al. 1996). However,
GPS may not provide the expected positioning accuracy iarudyeas because of the reflection,
deflection and blocking of satellite signals by buildinggslalso not intended for an indoor envi-

ronment. In these cases, using the existing cellular nétwary be an alternative method to provide
location estimation (Dai et al. 2010).

Mobile positioning was initiated by the FCC of USA. It issuaal E-911 mandate in 1996 re-
quiring cellular providers to generate location estimdt#s911 emergency calls. Later LBS was
proposed to meet the personalized requirements of insteatibn identification (Schiller & Voisard
2004). Itis a virtual information service, which is accé$sivith a mobile device through the mobile
network and utilizes the information about the geogragtgoaition of the mobile device. Mobile
network operators were required to provide the locatioimegton within 125 m in 67% of the cases

5 http://transition.fec.gov/cgb/dro/e91 1tty. html
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before the year 2001 (see footnote 4). Similar steps wersidered in the European Union and soon
world wide. Currently the LBS is a compulsory standard in 3@mobile communication system.
These regulations and requirements indicate the trendebilepositioning and provide a stimulus
for various applications and business opportunities (®&lHoltzman 1996; He et al. 2004; Li et al.
2005; Bellavista et al. 2008; Wang et al. 2008).

2.1 Basic Location Technologies

Three basic radio positioning technologies are introdu¢&h, TDOA and AOA (Zhao 2002). The
implementation of these technologies requires radio tnétexr's, receivers, or transceivers (Cong &
Zhuang 2002; Catovic & Sahinoglu 2004; Al-Jazzar et al. 2009

211 TOA

TOA is the travel time of a radio signal from a transmitter teeeiver. The TOA technique is based
on the precise measurement of the signal’s arrival time fitsermobile device to several base sta-
tions (Zhao 2002). It requires the mobile device and basm®stato be accurately synchronized with
a precise time standard. The distance between the mobilesdevd each base station is determined
by the product of the TOA and the speed of light. With distameed as a radius, a circular represen-
tation of the area around the station can be constructedHahwhe location of the mobile device
is highly probable. The position of the mobile device is afd by TOA trilateration, which makes
use of three base stations to calculate the position of tH#lendevice (Li & Pahlavan 2004).

Figure 1 illustrates the concept of TOA trilateration. Tignal's propagation times from mobile
device X to base stations A, B, and C are precisely measured &s, andic, respectively. The dis-
tances from the mobile device to the three statipRs,ps andpc, can be calculated by multiplying
the speed of light. The intersection of the three circlebémntthe location of X (Chan et al. 2006; Qi
et al. 2006).

Fig. 1 A diagram of TOA positioning.

2.1.2 TDOA

TDOA is the time difference of arrival of a signal from thertsmnitter at three or more receiver sites.
As shown in Figure 2, it uses time difference measuremettisr¢ghan absolute time measurements
(Bard & Ham 1999; Bocquet et al. 2005; Juang et al. 2007).dftisn referred to as the hyperbolic

system because the time difference is converted to a cdmstance difference to two base stations
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TDOA(LA TDOABiA

Fig. 3 AOA positioning method.

Fig. 2 The sketch of TDOA.

(as foci) to define a hyperbolic curve. This intersectionvad hyperbolas is the unique position of
the mobile device. Therefore, it requires two pairs of bda@ans (or at least three stations) for
positioning. It also requires either precisely synchredizlocks for all transmitters and receivers or
a means to measure these time differences (Cong & Zhuang R066al. 2008).

2.1.3 ACA

AOA measures the direction of the incident radio wave to #regteiver equipped with an antenna
array. AOA determines the direction by measuring the tinffedince of arrival at individual ele-
ments of the array. From these delays and the distancesdretimtenna elements, the AOA can be
calculated. If using a directional antenna, AOA is deterdiby adjusting the antenna to the point
with the highest signal strength. As shown in Figure 3, A arai@base stations, and X is the mobile
device whose position needs to be estimated (Pages et &).20@ directional antennas deployed
at the base stations are adjusted to the point with the higigsal strength. The positioning of
the directional antennas can be directly used to deterrhmangles of incidencé, andfg. This
technique requires a minimum of two stations to determinesition. If available, more than two
can be used in practice (Caffery Jr & Stuber 1998; Gezici 2008

2.2 Positioning Techniques for a Mobile Communication Sysm

It is important to understand how positioning technologies studied and used in a mobile com-
munication system. Described here are the latest locatmmiques being discussed or adopted by
mobile providers.

221 Cdl-ID

The Cell-ID technique is a purely network-based positigrenlution, as shown in Figure 4. It uses
the latitude and longitude coordinates of the base statidmcate a mobile device (Zhao 2002). As
such, Cell-ID has the highest response time (Roos et al.;2002t al. 2004; Lin & Juang 2005;
Chen & Chen 2010; Fang et al. 2012). Positioning accuracyediflD depends on the size of the
cells.
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Fig.4 Location by Cell-ID. Fig.5 The principle of O-TDOA.
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Mobile device GPS reference network
Fig. 6 A-GPS positioning system.

2.2.2 O-TDOA

O-TDOA is a TDOA-based positioning technique. It determsitige position of the mobile device
based on trilateration as shown in Figure 5. Each O-TDOA nreasent describes a line of constant
difference (a hyperbola) along which the mobile device majolsated. The mobile device position
is determined by the intersection of hyperbolas for at lase base stations (Porcino 2001; Johnson
et al. 2002; Ahonen & Eskelinen 2003).

2.2.3 A-GPS

The basic idea of A-GPS is to establish a GPS reference netmltose receivers have clear views
of the sky and can operate continuously. The A-GPS netwoskadsvn in Figure 6. This reference
network is also connected with cellular networks, continslp monitors the real-time constellation
status, and provides data such as approximate handsdébpdsit base station location), satellite
visibility, ephemeris and clock correction, Doppler, angéte the pseudorandom noise code phase
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for each satellite at a particular epoch. Then, the assistata derived from the GPS reference

network are transmitted to the mobile phone’s GPS recevaid fast startup and increase sensor
sensitivity. The A-GPS process allows the GPS sensorsttaliné and locate satellites much faster.

It also increases the accuracy of the positioning, and esssdower than the GPS receiver (Djuknic
& Richton 2001; Feng & Law 2002; Akopian & Syrjarinne 2009).

2.2.4 E-OTD

The E-OTD technique is similar to TDOA, but it is a handsesdzhpositioning solution rather than
a network-based solution (Fischer & Kangas 2001). E-OT[24ake data received from the sur-
rounding base stations to measure the time difference., Thenime difference is used to calculate
the position of a mobile device. The location of the basemtatmust be known and data sent from
different base stations must be synchronized (CharitageMoppanakeepong 2003).

Base stations are typically synchronized using fixed GP8ivers. E-OTD requires additional
memory and processing power in the handset. It can be uskdvbein the terminal is idle and when
the device is handling a call (Wang et al. 2000; Fischer & Keng001; Bai et al. 2003; Buchanan
et al. 2004).

225 A-FLT

The principle of A-FLT is not much different from TDOA. The $&ia idea is to measure the time
difference (phase delay) between pilot signal pairs. Eathqonsists of the serving cell pilot and
a neighboring pilot. The difference is converted to randerimation. Finally, the range data are
used to form certain hyperbolic curves at which an inteisads defined for the handset'’s location
(Nissani & Shperling 2000).

2.3 A Comparison of Mobile Positioning Techniques

A comparison of the above mentioned mobile positioning égplnes is presented in Table 1. All of
them have been implemented in commercial applications PSBas the best accuracy. Cell-ID has
the largest error, but the cost for update is the lowest. & kexshniques tend to co-exist for different
requirements in different environments (Zhao 2002).

Table 1 Comparison of Mobile Positioning Techniques

Positioning method  System accuracy  Response speed  Netywddte cost

(m) (s)

A-GPS <50 10-60 Medium
A-FLT 50-200 <10 Medium
E-OTD(OTDOA) 50-200 <10 Medium
Cell-ID 100-3000 <10 Minimal

2.4 Standardization for Mobile Phone Positioning

Standardization is the process of developing technicaldstals and putting them into action.
Standardization for mobile positioning was formulated wthbthe 3rd Generation Partnership
Project (3GPP)and the 3rd Generation Partnership Project 2 (3GPBR)collaboration among

6 http://mmww.3gpp.org/
7 http://mmw.3gpp2.org/
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Table 2 Iridium System Parameters

Iridium system parameters  Value
Service links intersatellite 23.18-23.38 GHz, Ka-band

Telephone and message 1616-1626.5 Miband

Ground segment links 19.4-19.6 GHz, Ka-band (downlink8)1229.3 GHz, Ka-band (uplinks)
Data rates 2.4 kbps

Multiple-access FDMA/TDMA

Carrier bandwidth 31.5kHz

Modulation DQPSK

Encode mode 2/1 convolutional encoding

groups of telecommunication associations, including @hlaSA, Europe, Japan and Korea. The
3GPP has been concentrating on wideband code-divisionpieuéiccess (W-CDMA) and Global
System for Mobile Communication (GSM) systems while 3GP&2teen focusing on CDMA2000
and CDMA(1X) systems.

In a W-CDMA system, three positioning techniques have bemtified: the cell-ID-based,
OTDOA, and A-GPS method. When the mobile phone’s positiocaisulated by the network, it
is called a user equipment-assisted (UE-assisted) solufihen the position is calculated by the
mobile device, itis called a UE-based solution. Note thaegxfor the UE-assisted OTDOA method,
the other methods are optional for the user’'s equipmenhd@SM system, three location methods
are specified: cell-ID, E-OTD, and A-GPS.

The methods of 3GPP2, A-FLT and A-GPS have been standarbizélitlecommunication
Industry Associations. Unlike GSM and W-CDMA, CDMA (1X) ardDMA2000 are time-
synchronized systems. Therefore, time difference measemts from them are easier than for GSM
and W-CDMA.

Standardization for mobile positioning indicates thatrlated technology is highly developed
and mature. It provides a stimulus for various applicatiamd business opportunities.

3 GPS ENHANCEMENTS BY THE IRIDIUM COMMUNICATION SYSTEM

The Iridium system is a worldwide communication system.ohgists of 66 active satellites dis-
tributed among six orbital planes. The orbits have an aétaf 780 km and an inclination of 86.4
degrees. The period of the polar orbit is about 100 minuths.slystem is designed to provide not
only voice service but also short burst data (SBD) servitggkvis the same as short message service
(SMS) in ground mobile communication (Evans 1998).

The specifications of the Iridium system are shown in Tablew®orks in L-band for voice and
data communications, which is the same as that of GPS. Owiitg fow orbit, the signal from the
Iridium satellite is much stronger than that of GPS when @egteived on Earth. These features
make it possible to use the Iridium satellite system to enb&PS.

3.1 Benefits of Iridium to GPS

Combining the GPS network with the Iridium LEO communicatizetwork, GPS signals can be
acquired more quickly through amplification and rebroatingsy LEO satellites, which can im-
prove accuracy and signal acquisition, especially in udrarfironments. Space-based LBS becomes
possible with the Iridium communication function.
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3.1.1 Improvement of GPS positioning accuracy

The over-the-pole design of the Iridium orbits ensures geryd high-elevation satellite visibility in
the Arctic, and Iridium satellites have already provideitecand data services to satellite phones
and integrated transceivers around the globe. GPS catgialldistribution in the Arctic is not as
good as in other areas; the vertical dilution of precisioDQP) values in the Arctic are about 2.1
and 1.8 for 24 and 31 GPS satellites respectively, which amsevthan the average VDOP values
elsewhere on the Earth (1.7 and 1.5 for 24 and 31 GPS sateléspectively) (Gao et al. 2011).
So, the Iridium satellites become a strong candidate forawvipg the GPS constellation by relaying
GPS signals.

Due to LEO and short orbital periods, the Iridium satellitgsve more quickly than GPS satel-
lites. For a static user on Earth, an Iridium satellite isyans$ible for about 10 min (Danchik 1998).
This poses a challenge in using Iridium satellites to make $witching among them (Rabinowitz
et al. 1998).

3.1.2 Carrier phase positioning

Carrier phase positioning is a method to make ranging measemts by using a carrier phase. It is
much more precise than that by using a code. To convert theepgbarange, the cycle ambiguities
have to be determined, which remain constant as long as tlieegoatinuously tracked by the re-
ceiver. A costless yet efficient solution for the estimati®no exploit bias observability provided
by redundant satellite motion. Unfortunately, the largevant of time for GPS satellites to achieve
significant displacement in line of sight (LOS) precludesiige in real-time applications that require
immediate position fixes. In contrast, fast-moving LEOilrid satellites are capable of making rapid
estimation of cycle ambiguities. In the late 1990s, Rabitoet al. (1998) designed a receiver ca-
pable of carrier-phase measurements from the GPS and LE@uoivation constellation. Using
rapid geometry variations of LEO satellites, precise caciiguity resolution and positioning with
respect to a nearby reference station was achieved withim5 m

3.1.3 Communication

GPS provides PVT functions. In cases of vehicle monitoringescuing a life, the PVT informa-
tion and other data or messages should be sent out rathejuitdeeeping them. With the help of
Iridium, a GPS receiver can fulfill the function of commuriioa with full coverage of the globe.
An integrated terminal of GPS navigation and Iridium comination has the ability to send its lo-
cation information to other Iridium terminals using SBrhese terminals have already been turned
into products for both navigation and communication in trerkat, such as the SkyNode Series by
Latitude Technologies Corporatitin

3.2 iGPS

iGPS is a practice of GPS navigation and Iridium communicaintegration. It aims to augment
GPS capability by exploiting the Iridium LEO communicatisatellite system (see footnote 3).
The basic goal of the system is to enhance GPS timing andqguasij performance. It is developing
techniques that enable faster acquisition (time to firsdiXgPS satellite signals in adverse operating
environments, including those with radio frequency (RE@iiference or urban settings (Joerger et al.
2010).

8 http://mmw.insidegnss.com/node/ 745
9 http://latitudetech.com/
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The principle of iGPS works with satellite signals from btk Iridium LEO satellites and GPS
satellites. Through relaying the GPS signals, the iGPS\eghigh-precision time transfer of GPS
time and rebroadcast over the higher powered Iridium conication channels. Availability of the
precise time allows the GPS receiver to reduce the searcimeobdf the correlators and accelerate
signal acquisition. The stronger Iridium signals also miieGPS signal tracking more robust by
increasing the anti-jamming capability of user equipm&he iGPS also has the potential to achieve
centimeter positioning. It will be a vast improvement over turrent standalone GPS system, which
has a precision of meters.

4 CAPS

CAPS has been established since 2002. Experiencing a tiatidzhase, it is currently being con-
structed as an experimental system. CAPS is composed ofta spgment and a ground segment
as shown in Figure 7. The space segment includes four comah&€O communication satellites
which are located at longitudes 87.5°E, 110.5°E, 134°E, and142°E respectively, and the latter
two are DGEO communication satellites with slight inclioatangles £ 5°) (Ai et al. 2009a; Cui
et al. 2009; Lu et al. 2009; Shi et al. 2009; Shi & Pei 2009).rélage preparations to deploy another
two DGEOs at~ 59°E and~ 163°E, respectively. These DGEO satellites have ample frequenc
resources in the C-band, and the available frequency barehfth satellite is about 500 MHz (see
footnote 4) (Ai et al. 2011). CAPS is different from all thehet satellite navigation systems in
that it uses commercial communication satellites, and #végation messages are generated on the
ground and uploaded to the communication satellites, \wirsatellites acting only as transponders.
Moreover, C-band is used as the navigation carrier in CABgg(er et al. 2004).

The ground segment of the CAPS system consists of five grdatidrss: one master station lo-
cated at Lintong¥09.2°E, 34.4°N), and four orbit determination stations located at Uru(8Gi6°E,
44.1°N), Shanghai 121.2°E, 31.1°N), Changchun 125.4°E, 43.7°N), and Kunming {02.8°E,

Space Segment

R g
& -¥ /,!"LQ:-’-‘\

A 2
%p Q}p
d & | \ /
y OO\
& AN
\\x

Ground Segment

Fig. 7 The composition of CAPS.
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25.0°N) respectively. In addition, there is a differential refiace station in Beijing. All stations
are linked together by a special network or with the intefaetiata transmission.

Six reflector antennas with a diameter of 7.3 m have beenlliedtan the master station for
transmitting and receiving signals. The master statioreg@ns the system time, ephemeris and
navigation messages, determines and predicts sateliiis aneasures and calculates satellite trans-
mission time, adjusts satellite signal carrier frequeaty collects and processes barometric data
from weather stations all over China. Every orbit determdarastation transmits and receives orbit
determination signals. The differential reference stagienerates position and pseudorange differ-
ential data, as well as corrects and monitors navigatiamassy

4.1 The Key Technology and Innovations

CAPS is fundamentally different from GPS or other GNSS irt th@mploys commercial GEO
communication satellites and operates in C-band. Nawigatiessages and related signals should
be generated on the ground and uploaded to the communisatieliites. The frequency standard for
the communication satellite is much poorer than that fortheigation satellite. Key technologies
and innovations are necessary for such an architecturenpaat functions for navigation (Ai et al.
2008, 2009b).

4.1.1 Virtual onboard clock

In CAPS, the system time is generated and maintained by atstandards in the master station
and traced to coordinated universal time (UTC). Then thegadion signal is generated according
to the CAPS system time in the master station. A schematibetransmitting loop in CAPS is
shown in Figure 8. Here, UTC is representedilRy and CAPS system time . The difference
between CAPS system time and UT&G;c = tc — tn, IS monitored in real time and involved in
the navigation message. The time at which the master statmives the signals ts. The user will
hence be able to derive UTC from the CAPS system time (Ai &@09b).

In order to make the communication satellite work like a gation satellite, one of the tasks
is to derive the timéy ¢k, which is the time at which the navigation signal is transeaitby the

tV('LK T
Downlink propagation delay

e}
R

eceiving instruments delay

| Synthesis processor | |Processor| l

le

tl"
—Tf— CAPS clock
A

Fig. 8 The virtual clock loop in CAPS.
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satellite transponder. An approach called a virtual ontbokarck is defined in CAPS for determining
the timetVCLK 10,

Based on the CAPS system time, the delay time from the trassom loopt, — ¢¢, down-
link propagation and receiving instruments can be contislyocalculated at the master station. By
means of processing the real-time data, a virtual onboaakchodel is established and broadcasted
in a navigation message for users to predict the satelliteissmission timéycrk. In this sense,
the highly accurate time standard of CAPS is transferreohfiloe master station to the satellites.
The communication satellites are turned into virtual natimn satellites with a virtual atomic clock
onboard (Li et al. 2009a).

4.1.2 Carrier frequency adjustment

For a typical satellite navigation system, such as GPS,ttmaia frequency standards are equipped
onboard to provide time reference and generate navigatgoals with a required frequency stability.
The CAPS navigation signal is generated at the master stdtie carrier is controlled by an atomic
clock with high frequency stability. The navigation sigigtransmitted to the communication satel-
lite in an uplink and transferred to the Earth after frequyesunversion. Due to local oscillator drift
onboard the existing communication satellite, some uaggstin carrier frequency is introduced in
the communication satellite relaying the signal. It wasvaithat the carrier frequency uncertainty
could be up to 3000 Hz with a small fluctuation for some exgsitommunication satellites (Liu
et al. 2008; Cai et al. 2009; Jing & Danni 2011).

Two techniques are developed to eliminate the frequencegrtaiaty. One is for users who
receive a single frequency sigha{Wu et al. 2009). The other is for dual frequency receitferls
the single frequency method, the original signal carfiewhich is generated by the atomic clocks
in the master station, is constantly convertedfte- Af. The frequency driftA f is obtained by
measuring the received signal’'s frequency. In the dualueegy method, two navigation signals
with different carriers off; andf, are generated at the master station and transmitted toteiktea
The two carriers picked up by the receiver are subtracted frach other, then the frequency shift
can be derived and the system can maintain a precise cagigrency. Details can be found in the
related papers (Wu et al. 2009).

4.1.3 Orbit measurement

The orbit prediction of the communication satellite in CAB®ased on the continuous and real time
determination of satellite position by means of distancasneements from the satellite to several
ground stations which are distributed over a wide area acatéal at known positions (Huang et al.
2009). The distance measurement from the satellite to thengk station is performed in a way
extending from two-way satellite time and frequency tran§TWSTFT}3 (Li et al. 2009b; Yang
et al. 2009; Cai et al. 2009).

10 National Astronomical observatories, CAS, National Tineevice Center, CAS, Wu, H. T., Li, X. H., Bian, Y. J., Virtual
atomic clock technique of transponder satellite navigatRRC Patent, N0.200610012055.X, 2006

11 National Astronomical observatories, CAS, National Timeng&e Center, CAS, High accuracy Doppler velocity
measurement technique by frequency correction in satealiivigation, Ai, G. X., Wu, H. T., Li, X. H., PRC Patent,
N0.200410009928, 2004

12 National Astronomical observatories, CAS, Precise orbiednination of a maneuvered GEO satellite using CAPS
ranging data, Yan, Y. H., Shi, H. L., Ai, G. X., PRC Patent, 204100058161, 2004

13 National Astronomical observatories, CAS, National Tineev&e Center, CAS, The method and technique for deter-
mination of satellite orbits by transfer, Li, Z. G., Shi, H, Ai, G. X., PRC Patent, N0.200310102197, 2003
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Fig.9 The principle of orbit determination.

In CAPS orbit determination, all of the ground stations amndusly transmit time signals to the
other stations through the communication satellite trandprs. Meantime, all the stations receive
the time signals transferred by the communication sats|lincluding the time signal from the other
stations and the station itself. The time signals are a kinsignal with a spectrum spread by a
pseudo-random noise (PRN) code and modulated by tags imthestale of the transmitting station
clock.

The overview of the observational relationship for orbitedmination by transfer is shown in
Figure 9.

The time relationship for the signal transmitted from stati and received by stationis,

RE4+ O + I+ 7+ R} + O + I] — AT, + AT; = Ry; (1)

whereRj; is the transmission time from statioto j; R! is the signal propagation time from station
i to the satellitep}" is the time delay by the ionosphere and troposphere for thiekupropagation;
I! is the transmission time delay at statiorr, is the time delay for the satellite transpondAf;
is propagation time from the satellite to statijor@}i is the delay introduced by the ionosphere and
troposphere for the downlink propagatiafj; is the receiving instrument’s delay at statipnAT;
andAT; are the differences in clock time scales for statiossdj with respect to the time reference
of the CAPS system time.

WhenN ground stations are used to determine a satellite’s orbigube TWSTC method and
each station transmits its time signal to the satellite &itmique PRN code;;, the distance from
the satellite to stationcan be solved as

N
1 1
i = R;; (Rji + Rij) R Rii|. (2
T N2 N+2J21 i A (2N+2)(N+2); -”‘LZ i@

Based on the continuous and real-time determination ofdtedlge’s position, the orbit predic-
tion will be performed by dynamics and ephemeris generagedidmaster station.

A test shows that the error in determination of distance ftioensatellite to a ground station is
less than 10 cm ). The error in determination of the position of the satelig 2.0 m (&) and the
error in orbit prediction (2 h) is 2.5m &) (Li et al. 2009b).
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4.1.4 Acquisition of ephemeristime
As shown in Figure 10, the basic pseudorange observaticatiequof CAPS could be expressed as
Pp=pPo —C-TYCLK = C* (Tt(ST) — TT(LOCELD) — C-* TVCLK (3)

wherep denotes the pseudorange from the satellite to the pgésthe pseudorange from the master
clock at the master station to the user, and it is a measuterakre actually obtained by the CAPS
receiver.rycrk is the time modification of the virtual onboard clock and ibi®adcasted in the
navigation message. This technique uses a virtual onbd@ek to obtain and broadcas{crk to
users. Details can be found in Li et al. (2009a).

4.1.5 Barometric altimetry

Using barometric altimetry as a virtual constellation iplégrl to CAPS for three-dimensional (3D)
positioning. Barometric altimetry depends on the relatdp of air pressure variations with altitude
in the Earth’s atmosphere. Once the air pressure at a locetimeasured, the site’s altitude can
be calculated. The barometric altimetry system of CAPS @wshin Figure 11. The master station
receives atmospheric pressuiésand temperatureg from all weather stations around China and
surrounding areas. Then the weather data are transmitegeddtellite, and then broadcasted to the
receiver. The receiver calculates height with baromettimatry software.
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The Laplace pressure-height formula is,
P
h=ho+67.4(273.15+T),) g P (4)

whereT,,, = (T + Tr)/2, To is the temperature, arfk; is the value measured by a receiveand

ho are the receiver’s and reference heights respectiReind P, are atmospheric pressure values at
heightsh andhq respectively. Once the air pressités measured, and the reference quantitigs

Py andT) are available, then the receiver’s heipltan be found. This method is able to enhance and
improve the availability of 3D positioning. The difficultg that the relationship between barometric
pressure and altitude is variable in different areas aneéuwarious weather conditions. Hence, in
order to obtain higher accuracy, the acquisition of reaktiair pressure corresponding to an alti-
metric region’s reference height is needed. An innovatie¢hod is proposed to solve this problem,
which is to collect the real-time air pressure and tempeeataf the 1860 weather observatories with
known altitude around China and, via satellite communicatio carry out a time extrapolation. To
reduce data quantity, we first partition the data and endueta tthen broadcast the information via
a navigation message to CAPS receivers. Upon the interpotabeing completed in the receivers,
the reference air pressure and temperature at the placéeaaceiver are derived (Ai et al. 2009a).

4.1.6 The integration of communication and navigation

Because the CAPS spacecraft become communication sstelliey can be used not only for navi-
gation but also for navigation-related communicationseaieployed primarily for general commu-
nications at any time.

The space segment of CAPS is composed of four DGEO commigmcttellites, so its ample
frequency resources can be used not only for navigationlbatfar navigation-related communi-
cations. In the validation phase of the CAPS project, a kinigiominal has been designed that can
receive the navigation and message signals with the saraeramtand then demodulate the signals
with the same baseband deViteThe CAPS system could fulfill message communication with a
data rate of 50—100 bps and a bit error raté@f® (Cui et al. 2009).

4.1.7 Triple-frequency signals

The CAPS uses communication frequency in the C-band forga#iein services, and all the navi-
gation and ranging signals are generated by the groundmssaitistead of onboard satellites. Two
carriers, C1 and C2, at respective frequencies of 3826.02 dttd 4143.15 MHz have been adopted
by CAPS.

The core algorithm of the carrier phase based GPS kinematitigning techniques is car-
rier phase integer ambiguity resolution. After integer &uliies have been successfully resolved,
the position estimation with the unambiguous phase meammts can achieve centimeter accu-
racy. The next generation of GNSS systems will all operaté wiree or more frequencies. For
instance, GPS has introduced L5 signals at 1176.45 MHz ditiad to the currently operational L1
at 1575.42 MHz and L2 at 1227.6 MHz. The combination of theceld observables from signals at
three frequencies often have minimum or low ionospherieat$. As a result, the effects of the iono-
spheric biases in the geometry-based phase observaticgiswaeh be significantly mitigated or even
eliminated for long baselines (Feng 2008). However, the lmemof available combinations is few
and amplified measurement noise severely degrades perfoenoé kinematic positioning (Cocard
et al. 2008).

14 National High Technology Research and Development Progfa®hina (Grant No. 2007AA12Z343)
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Optimal code and phase combinations from three frequencgestudied for CAPS to remove
the ionospheric delays and ambiguities in combined selgattase signals can be determined over a
few epochs with a high probability of success. Each candiplahse-code combination is constructed
to form one “positive” linear combination of carrier phaseasurements and one “negative” linear
combination of code measurements, both of which have idrerépterms with approximately the
same magnitude and opposite sign, so that the differenegbatthe chosen code and phase combi-
nations can eliminate the effect of the ionosphere. Any tiuh@se unambiguous phase signals can
be used to estimate the ionospheric corrections and formrerspheric-free phase measurement for
position estimation. The precision of the ionosphericedtions and unambiguous phase ranges can
be refined to a standard deviation of 1 cm through standara#rnmg over a few tens of seconds.
The shortest time required for the refinement of an ionospleerrection to a certain level of accu-
racy is achieved when the third frequency is close to the taidfithe two outer frequencies. This
has become a selection principle for the three carrier gaqies of the satellite navigation system.
A wider separation between frequencies may lead to higlemigion in ionospheric correction, thus
achieving high-precision ranging for kinematic positiogiwith the triple frequency CAPS signal
structure (Ai et al. 2011).

4.1.8 Physical augmentation factor of precision

The method of positioning for CAPS is similar to that of GPSyieh is based on trilateration.

Considering the offset of the receiver clock with respedhtsatellite, signals from four satellites
are needed to solve the 3-D position and time. The positgpp@rformance is primarily affected by

the satellite geometry and the ranging error. The effecatdlite geometry is generally described
by geometric dilution or position dilution of precision (BIP). Then the position error is the ranging
error amplified by a factor of PDOP. For the CAPS experimesyatem, the PDOP ranges from 5
to 14. It is the main factor restricting the positioning pséan of CAPS.

When more than four satellites are available, there is armim PDOP for a certain combi-
nation of four satellites. The PDOP will be slightly impralig all the satellites are employed for
positioning. Theoretically, if each satellite is repladgda cluster oh satellites, the PDOP is then
decreased by a value % Inspired by this, related studies found that the sametreanl be ob-
tained if each satellite transmits navigation signals ev&equencies. Accordingly\,/LH is defined
as a physical augmentation factor (PAF) of precision, anififfrequency navigation is proposed to
largely improve the PDOP (see footnote 3). In this sensepdsiion error is the product of PAF,
PDOP and the ranging error. This method can be implement&RPS since it possesses ample
frequency resources. It is also applicable to any othergaian systems if the required frequency
band is available.

4.1.9 \oice communication

The CAPS satellites are communication satellites, so thiesyhas can enable data and voice com-
munication. The multiple access method for voice commuignan CAPS is FDM/CDMA. The
ALOHA technique is used for inbound channel requests. Tistesy channels are divided into a
service channel (voice channel) and a signaling channatr@ochannel). QPSK is used for signal
modulation, the | sub-channel transmits signaling date,tha Q sub-channel transmits voice data.
The information transmission rate is 700 bps (Cui & Shi 2011)

The CAPS network configuration for voice communication iserally designed as a star topol-
ogy, with the same basic configuration for each remote sitaddition, the communication center’s
station is the hub station, which is in charge of managemmshtantrol of the entire network. In this
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Fig. 12 Diagram of the satellite telephone system.

voice system for CAPS, because the terminal antenna apéstuather small, its transmission and
receiving abilities are limited. As a result, one remoteri@al cannot directly communicate with
another one, and it must be completed by forwarding the comiration to the Earth station with a
large-diameter antenna. That is to say, it must be complstétivo jumps” via the satellite.

The communication center’s station with a large diameteerama works not only as a hub
station, but also as a program-controlled switching ceftes whole network is intensively managed
by the network control system (NCS). NCS is in charge of netwnanagement and control, as
well as channel allocation and other functions. In the serdrea, regional management can be
implemented, different centralized satellite commurigzastations are set up for every satellite, and
each of them implement the regional network managementamirat functions.

This voice communication system can not only realize vom@munication between the ter-
minal and the master station, as well as between differemtinals, but it can also communicate
through the central station gateway into the Public Switchielephone Network (PSTN) (Nunn
2005).

A schematic diagram of the system and the configuration oftimemunication hub are shown
in Figure 12. NCP is the network control processor, whichntzins the system’s configuration
database, manages events, and collects the status of thmeents . The DPU sub-system is re-
sponsible for satellite voice communication’s circuitigasent to the voice terminals and the voice
units in the central communication station. The NOC sulesysincludes a high-resolution color
monitor. A form-based human-machine interface is displagrethe monitor. OCC is the outbound
control channel, and ICC is the inbound control channel.
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4.2 Performance and Functionality of the System

The dynamic and static performance tests of the CAPS demaiost system were carried out in
eastern, southern, western, northern and middle partsiaBChhe vehicle and shipboard user sets
were used for a dynamic performance test. The test res@tsuammarized as follows (Ji & Sun
2009; Ai et al. 2008, 2009b):

(1) Static positioning accuracy: Horizontal: ordinary\dee 15-25m (&), precision service 5-
10 m (Iv); Vertical:1-3m,;

(2) Dynamic positioning accuracy: Horizontal: ordinaryndee 15-25m (&), precision service
8-10m (b);

(3) Velocity accuracy: ordinary service 0.13-0.3m' {1¢), precision service 0.15-0.17nT's
(10);

(4) Timing accuracy: ordinary service 160 ngflprecision service 13 ns ¢1);

(5) TWSTC accuracy average: 0.068 ns);1

(6) Random error of satellite distance measurement: 10.7{Tadn

(7) Satellite orbit determination accuracy better than 2aj;(

(8) Message communication: data rate 50 bps, bit errorlaté.

4.3 The Advantages and Disadvantages of CAPS

Through analyzing the trade-offs of the past and preseribjpaance of CAPS, we clarify both
advantages and disadvantages of the system. The evalimtidrgreat significance to guide fu-
ture development. Concerning the use of C-band frequefmiestellite navigation, Irsigler et al.
(2004) provided a detailed analysis. Here, the assessmendinly on the effects brought by the
configuration of the CAPS constellation.

4.3.1 The advantages of CAPS

CAPS is much cheaper than other navigation satellite systemng to the construction of its con-
stellation. The system uses GEO communication satellsgecially DGEOs and generates the
navigation messages on the ground, so the associated espems be saved by developing and
launching specific satellites. It would only cost an estaddt!S$300 million to build a CAPS-like
system that covered one-third of the Earth’s surface. Ehjigst about one percent of the cost for a
fully developed GNSS. The use of DGEOs by CAPS in effect eddehe lifetime of some commu-
nication satellites and leads to recycling in space. Mogedhie system can be built up very quickly.
All the important equipment in a traditional navigationedhite can be deployed on the ground. Only
several more IGSO satellites are potentially needed indhstellation and those are basically com-
munication satellites, which do not need a special desigildBg the validation system only took
three years (Ai et al. 2008; Li & Dempster 2010).

The system can integrate navigation and communicationalBer CAPS spacecraft are com-
munication satellites, they can be used not only for naidgaiut also for navigation-related com-
munications or redeployed primarily for general commutidgses at any time. It has a similar signal
structure to GPS (in a different band), making the develagrogan all-in-one receiver (for GPS,
Galileo, Compass, QZSS, and so forth) easier, while makiegetjuipment more robust against
interference at any given radio frequency.

Developed for China, CAPS not only increases the number wifjation satellites visible in
the Asia-Oceania area but also benefits a much larger regspecially South East Asia and part
of Australia. Japan’s QZSS has already attracted muchtatteinom some Asia-Oceania countries,
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including Australia. Because the CAPS constellation hasersatellites and is a civilian system, it
also has potential for international collaboration (Li &mDpster 2010).

4.3.2 The disadvantages of CAPS

The CAPS space segment consists of commercial communicsai@llites, which only relay re-
ceived signals back to Earth. The navigation signal relidsls on the ground station. If anything
happens to the ground station or the uplink, the system Itseavigation function. Compared with
other navigation satellite systems, therefore, CAPS issmamerable in terms of its ground station.
Besides, since C-band is used for the data link and navigaigmal, the interoperability with other
systems is more complicated than those systems operatingaind.

Although this system employs DGEQOs and lets them drift frg@k inclinations of the DGEOs
are basically small. The PDOP of CAPS is not as good as thaN&%systems. The PVT accuracy
is also not as good as for GNSS systems. A barometer may bedaeCAPS receivers to pro-
vide altitude. Local pressure and temperature data arohirth@ust be collected in the navigation
message and broadcast by the satellites. This requiresdhkely to become a problem if other
countries want to use this system, since other countridsdiar China would have to build their own
ground station to generate the broadcast messages (Li & Sten010).

There has been the RNSS of Beidou, which is working well arnigoexpanded to COMPASS,
which is under construction and slated to become a poweMi8 &consisting of five GEO satellites,
three IGSO satellites, and 27 MEO satellites (Zhang et dl12Blan et al. 2011). Since COMPASS
takes priority over CAPS, it is likely to affect the budgetiasthedule of CAPS.

The above mentioned points highlight disadvantages of thBeSexperimental system. After
the launch of IGSO satellites, the PDOP and hence the agcisr@gpected to improve by several
times. With continuing innovations such as multi-frequepaositioning implemented in CAPS, it is
possible that the system will overcome these disadvantggsatch up with other systems.

5 THE FUTURE OF CAPS

As a system with distinct advantages and disadvantages tvdreome, it is worth developing
further to meet more needs of society and offer benefits. Ag@otive vision of CAPS can be
described with the following aspects.

5.1 Global Extension

There are approximately 300 GEO communication satellifesrating at present around the
world (Ai et al. 2008). It is convenient and flexible to dirlgdease the transponders of GEO commu-
nication satellites, and the costs are much less than langpspecial-purpose navigation satellites.

The process of replenishing the CAPS infrastructure regu@asing 14 commercial GEO com-
munication satellites with 28 transponders distributedéostationary orbits di°E, 30°E, 59°E,
87.5°E, 103°E, 113°E, 142°E, 163°E, 180°E, 30°W, 60°W, 90°W, 120°W and 150°W, respec-
tively. The constellation, consisting of nine IGSOs, whasgle of inclination i$0°, in three groups
around0°E, 120°E and120°W, can build a global Chinese positioning system (G. X. Ai2(der-
sonal communication).

The computed PDOP is shown in Figure 13, where the differelor @areas mean the different
values of PDOP. In the area of China, the PDOP is about 1.7H2dn be seen that PDOP is feasible
even in polar areas. It is a seamless global navigation amdntmication system.
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Fig. 13 PDOP for a global CAPS.

5.2 Combination of Navigation and Communication

A combination of navigation and communication implies aegnated functionality in terms of po-
sitioning, velocity measurement, time dissemination amdmunication. It is named PVTC, where
C stands for “communication.” Since there are four DGEO camication satellites in CAPS, apart
from a few frequencies used for navigation, most of the panders are unexploited. This enables
the system to use the residual frequency resources to ingpliecommunication. The primary mis-
sion of CAPS, in the aspect of communication, is to providagmission services of short messages,
images and voice data for about 300 000 users (Ai et al. 2008).

The process of short message communication has alreadyrbpkmented with a data rate of
50-100bps, and it was successfully demonstrated in tha@axigjtransport monitoring project, in
which paositioning precision was achieved within 15 m (sesriote 14). Recently, a low rate voice
communication study started for portable terminals to nfakeuse of the residual transponders,
with the lowest data rate being 600 bps. In the future, the Epject plans to contribute to various
enhancements such as data transfer, vehicle monitorintifamescue.

5.3 Highly Accurate Positioning

Carrier phase based GPS kinematic positioning technigass lieen extensively studied since the
mid-1980s. The core algorithm has carrier phase integefiguity resolution. After integer ambi-
guities are successfully resolved, the position estimatiibh the unambiguous phase measurements
can achieve centimeter accuracy. The reliability of ambigusolutions has been an inherited prob-
lem because the effects of ionospheric and trospheric mdsraultipath errors cannot be easily
separated from integer parameters. GPS has introducedbtbighal at 1176.45 MHz, in addition



Communication-based Positioning Systems: Past, PresdrRi@spects 621

to the currently operational L1 at 1575.42 MHz and L2 at 18MHz. They have attempted to use
three GPS carrier signals for improved carrier phase anitgigesolution (Li et al. 2010).

Based on CAPS, triple-frequency signals in C-band were stisdied for high accuracy posi-
tioning. It has been proved that CAPS can achieve centinaetiracy with three properly selected
frequencies, which are 4143.15 MHz, 3826.02 MHz, and 3978#z (Ai et al. 2011). There
are prospects for broad application of this technique uiticlg (1) high-accuracy kinematic posi-
tioning over a large area no matter if at sea or in remote neyif2) high-accuracy kinematic au-
tonomous navigation for middle and low orbit satellite9, €8 route navigation with high accuracy
providing approach and landing service for every aviatiseruand (4) high-precision geodesy. This
project currently plans to implement a triple-frequenahtgique in the CAPS experimental system
to achieve centimeter positioning accuracy.

5.4 Anti-jamming

Jamming is the transmission of radio noises that disrupigaéion and communication by decreas-
ing the signal to noise ratio. Unintentional jamming ocowlen an operator transmits on a busy
frequency, or equipment accidentally emits a signal. [2efibe use of radio noise or signals in an
attempt to disrupt a system’s normal operation is intertiggmming.

Anti-jamming ability is one of the important performanceasares for any navigation or com-
munication system. A direct-sequence spread spectrunchvidialready implemented in CAPS, is
a favorable modulation technique to protect the signalksirassions below the level of noise. With
ample frequency resources in CAPS DGEO communicationlisagelfrequency switching can be
implemented. It is useful method for countering interfeenby switching carrier frequencies when
needed.

5.5 Using LEO Satellites to Enhance CAPS

The positioning precision is proportional to the produdP&OP and pseudorange error. The PDOP
of CAPS will be better if LEO satellites are placed into thefERconstellation. Moreover, the carrier
phase can replace the code measurement to improve the paegede@rror. The tracking error for a
signal’s carrier phase is lower than the code’s by two toelorglers of magnitude, but it requires that
an unknown ambiguity in the constant cycle be determinedeffinient solution for this problem

is to exploit the observable bias provided by the motion tél§ges. By contrast, angular variations
from LEO satellites quickly become substantial. Thereftine positioning accuracy is enhanced
using additional carrier phase measurements from movir@ &#&tellites.

5.6 Positioning in the Conditions of an Urban Environment

CAPS has accurate position information under good envienmtai conditions. However, CAPS

only works well if all the four satellites (or three satedkt with added barometric altimetry) can
be accessed simultaneously, which is not always feasiblehian situations. It can be shown that
multi-path effects are one of the dominant sources in ther é&nudget for CAPS (Ji & Sun 2009).

There are numerous base stations in Chinese mobile comatiamimetworks. In this case, we can
make full use of the mobile networks. This strategy can suppbital data or satellite ephemeris
to the CAPS receiver, enabling the receiver to track thdlgatemore rapidly in urban situations.

CAPS can also provide precise time signals to a mobile nétwor

15 National Astronomical observatories, CAS, Wang, X. L.,e8#¢ navigation with variable frequency, PRC Patent,
submitted
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6 CONCLUSIONS

Benefiting from large numbers of available facilities, coomtation-based positioning systems are
a promising supplement and enhancement for the dominant GiR8e CAPS consists of com-
mercial GEO and DGEO communication satellites, it is charé@ed by low cost, high flexibility,
wide-area coverage and ample frequency resources. Corpivgthi an ingenious utilization of
a direct-sequence spread spectrum, CAPS has achievedegnatin of satellite navigation and
communication. It provides the multiple functionality of/PC within one system. The sufficient
frequency resources enable CAPS to improve positioningigiom with multiple frequencies of
wideband signals. They also make it possible to overcomegfarences by switching carriers.

The global implementation of CAPS will occur if it is expamdeorld wide. With further en-
hancements with LEO satellites and mobile base station® 3 will possibly turn into a seamless,
highly accurate, large capacity navigation and commuitinaystem, and hence become a potential
candidate for the next generation of radio navigation aies.
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