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tive to each individual positioning error, and
taking relevant measures as appropriate. Even
error sources that can cause positioning errors
would not translate into HMI when easily
detectable by a ground station. Moreover,
even hardly detectable error sources would be
of no concern if only leading to minor posi-
tioning errors. Easily detectable errors sources
are typified by GPS satellite clock and orbit
errors; hardly detectable ones involve tropos-
pheric propagation delays.

Each individual factor identified to trans-
late into HMI is called a “threat.” Measures
must be taken to prevent each individual threat
from resulting in HMI. Among these mea-
sures, the “monitoring” process is designed to
suit the characteristics of a given threat and be
implemented within SBAS or GBAS. When
threats are detected by monitoring, actions are
invoked, such as increasing the protection
level, to prevent threats from resulting in
HML.

The upper panel of Fig. 3 shows a concep-
tual image of the probability distributions of
GNSS positioning errors. Normal distributions
(marked green) in the middle designate posi-
tioning errors that may result from various
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factors; the spike in distributions apart from
normal distributions represents lower-frequen-
cy events that could invoke major errors. Cor-
rectable events are marked blue; uncorrectable
events are marked red. As can be seen from
the lower part of the diagram, SBAS and
GBAS apply correction information to make
normal distributions appear more compact,
while delivering valid integrity information to
eliminate any threats that could definitely
resulting in HMI, thereby protecting the users.

4.4 lonospheric storm effect

The most serious of all prevailing integrity
threats is the effect from propagation delays
associated with ionospheric storms. Although
ionospheric storms may not occur frequently,
they occur at other than a negligible level.
Ground monitor stations do not necessarily
detect ionospheric storms as they occur, with
such storms being manifested as major user
positioning errors that could result in an HMI
event where the user positioning error exceeds
the protection level.

SBAS and GBAS provide protection
against this problem by assuming the continu-
ing presence of ionospheric disturbances in
generating integrity information, and also by
factoring a sufficient margin into the protec-
tion level to discourage users from using a
possibly hazardous satellite. The worst case of
ionospheric storms is always assumed based
on past records of ionospheric observation
data. Moreover, monitors are installed to be
able to deal with HMI conditions they have
been observed in the past.

Because these precautions are taken, the
protection level tends to rise, leaving room for
improvement concerning availability. One
cause of degraded availability is monitor sta-
tions located too sparsely in preparation for a
worst case scenario, given their inability to
identify normal conditions other than ionos-
pheric storms. Given the insight into the status
of ionospheric storms from the standpoint of
space weather, a normal protection level free
from concern over anticipated ionospheric
storms could possibly be drastically lowered
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for improvement.

5 Actual augmentation systems

5.1 SBAS (MSAS)
5.1.1 How SBAS works

SBAS broadcasts GNSS augmentation
information from geostationary satellites to
broad sets of users. SBAS consists of ground
equipment, geostationary satellites and user
receivers.

Normally, multiple ground monitor sta-
tions are distributed at intervals of about sev-
eral hundred kilometers to collect data with
receivers enabled for dual-frequency signals
originating from a GNSS core system. Satel-
lite-specific orbit/clock errors and ionospheric
delays are estimated from the data collected,
and integrity information, SBAS satellite
ranging data and correction information are
generated, which are then uplinked to an
SBAS satellite.

SBAS signals have the same frequency
and C/A code modulation as GPS-L1, and are
assigned pseudo-random noise (PRN) num-
bers from 120 to 138. This allows signals orig-
inating from the SBAS satellite to be used as
GPS-like ranging signals. Augmentation infor-
mation is broadcast at 250 bps, with each mes-
sage consisting of 250 bits (preamble (8),
message type ID (6), data area (212) and CRC
(cyclic redundancy check) code (24)).

User receivers use the augmentation infor-
mation received from the SBAS satellite to
work out positioning and integrity informa-
tion. Tropospheric errors are calculated within
the receivers using a model.

5.1.2 SBAS ionospheric correction

SBASs now in service or under develop-
ment target single-frequency aviation user
receivers and users who conduct positioning
calculations based on the pseudo-ranges of the
GNSS core satellites and SBAS satellites. The
methodology is formulated as an ICAO inter-
national standard [3].

SBAS is intended for users in a wide area,
with ionospheric delay information being
broadcast as values at 5° x 5° ionospheric grid

ile]a)[=0 H| Maximum update times and

availability times of SBAS ionos-
pheric correction messages

Message | Maximum | Time-out interval [sec]
Type update En-route to | Precision
interval non-precision | approach
[sec] approach
18 300 1,200 1,200
26 300 600 600
10 120 360 240

points (IGPs) of geographic longitude and lati-
tude. (At latitude higher than 55°, the IGP lay-
out varies.) The following types of SBAS
messages relevant to ionospheric correction
are broadcast:

Type 18: IGP service status flag

Type 26: IGP vertical delay estimate (@L1)

(0 to 63.875 m, 0.125 m unit)
and post-correction vertical error
(residual) variance (index)

Type 10: Time degradation parameters

User receivers calculate ionospheric
delays and residual variances by assuming the
ionosphere as being a thin shell at an altitude
of 350 km. First, the longitude and latitude of
the ionospheric pierce point (IPP) of satellite
signals received by users from each satellite
are calculated. The vertical delays/residual
variances at the surrounding IGPs in the longi-
tude/latitude plane are then subjected to bilin-
ear interpolation for calculating values at IPP,
which are then multiplied by an inclination
factor according to satellite elevation angle for
working out the ranging correction/residual
variance values. The residual variance is fur-
ther multiplied by a time degradation factor or
other factor to perform positioning and calcu-
late the protection level based on satellite
location as described in Section 4.2.

Each SBAS message has a maximum
update time and a user availability time
defined as provider service requirements.
Table 1 lists the requirements for ionospheric
correction messages.

How to generate SBAS messages is left to
the discretion of each SBAS service provider,
but system implementation/verification must
be done so as to meet the integrity require-
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ments defined in Section 4.
5.1.3 Current status of SBAS

SBASs now in service (2009) include
MSAS (in Japan) (41, WAAS (in the U.S.) and
EGNOS (in Europe), while GAGAN (India) is
under development. Figure 4 shows an exam-
ple of the deployment of MSAS ground sta-
tions, along with surrounding IGP and IPP
distributions.

As explained in the foregoing section,
SBAS is dedicated to providing a broad range
of services, but remains vulnerable to con-
strained performance in low-geomagnetic-lati-
tude regions of intense ionospheric activity
due to the delivery of ionospheric correction
information such as the values of IGP at 5° lat-
itude, as well as the update rate (600-second
message validity). Consequently, SBAS
encounters difficulty in offering a high level
of integrity (1-10"7) while minimizing the
protection level in the presence of small spa-
tial/temporal changes in ionospheric delays or
spatially small disturbances such as plasma

MSAS ground station layout, IGP
location, and examples of IPP distri-
butions
[Jdenotes an MSAS ground station (at
Sapporo, Hitachi-Ota, Tokorozawa,
Kobe, Fukuoka and Naha, with the
stations at Hitachi-Ota and Kobe serv-
ing as geostationary satellite uplink
stations). @ denotes a 5°x 5° longitude/
latitude ionospheric grid point (IGP).
A denotes the IPP of a GPS satellite
monitored by a ground station at a
given time (at alfitude of 350 km).

bubbles for the deployment of ground stations.

Enhanced SBAS ionospheric correction
performance should benefit from efforts to
explore system capabilities tailored to initial
detection and prediction, including the devel-
opment of ionospheric models useful under
the conditions outlined above, deploying
ground stations based on those models, and
detecting and handling disturbance phenome-
na.

5.2 GBAS
5.2.1 How GBAS works

A landing guidance system based on a sin-
gle-frequency differential GPS positioning
principle, GBAS is intended for use in the
vicinity of an airport (with a minimum cover-
age requirement of approx. 40 km). Each
GBAS has three to four GPS reference sta-
tions (GBAS reference stations) deployed on
the premises of an airport to generate informa-
tion on correcting common errors (e.g., GPS
orbit errors and ionospheric delays present in
code pseudo-ranges of GPS satellite signals,
residual error parameters by error source for
determining the reliability of positioning solu-
tions calculated by aircraft), and then broad-
casting all such information to aircraft on the
VHF band (108 to 118 MHz) as augmentation
messages like those listed in Table 2 (VHF
Data Broadcast (VDB)). Each aircraft per-
forms a positioning process based on the cor-
rection information, and calculates the protec-

i[e]s)[z374 Contents of augmentation mes-

sages generated by GBAS
Message
Type Contents

1 Differential correction
information and more
Reference station layout,
integrity information (e.g.,

2 . . .
ionospheric delay, tropospheric
delay) and more

4 Final approach path
information and more

5 Satellite availability
information and more
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tion level from residual error parameters to
assess in real time whether it is held within
tolerances to determine the reliability of its
positioning solution.

Pseudo-range errors that may exist at both
GBAS reference stations and aircraft to an
equivalent extent include GPS satellite orbit
errors, satellite clock offsets, ionospheric
delays and tropospheric delays. GBAS
removes most of these common errors. Other
possible errors such as receiver clock errors,
receiver noise and multipath errors are
reduced by averaging the multiple sources of
GPS received data from GBAS reference sta-
tions located more than 100 m apart to gener-
ate more accurate and reliable augmentation
information.

The possible range of guidance supported
by landing guidance systems to enable the pre-
cision approach of aircraft is specified by
ICAO regarding visibility, landing system per-
formance and other factors, and with landing
system requirements defined for three levels
of the approach and landing phases (Cate-
gories I to III) [3]. Category I, for example,
supports the initial stage of landing system
requirements. Landing systems falling in Cat-
egory I should provide precision guidance up
to a height of about 60 m (200 ft.)—the so-
called decision height (DH)—at which the
pilot decides whether to land or not.

The positioning principle of GBAS allows
the system to deliver significantly high accu-
racy and its performance has long been veri-
fied. In the meantime, integrity (i.e., measure
of assuring the validity of generated correction
information) has loomed as a key challenge.
Category I, for example, defines the probabili-
ty of not entering a hazardous state due to
invalid correction information as being 1-2 -«
10°7 per approach, thereby dictating an
extremely high level of reliability. For this and
other reasons, mitigation algorithms have been
developed for both risk extraction and assess-
ment as needed. In the U.S., preparations are
now underway to launch GBAS Category I
service. Enhanced ground and on-board equip-
ment may eventually allow GBAS to support

operations up to Category III, thus enabling
precision guidance down to a height of 0 m.
5.2.2 GBAS ionospheric delays

Because GBAS ionospheric delays exist
almost to an equal extent in the psuedo-range
data received by both GBAS reference sta-
tions and aircraft, most have been thought
removable. But GBAS implements a smooth-
ing process for the code-pseudo range called
“carrier smoothing” (using a time constant of
100 seconds) to cut multipath errors present in
the code-pseudo range based on the carrier
phase of the GPS signal. As expressed in
Equations (6) and (7), ionospheric delays
involved in the code pseudo-range and carrier
phase have the same magnitude but opposite
polarities, and ionospheric delay contained in
the code pseudo-range and that contained in
the carrier phase up to 100 seconds before are
matters of concern(s]. Therefore, if a spatial
gradient of an ionospheric delay (hereinafter
“ionospheric gradient”) is encountered as an
aircraft lands after making the final approach
from a point several ten kilometers apart from
a GBAS reference station as shown in Fig. 5,
it will affect GPS satellites passing over that
region.

The ionospheric gradient (dI/dx) is nor-
mally expressed as a rate of ionospheric delay
change for each horizontal kilometer, and
indicated in mm/km units. Assuming that the

GPS satel lite E@

lonospheric gradient

dl/dx

Aircraft
v
9 ¢ -
Q!Q ! GPS reference
! ' stations
e - - - - - - - — & ’

X

GBAS and ionospheric delay spatial
gradient
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ionospheric gradient does not change over
time and disregarding GPS satellite behavior,
maximum ¢ I of range errors in the satellite’s
line of sight (slant) direction as corrected by
GBAS and derived from the ionospheric gra-
dient can be generally expressed in Equation
(8) as:

§Izﬂ(x+2rv) (8)
dx

where, x denotes the separation between the
GBAS reference station and aircraft. The first
term on the right side designates a range error
similar to typical differential GPS resulting
from a spatial change in the ionospheric delay;
the second term designates the effect of carrier
smoothing. In the U.S., GBAS safety design is
implemented based on the settings of an
ionospheric gradient maximum of 425 mm/km
and a horizontal distance of 6 km from a
GBAS reference station to the decision height
(DH). The range error maximum estimated at
DH by solving Equation (8)—with smoothing
time constant 7 of 100 s and aircraft velocity v
of 0.070 km s~! assigned—is calculated to be
about 8.5 m6]. Complications involving
adverse conditions such as fewer GPS satel-
lites are generally known to worsen the ulti-
mate positioning solution. As a result, some
actual vertical errors are found to exceed a
vertical warning limit of 10 m at DH, despite a
vertical protection level not exceeding 10 m,
and thus suggest the need to employ methods
of countering GBAS integrity threats and miti-
gating risks [7].
5.2.3 lonospheric risk assessment and
mitigation

In the U.S., the ionospheric gradients
(called “storm enhanced density” or SED)
resulting from magnetic storms have been
modeled as an ionospheric front and three
parameters (ionospheric gradient magnitude,
slope width, and velocity) have been isolated
and delimited to build an ionospheric threat
model. As a result, the U.S. has adopted possi-
ble ionospheric gradient maximums of
425 mm/km and 375 mm/km for high-eleva-
tion and low-elevation GPS satellites, respec-

tively [81. These values are based on ionos-
pheric gradients associated with SED observa-
tions made in North America on November
20, 2003.

On the ionospheric threat model, a GBAS
reference station may detect ionospheric gra-
dients as sharp time-related changes in an
ionospheric delay. Called “CCD monitoring,”
this method of detection uses time-related
changes in CCD (code-carrier divergence),
which is derived by subtracting the pseudo-
range associated with the carrier phase from
the code pseudo-range, by leveraging the fact
that the code pseudo-range and carrier phase
have virtually the same magnitude but oppo-
site polarities [9].

A situation may arise, however, where an
ionospheric front has yet to reach a reference
station or no error has been detected at a
GBAS reference station in sync with IPP
velocity, resulting in only aircraft being affect-
ed by ionospheric gradient error. To address
this possible situation, a method called “geom-
etry screening” has been employed in the U.S.
According to this method, conceivable range
errors are postulated by assuming that ionos-
pheric gradient errors not detectable by a
GBAS reference station always exist on the
aircraft, and a subset of GPS satellites that
could bring unallowable positioning errors is
identified on the ground, so that information
with deliberately exaggerated residual errors
will be broadcast to prevent the protection
level from being used beyond the alert limit
when an aircraft attempts positioning calcula-
tions in that mix of GPS satellites [8].

In Japan, observations of any ionospheric
gradients in excess of several hundred mm/km
like those observed in the U.S. have yet to be
reported, but the concept of GBAS ionospher-
ic risk assessment should allow for the signifi-
cant plasma bubbles frequently observed in
low-geomagnetic-latitude regions, as well as
SED. Two ionospheric fronts varying in polar-
ity arise from a single plasma bubble; two or
more plasma bubbles generate far more such
fronts. Therefore, a perspective of review dif-
ferent from that of assessing vertical error
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impact using SED should be worthwhile. In
addition, the frequency of plasma bubble
occurrence is found characteristically higher
compared with that of SED.

With these matters taken into considera-
tion, Electronic Navigation Research Institute
is building an ionospheric threat model suit-
able for Japan, as well as probing and devel-
oping mitigation methods. It is also exploring
the possibilities of ionospheric storm field
monitoring, whereby GPS receiving stations
are installed at the end of each runway or else-
where (apart from a GBAS reference station)
to detect spatial ionospheric gradient errors in
the runway direction, in addition to detecting
abnormal time-related changes in ionospheric
delays by using CCD monitoring and elimi-
nating those subsets of GPS satellites that
could bring about major positioning errors, by
the geometry screening method. Any GBAS
integrity risks designed to be held within toler-
ances via these monitoring and mitigation
methods should require verification, but any
necessary ionospheric storm field monitoring
should entail GBAS installation, increased
operational constraints, extra costs and other
needs. This is because not all ionospheric
anomalies are detectable by a ground refer-
ence station. This weakness might well be dif-
fused given the availability of space (ionos-
phere) weather information that both efficient-
ly and unfailingly contributes to the detection
of ionospheric gradients.
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of generating differential correction informa-
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to control when threatening safety. SBAS and
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Developing an ionospheric information
system capable of detecting ionospheric gradi-
ents both efficiently and unfailingly, and
releasing it on a timely basis could definitely
help facilitate more advanced GPS utilization
in air navigation applications.
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