QZSS — Japan's New Integrated
Communication and Positioning
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Quasi-Zenith Satellite
System, or QZSS — that
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‘and its anticipated
‘benefits.

N Ivan G. Petrovski is in charge of
R&D at (GNSS Technologies Inc. and the
head of the Institute of Advanced GNSS
| Technologies in the Mercantile Marine
FUniversity.

Makoto Ishii is director for sales and

| marketing at GNSS Technologies Inc.

i Hideyuki Torimoto is president and

- CEQO of GNSS Technologies Tnc.

.Hitoshi Kishimoto is vice-president and

i general manager for system development

jol ASBC (Advanced Space Business
Corporation).

Toshio Furukawa and Masavaki Saito
Iwork in the Space Solution Systems
i Development Division of MELCO
! (Mitsubishi Electric Corporation).
! Toshivuki Tanaka is a senior engineer in
‘ the Space IT Project Center, Hitachi Led.
 Hiroaki Macdas works in the €S

| Solutions Division of NTS (NEC TOSHI-
:BA Space Systems, Ltd.}

24 ©Ps World june 2003

Service for Mobile Users

ver the past several vears, leading pub-
lic and private organizations in Japan
have been investigating proposals for devel-
oping an advanced space-based augmen-
tation systern for GPS. Last vear, the Japanese
government authorized continued work
on a concept for a Quasi-Zenith Satellite
Systemn (QZSS), or Jun-Ten-Cho in Japanese,
developed by the Advanced Space Business
Corporation (ASBC) team, including
Mitsubishi Electric Corp., Hitachi Ltd.,
and GNSS Technologies Inc. (See the side-
bar, “The Evolution of the Q2SS Project.”}
If ali proceeds as planned, by 2008 the
(7SS would provide a new integrated ser-
vice for mobile applications in Japan based
on communications — video, audio, and
data broadcasts —— and positioning. QZSS’s
positioning capabilities would, in effect,
represent a new-gencration GPS space aug-
mentation systern, with limited navigation
capabilities. In other words, although
the Q78S is seen primarily as an aug-
mentation to GPS, withoul requirements
or plans for it to werk in standalone mode,
QZSS can provide limited accuracy posi-
ticning on its own. The service also can be
augmented with geostationary satellites in
Japan’s MTSAT Satellite-based Augmentation
System (MSAS) currently under devel-
opment, which features a geostationary
satellite—based design similar to the U.S.
Federal Aviation Administration’s Wide
Area Augmentation Svstem (WAAS),
This article describes the current over
all QZSS concept, design considerations
and alternatives including the satellite con-
steliation, ground tracking network, and
system Liming, as well as plans for a dif-
ferential corrections service.

Market Drivers

To understand demands for new sug-
mentation systems such as QZSS, one
should look at the GPS market in Japan.
Today, Japan leads the world in many appli-

cations of GPS equipment and services tor
el use. The necessite for the new advanced
augmentation svstem came [rom the spread
of civil use of GPS service in such areas us
car navigation, aviation, maritime, map-
ping, land surveving, telecommunications,
and so forth,

Approximarely two million GPS-equipped
car niavigation units are sold annually in
Japan with a cumulative total of 9,620,000
units sold from 1993 undil 2002, According
to market forecasts, annual sales will increase
to as many as 2.7 milllon units per vear
within the next few vears. Currently, about
3.8 million GPS-equipped cellular phones
are in use in Japan today. The total installed
base of cell phone users in Japan is 70 mul-
lion units, egual to about €0 percent of the
entire population. This represents the poten-
lial size for GPS in Japan's cellular phone
market. The annual sale of cellular phone
units is about 45 million units per vear.

The number of GPS reference stations
for synchronizing the CDMA telecom-
munications infrastrmcture is 9,000 today
and is expecred to grow up to 17,000 by
2005, The Japanese surveving market is
relatively small — an estimared 1,500
receivers with very low turnover. GPS
receivers used in construction number
about 3,000, and the maritime marker does
rot exceed 10,000 units. Potentially, rail-
way cars can be cquipped witk GPS | which
could add another 30,000 units.

As one can sce, var navigation is the sec-
ond-largest market in terms of unit volume
after cellular phones. The turnover rate for
cellular phones in Japaw much higher than
for car navigation: the average unit's life-
span doesn't exceed one or two years. But
the cellular phone market will not neces-
sarily coincide with the GPS market On
the contrary, Japanese car manufactur-
ers have expressed an intention to provide
new-generation cars with an integrated
multimedia svsiem, which wilt tunction as
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size of annual domestic car sales, which is
between 4 and 4.5 million. Today only about
a half of these cars are equipped with GPS.

n wheels and include GPS as
I equipment. We can estimate
ntial car navigation market on the

é:s(mped orbit satellites (green) over Tokyo during a 24-hour period at an elevation of at
least 30 degrees

This calls tor reliability and availability
of positioning service, which at present has |
some limitations due to the limited satel-"
lite visibility tvpical in Japan urban canyons
and mountainous regions. QZSS will aug- !
ment GPS to meet these requirements. |
Although QZSS is expected to primar- |
ily benefit car navigation users, it will|
undoubtedly also benefit all user segments |
in Japan — and to a certain extent, Asm as
well — through the improved vi v,
availability, constellation ge
corrections services. Figure 1 d
the improved satellite visibil
area above 30-degree elevation
is GPS only, green GPS and C
2 presents a snapshot signal-2

15 ) %&} ] analysis for the Shinjuku (Tokyo down- 7
:' ) My l - town) district, with the white areas repre-
Ly [ s rms ] senting obstructed areas in which sig- ‘
5 “ - nals from fewer than four satellites are C
: Is available for a 3D position fix. The depict- N
3 = ul ed area is approximately one square kilo-
‘\’ 3 meter. In the case of GPS-only (the mid-
!L—_’, dle panel), positioning is possible on only ;
i Fank 24 percent of the total area; for GPS and ‘[
F Z Snapshots of ranging signal availability analysis for Shinjuku district (downtown QZSS (right panel), on 70 percent. (
Tokyo). At left, the map of the area covers approximately 1X1 kilometer. In the center We are also investigating possibilities s
image {GPS only) and right image (GPS + QZSS satellites), blue represents areas with sig- for improving assisted GPS service for cel-
nals from four or more satellites available, white areas have signals from fewer than 4 lular phones by providing assistance data |
satellites, and black areas are buildings. !
S : ~ Mitsubishi Flectric Corp., Hitachi Ltd., NEC Toshiba Space Systems, Ltd. r
755 is°3 new concept developed by the prlvate sector wrth the gov _and GNSS Technologles Inc. ASBC wnII manage the QZSS infrastructure r
enment sector assuming responsibility for the associated technology and provide a revenue stream through fee-for-use service, although
development, especially the portion-of the: project mvolved with the - part of the QZSS service will be free. One proposal under consideration
pesitioning service (in contrast with data broadcast and communica- - for the fee-based serwce calls for incorporating a decodmg dev1ce mto
| tion). This effort has taken place in the context of Japan-U.5. coopera- .- user equipment. - - ;
ticn an CPS, formalized by.the GPS Joint Statement signed November - The Japanese government PafthlanOﬂ in the QZSS PFOJECt g
, 1998, by the heads of state at that time, President Bill Clinton and - includes the formation of the QZSS Development and Utilization
I«rm Minister Keizou Obuchi. The 1998 policy statement estabhshed e Councnl comprlsed ‘of the Japan Federation of Economic Orgamzatnons
' cooperative mechanism that prowded for annual plenary meetmgs andff as well as four Japanese ministries: the Ministry of Education, Culture,
working groups: Japans stated policy objective was “to secure and - Sports, Science and Technology (MECSST); the Ministry of Econormy,
enhance user interest, and the QZSS m|t|at|ve is th‘ logical conti Trade, and Industry; the Ministry of Public Management, Home Affairs, |
tion of this policy. ‘ Posts and Telecommunications; and the Ministry of Land, Infrastructure,
At the CPS—QZSS Techmcal Workmg Group meetmg in earIy : and Transport ‘The governmental sector also includes the National ;
December 2002, Japanese and U.S. governmental representatives. dis- Space Development Agency of Japan, which is the leading enterprise .
cussed the creation of QZSS. The representat;ves from the. two nations < -under the MECSST and is in charge of the overall design of the QZSS |
deliberated the technical requirements for QZSS signal structure, codes,~- space segment and monitoring network. The other principal institu-
and power. To date,the posmonmg service of QZSS is seer as an- tions involved include the Electronic Navigation Research Institute,
advanced space augmentation system for GPS that will re51de inthe = which'is working on differential correction services; the Communica-
CPS L1, L2, and LS frequencies. QZSS will use the same signal structure - tions Research Laboratory, which is in charge of system time; and the . I
as GPS and employ pseudorandom noise (PRN) code’ designations s \Advanced Institute of Science and Technology, which is working on var- . |
above those of the GPS constellation and WAAS.-Other types of signal . - ~../ous components such as correction service and time keeping. ;
modulation, such as binary offset carrier (80C) and binary phase shift” -~ According to current plans, a QZSS software-based simulation sys-
keying (BPSK), are also under consideration now. Currently, involved - tem should be introduced by the end of this year. Involved institutions
governmental institutions continue to work toward definition of the sxg- including ASBC, GNSS Technologies, NASDA and others) will conducta -
nal structure. The latest meeting was held in May. . ; e sy;tem feasibility study until March 2004. Next, the main development
The Advanced Space Business Corporation (ASBC) was founded in o ofal system components will take place from March 2004 to March
"0\ ember 2002, to facilitate public partlapatlon in the QZSS project . .- 2007, including tests using the Engineering Test Satellite VIIl. Starting
2l provide a vehicle for public investment. More than 50 major - in 2007, we will conduct a one-year test phase for the system. QZSS
Japanese companies are now parthpatmg in ASBC mcludmg : ,shduldibecome operational in the third quarter of 2008.
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through the QZSS, including GPS orbital
data, and time.

Satellite Constellation
The QZSS constellation will consist of three
satellites moving in periodical highly ellip-
tical orbits (HEOs) over the Asia region.
The image on the opening page of this arti-
cle depicts an artist’s rendering of the QZSS
satellite. The big antenna on the top is for
S-band communication. The QZSS satel-
lites will be launched with Japan’s H-IIA
launch vehicle or a similar type of launch-
er. Satellites will have L-, S-, and Ku-band
capabilities (S-band for broadcasts and
low-speed communications, Ku-band for
high-speed communications and TT&C).
Five types of constellations, which are
being considered for QZSS, were regis-
tered with the International Telecommuni-
cations Union in November 2002. Figure

4" Quasi-2enith Satellite Constellation

FIGURE 4 QZSS constellation deployment of
planes for Type 3 and Type 4 (as described
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FIGURE 3 Characteristics of options for QZSS orbit configurations

3 presents the main characteristics for these
orbits. We have analyzed mainly two types
of orbit with different Keplerian para-
meters. These are a 45-degree inclina-
tion with eccentricity of 0.1 (asymmetric
8-shape) and an inclination of 52.6 degrees
with eccentricity of 0.36 (tear drop shape),
corresponding to Type 3 and Type 4/5,
respectively, in Figure 3.

Figure 4 demonstrates a satellite distri-
bution for these constellations (types 3 and
4) in the orbital plane. A symimetrical 8-
shape orbit has been dropped from con-
sideration due to the frequent satellite
maneuvers that would be required to avoid
collisions as a satellite passes through the
highly populated geostationary belt. Also
this constellation would provide less favor-
able visibility over the northern hemisphere
in comparison with HEO.

As is well-known, Kepler's Second Law

of Motion states that a line joining a satel-
lite and the Earth sweeps out equal areas
in equal intervals of time. Therefore, due
to the highly elliptical shape of the QZSS
orbit, a satellite will linger in the part of
the orbit with high altitude, as its velocity
decreases when it goes far from Earth. This
will allow the QZSS satellites to spend most
of their time over the desirable region.
As can be seen from the elevation graph in
Figure 6 (for the asymmetrical figure-8
orbit), a QZSS satellite typically oper-
ates more than 12 hours a day with an ele-
vation above 70 degrees, a performance
characteristic from which the term “quasi-
zenith” derives,

To help choose among possible orbits,
we looked at the advantages and disad-
vantages of each orbit from the position-
ing and communication service point of
view. For positioning, we used a newly
developed simulation tool to analyze the
satellite availability, observability, and their
potential for accuracy and ambiguity
resolution assistance, taking into account
the number of visible satellites, their geom-
etry, and relative speed. (See the sidebar,
“A QZSS Simulation Tool.”) The simula-
tion tool estimates potential user accu-
racy based on user-to-satellite geometry,
satellite-to-network geometry, visibility,
and coverage. We also looked at the pos-
sible design for tracking networks to find
an optimal design, considering visibility
and coverage as criteria. We estirate achiev-
able accuracy of ephemeris estimation for
given location of tracking stations.

Figure 3 depicts the ground tracks for the
constellations under consideration and
Figure 5 shows five stations of a tracking
network configuration that is being used

GuaskZenith Monitonng Natwaork

(All stations - mask angle 3 degree)
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FIGURE 5 Preliminary location of tracking stations used for QZSS
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orbit. However, satellites should
be monitored for a collision risk |
at orbit intersections, which is
not the case for tear-drop shape !
orbits.

The asymmetrical 8-shape
orbit also gives better charac-
teristics for positioning service
due to superior geometry. It also |
has better performance for pur-
poses of ambiguity resolution
due to improved satellite visi-
bility, geometry, and azimuth-
: ' = — —1 elevation dynamics, that is, quick-
1812 eH ~ ! er satellite movernent relative to

P | a user. Figure 6 shows azimuth, |
elevation and visibility graphs
for this constellation and sky
chart for number 3 and 4 types
for purposes of simulations. (Because this ~ able candidate. This orbit goes about  (from Figure 3) in Tokyo. It also can pro-
configuration is not optimal, it will almost 400 kilometers below the geostationary  vide potentially better ephemeris estima-
certainly not be the final tracking network ~ satellites belt and therefore requires less  tion, because of better satellite to moni-
design.) At the moment the asymmetrical ~ frequent collision avoidance maneuversin  toring network geometry.
8-shape orbit appears to be a more prob-  comparison with a symmetrical 8-shape

R
1812
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THIURE 6 Azimuth, elevation, visibility, and sky chart for various QZSS orbits.

- nificant problem however: Part of the error budget in the QZSS signal -
GNSS Technologies Inc. is developmg a QZSS software S|mulatlon tool .~ s strongly correlated with that of the GPS. These errors should be the
to evaluate various options for all QZSS components during the feasi " same in QZSS error model and GPS real data. For example, atmospheric
bility study stage. The software will provide ashell graphical user inter- error, multipath, and receiver specific error will be correlated for QZSS

face with source code to the, organlzatlons that are engaged inQzss - - and GPS. Therefore, if GPS data came from the measurements and QZSS

' " data have been simulated, we should provide that these errors are cor-

. related for ‘both dat

k optlonally may use simulated ionospheric and tropos-

pherlc data, or these errors can be generated from the real data from

" GeoNet: reference station network. A user can modify atmospheric
rs according 10 the spemﬁc task. When the user simulates several

-~ reference stations; the software also simulates correlated area errors

e vfor the network rath rthan fimiting the user to separate station models

‘ : W|th modified parameters. .

The program allows users to substitute

the software’s models with their own models.

2~ First they input coordinates for the network,
~specify time, interval of simulation, and sam-

“:pling interval, Then users can.choose relevant

1" errars and error models. The accompanying

-} Screen capture images give examples of

r;..., P e software input and visualization panels. The

...... . = = g “|<:software outputs data in RINEX (Receiver

:“Independent Exchange) format, which then is -

“= processed using the Bernese GPS software

‘package.

= Users can estimate the accuracy of orbit

*| " determination, where the calculated
* ephemerides are compared with true ones.

-“Users also can analyze the effect of various

*QZSS components designs on the achievable

- accuracy. GPS observations can be generated

by the software or received from a GPS
receiver connected to a GPS simulator with

the same input parameters as the simulation

QZSS S;mulat:on Toel

Y. :
QZSS together with GPS satellltes provxdmg users W\th the opp rtumty :
to mcorporate real GPS data System developers must get around a sig-
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Input panel of the QZSS S|mulatlon tool developed for the prolect L * software, including an ionospheric model.
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! . - . . .
 Tracking Network s opment of the algorithm for
The accuracy of the system | ** P differential service and pre-
will directly depend upon |, pe—— pd N, cise ephemeris estimation is
the accuracy with which 0-; // \\ // \v © expected to‘be done in’coop-
one can determine QZSS o / w P T 0 o e, eration with NASA's Jét
satellites’ orbits. To provide : ,, Lo . Propulsion Laboratory (JPL).
real-time ephemerides for ezl -— e - ;
QZSS, a network has to be | A Matter of Time
constructed. The taskis | ' - | The quality of QZSS differen-
complicated, because the ”Z o O . 1 tial corrections depends part-
satellite-to-groundstation 0 O T \m 0 w0 | lvon the type of time syn-

geometry for a regional net-

chronization, the quality of

work is much worse than

onboard clocks, and the fre-

for global networks as in

‘the case of GPS and R

quency of uploads from the
1 ground control segment. QZSS

GLONASS. 04

System Time will be aligned

The QZSS design calls | ?*

to the Japan UTC (CRL). QZSS

for three types of track-

navigation messages will

lecting data used to provide

ing networks. The first is a 0'; N\ / N\ * provide time correction to GPS
part of the control segment |, e 400 EAN w [ m N\ | system time, either directly
and responsible for col- / AN / \‘ | or through UTC (USNO).

| Depending on the eventual

the system with broadcast
ephemerides, QZSS satel-
lite clock models, and clock
differences to GPS system
time. These data will be uploaded to QZSS
satellites for incorporation into the navi-
gation message. This network has to have
very high integrity. For its geodetic coor-
dinate system, the QZSS will use the
International Terrestrial Reference Frame
(ITRF) or the Japanese Geodetic Datum
(JGD-2000), which is linked to ITRF. Apart
from this, the system should provide an
overlay system functionality for GPS, includ-
ing GPS satellite clock corrections. As the
next step QZSS also can provide the same
functions for GALILEO and GLONASS,
including time shifts to GALILEO and
GLONASS system time.

The second network serves to provide
enhanced functionality with precise
ephemerides. The proposal for this net-
work would establish a regional compo-
nent with about eight stations to track the
QZSS satellites and a global component
with 25 stations to monitor the GPS con-
stellation. The QZSS will use the third net-
work to collect atmospheric data. It con-
sists of 20 reference stations in Japan during
the first stage and 10 reference stations
outside Japan in Asia. The current plan
calls for use of Japan’s Geographical Survey
Institute (GSI) GeoNet network with more
than 1,200 GPS reference stations to gen-
erate carrier phase corrections. Three or
four laser ranging systems will also be used
for test and initial QZSS calibration.

The development of this ground network
includes selection of the optimal design
for tracking station locations. To do this,

meters,)
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FIGURE 7 Error components (from top: cross-track, along-track, radial) of
estimated QZSS satellite position for 12-hour data arc. (Vertical scale in

we need to estimate available user accu-
racy based on the tracking station loca-
tions. We also have to analyze the proposed
network based on the inverse visibility
study (satellite to reference stations) in
terms of possible accuracy of ephemeris
estimation (based on geometry), and visi-
bility and availability of reference stations
for QZSS and for GPS.

For example, we used our simulation
software and Bernese GPS postprocessing
software to analyze whether the tracking-
station network can estimate a QZSS
ephemeris and, if so, with what accura-
cy. We simulated the asymmetrical figure-
8 QZSS orbits. Using a disturbed orbit
as an initial guess for orbit estimation with
the Bernese software, we estimated a QZSS
ephemeris on the basis of simulated mea-
surements from the given network of ref-
erence stations (as shown in Figure 2) with
decimeter-level accuracy.

The simulation verified the QZSS orbit’s
observability from the given tracking net-
work. GPS ephemerides had been fixed to
International GPS Service (IGS)-precise
orbits. We concluded that an attempt to
improve GPS orbits using the QZSS region-
al network gives less-accurate results in
comparison with IGS orbits. Figure 7 shows
the estimated position errors (from top:
cross-track, along-track, radial) for QZSS
satellites over a 12-hour period.

The QZSS project will require inter-
natjonal cooperation in order to provide
places to locate tracking stations. The devel-

QZSS implementation, the
navigation message can trans-
mit an explicit clock model or
an overall error correction can
be broadcast. Clock accuracy and the data
processing burden will vary as a func-
tion of the frequency of uploads.

As part of the overall QZSS test program,
QZSS time comparison equipment, devel-
oped by the Communication Research
Laboratory (CRL), will be placed onboard
ETS-VIII and evaluated. This equipment
will provide time comparison, using two-
way time transfer (TWTT) over S-band,
with accuracy better than 1 nanosecond.
This equipment will be used in QZSS to
assist time synchronization.

Different options for satellite clocks
under consideration now. Use of high-accu-
racy atomic clocks would allow the system
to operate for some time without ground
support in case of emergencies, such as
earthquakes, in which uploads from ground
control were unavailable. It will also pro-
vide the capability to improve estima-
tion of orbits through better clock error
modeling. A system based on low-accura-
cy clocks has no prototypes but basically
could work in a similar fashion to pseudo-
lites, for example, providing users with co-
transmitted clock corrections. The satel-
lite clocks also will be a factor in the
determination of QZSS satellite lifespan,
the requirement for which is 12 vears.

Differential Correction Service

In considering the QZSS differential cor-
rection service, we should highlight the
differences from the WAAS-like MTSAT
(multi-functional transport satellite) Satellite-
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Zased Augmentation System (MSAS). In
rerms of ranging service, QZSS will pro-
vide better geometry and more frequen-
cies, which will allow direct estimation of
ionospheric errors. Moreover, QZSS plans
to follow GPS signal modernization, in
which case civil codes with higher chip
rates than the L1 C/A-code will be avail-
able on L2 and LS in the near future. Apart
from this, QZSS will have its own sys-
temn time and therefore provide potential-
Iy better service.

Differences also exist between QZSS and
MSAS in the way corrections are generat-
ed. The QZSS will have dissimilar content
and format in the corrections messages.
Tonospheric grids for QZSS will be gener-
ated differently, partly because many more
reference points will be available in Japan.
MSAS ionospheric corrections are based
on global modeling, which demands less
density of reference stations.

As with ionospheric corrections, QZSS
will use a dense local grid for the tropos-
pheric correction, rather than the global
model used by MSAS. QZSS will use Japans
GeoNet network and generate more accu-
rate atmospheric corrections by giving
more weight to actual observations instead
of modeling. These corrections are on satel-
lite-by-satellite and epoch-by-epoch basis.
QZSS will use the same grid data for all
frequencies and for code and carrier phase
corrections. In the Asian region outside
Japan, however, QZSS will use global ionos-
pheric modeling.

On the other hand, QZSS will not need
the same high integrity level as MSAS,
which has design requirements for safety-
of-life applications. In any case, achieving
this integrity level with QZSS would be dif-
ficult, taking into account the different
infrastructure, onboard satellite clocks,
constellation dynamics relative to moni-
toring network, and so on. Therefore, QZSS
cannot substitute MSAS for safety-critical
missions, but instead can provide more
high-accuracy and diverse services.

Using the unique advantage of a very
dense GeoNet reference station network in
Japan, we are conducting a feasibility study
to provide RTK corrections through QZSS,

Further readmg
Isao Kawano Satelhte Po: |onmg System
using Quasn -Zenith and Geostatlonary ,
:Satellltes (Japanese Ianguage) Tmnsact:ons

of the- Institute of Electronics, Informatlon (e
and Commumcarron Engmeers -Vol. j84 B
December 2001 ‘
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using area corrections grids. Apart from

the grid data, the RTK corrections will incor-
porate one or several data streams from |
artificially created reference stations (ARS). !

Although operated at the same position as
a real reference station, an ARS can pro-
vide data for a satellite which is not visible
from the receiver location. To remove orbital
errors from data, the precise ephemeris
is estimated and transmitted to the user,
The QZSS corrections from two sub-streams
{one includes ionospheric corrections,
another — orbital) applied to the ARS data
are intended to bound the overall errors
sufficiently to allow users to implement
conventional RTK approaches.

Conclusion

An Advanced Space Business Corporation
team including MELCO, Hitachi, NTS and
GNSS Technologies, is currently work-
ing on a clarification and definition of
requirements for the QZSS, which then
will be submitted to related governmental
institutions. A definition study will con-
tinue approximately until June of 2004
when basic business models and system
design will be specified.
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