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Chapter 1 — DIFFERENTIAL GPS

1.1 INTRODUCTION

Satellite navigation systems can provide far higher accuracy than any other current long and medium
range navigation system. Specifically, in the case of GPS, differential techniques have been developed
which can provide accuracies comparable with current landing systems. The aim of this chapter is to
provide an overview of current DGPS techniques and flight applications. Due to the existence of a copious
literature on GPS basic principles and applications, they will not be deeply covered in this dissertation.
Only a brief review of GPS fundamental characteristics is presented in Annex A, with an emphasis on
aspects relevant to the scope of this dissertation.

Differential GPS (DGPS) was developed to meet the needs of positioning and distance-measuring
applications that required higher accuracies than stand-alone Precise Positioning Service (PPS) or Standard
Positioning service (SPS) GPS could deliver. DGPS involves the use of a control or reference receiver at a
known location to measure the systematic GPS errors; and, by taking advantage of the spatial correlation of
the errors, the errors can then be removed from the measurement taken by moving or remote receivers
located in the same general vicinity. There have been a wide variety of implementations described for
affecting such a DGPS system. It is the intent in this chapter to characterise various DGPS systems and
compare their strengths and weaknesses in flight applications. Two general categories of differential GPS
systems can be identified: those that rely primarily upon the code measurements and those that rely primarily
upon the carrier phase measurements. Using carrier phase, high accuracy can be obtained (centimetre level),
but the solution suffers from integer ambiguity and cycle slips. Whenever a cycle slip occurs, it must be
corrected for, and the integer ambiguity must be re-calculated. The pseudorange solution is more robust,
but less accurate (2 to 5 m). It does not suffer from cycle slips and therefore there is no need for
re-initialisation.

1.2 DGPS CONCEPT

A typical DGPS architecture is shown in Figure 1-1. The system consists of a Reference Receiver (RR)
located at a known location that has been previously surveyed, and one or more DGPS User Receivers
(UR). The RR antenna, differential correction processing system, and datalink equipment (if used) are
collectively called the Reference Station (RS). Both the UR and the RR data can be collected and stored
for later processing, or sent to the desired location in real time via the datalink. DGPS is based on the
principle that receivers in the same vicinity will simultaneously experience common errors on a particular
satellite ranging signal. In general, the UR (mobile receivers) use measurements from the RR to remove
the common errors. In order to accomplish this, the UR must simultaneously use a subset or the same set
of satellites as the reference station. The DGPS positioning equations are formulated so that the common
errors cancel.
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Figure 1-1: Typical DGPS Architecture.

The common errors include signal path delays through the atmosphere, and satellite clock and ephemeris
errors. For PPS users, the common satellite errors are residual system errors that are normally present in
the PVT (Position, Velocity, and Time) solution. For SPS users, the common satellite errors (typically
affected by larger ionospheric propagation errors than SPS) also included the intentionally added errors
from Selective Availability (SA), which have been removed with the current US-DoD policy. Errors that
are unique to each receiver, such as receiver measurement noise and multipath, cannot be removed without
additional recursive processing (by the reference receiver, user receiver, or both) to provide an averaged,
smoothed, or filtered solution [1]. Greater receiver noise and multipath errors are present in SPS DGPS
solutions.

Various DGPS techniques are employed depending on the accuracy desired, where the data processing is
to be performed, and whether real-time results are required. If real-time results are required then a datalink
is also required. For applications without a real-time requirement, the data can be collected and processed
later. The accuracy requirements usually dictate which measurements are used and what algorithms are
employed. Under normal conditions, DGPS accuracy is largely independent of whether SPS or PPS is
being used (although, as mentioned before, greater receiver noise and multipath errors are present in SPS
DGPS). When SA was on, real-time PPS DGPS had a lower data rate than SPS DGPS because the rate of
change of the nominal system errors was slower than the rate of change of SA. In any case, the user and
the Reference Station must be using the same service (either PPS or SPS).

The clock and frequency biases for a particular satellite will appear the same to all users since these
parameters are unaffected by signal propagation or distance from the satellite. The pseudorange and delta-
range (Doppler) measurements will be different for different users because they will be at different
locations and have different relative velocities with respect to the satellite, but the satellite clock and
frequency bias will be common error components of those measurements. The signal propagation delay is
truly a common error for receivers in the same location, but as the distance between receivers increases,
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this error gradually de-correlates and becomes independent. The satellite ephemeris has errors in all three
dimensions. Therefore, part of the error will appear as a common range error and part will remain a
residual ephemeris error. The residual portion is normally small and its impact is small for similar
observation angles to the satellite.

The accepted standard for SPS DGPS was developed by the Radio Technical Commission for Maritime
Services (RTCM) Special Committee-104 [2, 3]. The RTCM developed standards for use of differential
corrections, and defined the data format to be used between the reference station and the user. The data
interchange format for NATO PPS DGPS is documented in STANAG 4392. The SPS reversionary mode
specified in STANAG 4392 is compatible with the RTCM SC-104 standards. The standards are primarily
intended for real-time operational use and cover a wide range of DGPS measurement types. Most SPS
DGPS receivers are compatible with the RTCM SC-104 differential message formats. DGPS standards
have also been developed by the Radio Technical Commission for Aeronautics (RTCA) for special
Category-1 (CAT-I) precision approach using range-code differential. The standards are contained in
RTCA document DO-217. This document is intended only for limited use until an international standard
can be developed for precision approach [4].

1.3 DGPS IMPLEMENTATION TYPES

There are two primary variations of the differential measurements and equations. One is based on ranging-
code measurements and the other is based on carrier-phase measurements. There are also several ways to
implement the datalink function. DGPS systems can be designed to serve a limited area from a single
reference station, or can use a network of reference stations and special algorithms to extend the validity
of the DGPS technique over a wide area. The result is that there is a large variety of possible DGPS
system implementations using combinations of these design features.

1.3.1 Ranging-Code Differential GPS

The ranging-code differential technique uses the pseudorange measurements of the RS to calculate
pseudorange or position corrections for the UR. The RS calculates pseudorange corrections for each visible
satellite by subtracting the “true” range determined by the surveyed position and the known orbit parameters
from the measured pseudorange. The UR receiver then selects the appropriate correction for each satellite
that it is tracking, and subtracts the correction from the pseudorange that it has measured. The mobile
receiver must only use those satellites for which corrections have been received.

If the RS provides position corrections rather than pseudorange corrections, the corrections are simply
determined by subtracting the measured position from the surveyed position. The advantage of using
position corrections is obviously the simplicity of the calculations. The disadvantage is that the reference
receiver and the user receiver must use the exact same set of satellites. This can be accomplished by
coordinating the choice of satellite between the RR and the UR, or by having the RS compute a position
correction for each possible combination of satellites. For these reasons, it is usually more flexible and
efficient to provide pseudorange corrections rather than position corrections. The RTCM SC-104, NATO
STANAG 4392, and RTCA DO-217 formats are all based on pseudorange rather than position corrections.

The pseudorange or position corrections are time tagged with the time that the measurements were taken.
In real-time systems, the rate of change of the corrections is also calculated. This allows the user
to propagate the corrections to the time that they are actually applied to the user position solution.
This reduces the impact of data latency on the accuracy of the system, but does not eliminate it entirely.
SPS corrections become fully uncorrelated with the user measurements after about 2 minutes. Corrections
used after two minutes may produce solutions which are less accurate than stand-alone SPS GPS.
PPS corrections can remain correlated with the user measurements for 10 minutes or more under benign
(slowly changing) ionospheric conditions.
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There are two ways of pseudorange data processing: post-mission and real-time processing. The advantage
of the post-mission solution over the real-time one, is that it is more accurate, because the user can easily
detect blunders and analyse the residuals of the solution. On the other hand the main disadvantage of the
post-mission solution is that the results are not available immediately for navigation. The typical algorithm
of the ranging-code DGPS post-processed solution is the double difference pseudorange.
The mathematical models for both single difference and double difference observables are developed in
the following paragraphs.

1.3.1.1  Single Difference Between Receivers

Figure 1.2 shows the possible pseudorange measurements between two receivers (k. /) and two satellites
(p, q). If pseudorange 1 and 2 from Figure 1.2 are differenced, then the satellite clock error and satellite
orbit errors will be removed. Moreover, SA will be reduced and will be removed completely only if the
signals transmitted to each receiver, are emitted exactly at the same time. The residual error from SA is
not a problem for post-processed positioning, where it is easy to ensure that the differencing is done
between pseudoranges observed at the same time [5]. Any atmospheric errors will also be reduced
significantly with single differencing.

(DGEFS User (Feceivet ) /

(CNGPE Referetice (Receiver 1)

Figure 1-2: Pseudorange Differencing.

The basic mathematical model for single difference pseudorange observation is the following (refer to
equation A.7 of Section A.4 in Annex A):

P —P’=pl - pf —\dt, —dt)e+d, ,—d,, +d —dl +As, (1.1)
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where P’ is the pseudorange measurement, o denotes the geometric distance between the stations and
satellite, d; denotes the receiver’s clock offsets, d; , denotes the receiver’s hardware code delays, d?,
denotes the multipath of the codes, A, denotes the measurement noise and C is the velocity of light.

Equation (1.1) represents the single difference pseudorange observable between receivers. Another type of
single difference apart from (1.1), is known as between-satellite single difference.

There are four unknowns in equation (1.1) assuming that the co-ordinates of station k are known and that
the difference in clock drifts is one unknown. Hence, four satellites are required to provide four single
difference equations in order to solve for the unknowns. Single differences with code observations are
frequently used in relative (differential) navigation [6].

1.3.1.2 Double Difference Observable

Using all pseudoranges shown in Figure 1-2, differences are formed between receivers and satellites.
Double differences are constructed by taking two between-receiver single differences and differencing
these between two satellites. This procedure removes all satellite dependent, receiver dependent and most
of the atmospheric errors (if the distance between the two receivers is not too large). The derived equation
is:

B =R —F K =p/—pl—p - pl+d, (1.2)
where dl’ , denotes the total effect of multipath.

There are three unknowns in equation (1.2); the co-ordinates of station /. A minimum of four satellites is
required to form a minimum of three double difference equations in order to solve for the unknowns.

Using the propagation of errors law, it is shown that the double difference observables are twice as noisy
as the pure pseudoranges [5]:

Opp =\/0'12,+012,+0'ﬁ+0'f, =20, (1.3)

but they are more accurate, because most of the errors are removed. Note that multipath remains, because
it cannot be modelled and it is independent for each receiver.

1.3.2 Carrier-Phase Differential GPS

The carrier-phase measurement technique uses the difference between the carrier phases measured at the
RR and UR. A double-differencing technique is used to remove the satellite and receiver clock errors.
The first difference is the difference between the phase measurement at the UR and the RR for a single
satellite. This eliminates the satellite clock error which is common to both measurements. This process is
then repeated for a second satellite. A second difference is then formed by subtracting the first difference
for the first satellite from the first difference for the second satellite. This eliminates both receiver clock
errors which are common to the first difference equations. This process is repeated for two pairs of
satellites resulting in three double-differenced measurements that can be solved for the difference between
the reference station and user receiver locations. This is inherently a relative positioning technique,
therefore the user receiver must know the reference station location to determine its absolute position.
More details of these processes are illustrated in the following subsections were the various observation
equations are presented.
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1.3.2.1  Single Difference Observable

The single difference is the instantaneous phase difference between two receivers and one satellite. It is also
possible to define single differences between two satellites and one receiver. Using the basic definition of
carrier-phase observable presented in equation (A.23) of Annex A, the phase difference between the two
receivers A4 and B, and satellite 7 is given by:

D,,(7) = Dy(7) -, (7) (1.4)
and can be expressed as:

3,00 (L) gl s 0,000 - v, )

where N',, = N, — N',. Hence, with four satellites 7, j, k and /:

@, (7) = (i) Plus(t) + @ (1) = Ny 1 @ (7) :(

c
1.3.2.2 Double Difference

The double difference is formed from subtracting two single differences measured to two satellites i and ;.
The basic double difference equation is:

SN

J o0+ 08 (00N,

W)= (L] o0+ 000 W 0l )

o~

J o000 ()=,

V(7)) =D, ,(r)-D ,(7) (1.6)
which simplifies to:
j _ i ij i
quB(T)_ c IOAB(t)_NAB (1-7)

where N, = N/, — N',,, and the only unknowns being the double-difference phase ambiguity N”, and
the receiver co-ordinates. The local clock error is differenced out.

Two receivers 4 and B, and four satellites i, j, k£, and /, will give 3 double difference equations with
unknown co-ordinates (X, Y, Z), of 4 and B, and the unknown integer ambiguities NZB , N Z‘B ,

i
and N;:

Vyl7) = (%jpﬁfg(f) ~ Nl D)= (%jpiﬁg(t) ~NE

@) =( L]ty v,

Therefore, the double difference observation equation can be written as [7]:
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QdX +@dY +@d2 +@dX +@dY +@dZ
X, ot a, Xy Pyt

+aDdN+ﬁDdN+aDdN +£DdC+ = (@ —a°) +
v, Nt Gy ot Nyt 2 dC = %

(1.8)

,Z = Co-ordinates of Receiver A;

X,.Y,

Xz, Y, Z, = Co-ordinates of Receiver B;
N,,N,,N, = Integer Ambiguities;

C

= Tropospheric Factor;
(CD Y ON ) = Observed minus Computed Observable; and

v = Residual.

From equation (1.8) the unknown receiver co-ordinates can be computed. It is necessary, however,
to determine the carrier phase integer ambiguities (i.e., the integer number of complete wavelengths between
the receiver and satellites).

In certain surveying applications, this integer ambiguity can be resolved by starting with the mobile
receiver antenna within a wavelength of the reference receiver antenna. Both receivers start with the same
integer ambiguity, so the difference is zero and drops out of the double-difference equations. Thereafter,
the phase shift that the mobile receiver observes (whole cycles) is the integer phase difference between the
two receivers. For other applications where it is not practical to bring the reference and mobile antennas
together, the reference and mobile receivers can solve for the ambiguities independently as part of an
initialisation process. One way is to place the mobile receiver at a surveyed location. In this case the initial
difference is not necessarily zero, but it is an easily calculated value.

For some applications, it is essential to be able to solve for integer ambiguity at an unknown location
or while in motion (or both). In this case, solving for the integer ambiguity usually consists of eliminating
incorrect solutions until the correct solution is found. A good initial estimate of position (such as
from ranging-code differential) helps to keep the initial number of candidate solutions small [8].
Redundant measurements over time and/or from extra satellite signals are used to isolate the correct
solution. These “search” techniques can take as little as a few seconds or up to several minutes to perform
and can require significant computer processing power. This version of the carrier-phase DGPS technique
is typically called “Kinematic GPS” (KGPS). If carrier track or phase lock on a satellite is interrupted
(cycle slip) and the integer count is lost, then the initialisation process must be repeated for that satellite.
Causes of cycle slips range from physical obstruction of the antenna to the sudden acceleration of the user
platform. Output data flow may also be interrupted if the receiver is not collecting redundant
measurements form extra satellites to maintain the position solution. If a precise position solution is
maintained, re-initialisation for the “lost” satellite can be almost immediate.

Developing a robust and rapid method of initialisation and re-initialisation is the primary challenge facing
designers of real-time systems that have a safety critical application such as aircraft precision approach.
A description of techniques for solving ambiguities both in real-time and post-processing applications,
together with information about cycle slips repair techniques can be found in the references [9 — 17].

1.3.3 DGPS Datalink Implementations

DGPS can also be implemented in several different ways depending on the type of datalink used.
The simplest way is no datalink at all. For non-real-time applications, the measurements can be stored in
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the receiver or on suitable media and processed at a later time. In most cases to achieve surveying
accuracies, the data must be post-processed using precise ephemeris data that is only available after the
survey data has been collected. Similarly, for some test applications the cost and effort to maintain a real-
time datalink may be unnecessary. Nevertheless, low-precision real-time outputs can be useful to confirm
that a test is progressing properly even if the accuracy of the results will be enhanced later. Differential
corrections or measurements can be uplinked in real-time from the reference station to the users. This is
the most common technique where a large number of users must be served in real-time. For military
purposes and proprietary commercial services, the uplink can be encrypted to restrict the use of the DGPS
signals to a selected group of users. Differential corrections can be transmitted to the user at different
frequencies. With the exception of satellite datalinks there is generally a trade-off between the range of the
system and the update rate of the corrections [18, 19]. As an example Table 1-1 lists a number of
frequency bands, the range, and the rate at which the corrections could be updated using the standard
RTCM SC-104 format [2, 3, 20].

Table 1-1: DGPS Datalink Frequencies

Frequency Range (km) Update Rate (sec)
LF (30 - 300 kHz) > 700 <20

MF (300 kHz — 3 MHz) <500 5-10

HF (3 MHz - 25 MHz) <200 5

VHF (30 MHz - 300 MHz) <100 <5

L Band (1 GHz - 2 GHz) Line of Sight Few Seconds

An uplink can be a separate transmitter/receiver system or the DGPS signals can be superimposed on a
GPS-link L-band ranging signal. The uplink acts as a pseudo-satellite or “pseudolite” and delivers the
ranging signal and DGPS data via the RF section of the user receiver, much in the same way the GPS
navigation message is transmitted. The advantages are that the additional ranging signal(s) can increase
the availability of the position solution and decrease carrier-phase initialisation time. However, the RS and
URs become more complex, and the system has a very short range (a few kilometres at the most). This is
not only because of the line of sight restriction, but also the power must be kept low in order to avoid
interference with the real satellite signals (i.e., the pseudolite can become a GPS jammer if it overpowers
the GPS satellite signals).

A downlink option is also possible from the users to the RS or other central collection point. In this case
the differential solutions are all calculated at a central location. This is often the case for test range
applications where precise vehicle tracking is desired, but the information is not used aboard the vehicle.
The downlink data can be position data plus the satellite tracked, or pseudorange and deltarange
measurements, or it can be the raw GPS signals translated to an intermediate frequency. The translator
method can often be the least expensive with respect to user equipment, and therefore is often used in
munitions testing where the user equipment may be expendable. More details about these applications are
given in Chapter 4.

1.3.4 Local Area and Wide Area DGPS

The accuracy of a DGPS solution developed using a single RS will degrade with distance from the
RS site. This is due to the increasing difference between the reference and the user receiver ephemeris,
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ionospheric, and tropospheric errors. The errors are likely to remain highly correlated within a distance of
350 km [20], but practical systems are often limited by the datalink to an effective range of around
170 km. Such systems are usually called Local Area DGPS (LADGPS).

DGPS systems that compensate for accuracy degradation over large areas are referred to as wide area
DGPS (WADGPS) systems. They usually employ a network of reference receivers that are coordinated to
provide DGPS data that is valid over a wide coverage area. Such systems typically are designed to
broadcast the DGPS data via satellite, although a network of ground transmission sites is also feasible.
A user receiver typically must employ special algorithms to derive the ionospheric and tropospheric
corrections that are appropriate for its location from the observations taken at the various reference sites.

The United States, Canada, Europe, Japan, and Australia have developed or are planning to deploy
WADGPS systems transmitting from geostationary satellites for use by commercial aviation [21].
The satellites can also provide GPS-like ranging signals. Other nations may participate by providing clock
corrections only from single sites or small networks, requiring the user to derive ionospheric corrections
from an ionospheric model or dual-frequency measurements. Some commercial DGPS services broadcast
the data from multiple reference stations via satellite. However, several such systems remain a group of
LADGPS rather than WADGPS systems. This is because the reference stations are not integrated into a
network, therefore the user accuracy degrades with distance from the individual reference sites.

1.4 DGPS ACCURACY

Controlled tests and recent extensive operational use of DGPS, have repeatedly demonstrated that DGPS
(pseudorange) results in an accuracy of the order of about 10 metres. This figure is largely irrespective of
receiver type, whether or not SA is in use, and over distances of up to 500 km from the Reference Station
[23, 24]. With KGPS positioning systems, requiring the resolution of the carrier phase integer ambiguities
whilst on the move, centimetre level accuracy can be achieved [9, 25].

Many recent applications of DGPS use C/A code pseudorange as the only observable, with achieved
accuracies of 1 to 5 m in real-time. Other applications use both pseudorange (C/A or P code) and carrier
phase observables. Very Precise DGPS (VPDGPS) and Ultra Precise DGPS (UPDGPS) are the state-of-
the-art ASHTECH packages, taking advantage of precise dual band P code pseudorange and carrier phase
observables and is capable of On-The-Fly (OTF) ambiguity resolution. ASHTECH has developed various
techniques which achieve increased accuracy at the expense of increased complexity (many other receiver
manufacturers deliver likewise solutions). The ASHTECH classification scheme of these techniques is
presented in Table 1-2 [26].

Table 1-2: ASHTECH Classification Scheme of DGPS Techniques

Name Description RMS
DGPS C/A code pseudorange 1-5m
PDGPS P code pseudorange 0.1-1m
VPDGPS Addition of dual band carrier phase 5-30cm

UPDGPS Above with integer ambiguities resolved <2cm

A discussion of DGPS error sources is presented below, together with a comparison between non-
differential GPS and DGPS error budgets.
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1.5 DGPS ERROR SOURCES

The major sources of error affecting stand-alone GPS (see Annex A) are the following:
*  Ephemeris Error;
* lonospheric Propagation Delay;
»  Tropospheric Propagation Delay;
«  Satellite Clock Drift;
*  Multipath;
*  Receiver Noise and clock drift; and
* Selective Availability Errors (only SPS applications).

Table 1-3 summarises the above stated error sources giving an estimation of their magnitudes and the
possible improvement provided by DGPS [18].

Table 1-3: Error Sources in DGPS

Error Source Stand Alone (m) DGPS (m)
Ephemeris 5-20 0-1
Ionosphere 15-20 2-3

Troposphere 3-4 1

Satellite Clock 3 0
Multipath 2 2

Receiver Noise 2 2

Selective Availability 50 0

It should be stated that the error from multipath is site dependent and the value in Table 1-3 is only an
example. The receiver clock drift is not mentioned in Table 1-3, because it is usually treated as an extra
parameter and corrected in the standard solution. Furthermore, it does not significantly add to differential
errors. Multipath and receiver noise errors cannot be corrected by DGPS.

The strategy used for correcting GPS errors and induced biases is the following:

* Selective Availability Errors. These errors are only of concern to the SPS user. They resemble
the naturally occurring ephemeris and clock errors, except that they can be larger in magnitude
and can change more rapidly. The epsilon error can be a three dimensional error. Therefore,
part of the error will appear as a common range error and part will remain a residual ephemeris
error. The residual portion is normally small and its impact remains small for similar look angles
to the satellite. The dither error can appear as a time and frequency bias. This will be an error
common to all receivers and will not be affected by signal propagation or distance from the
satellite. However, since it is rapidly changing, any delay between the time of measurement at the
reference station and time of use at the user receiver will result in a residual clock error.
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SPS DGPS systems are normally designed with a rate-of-change term in the corrections and rapid
update rates to minimise this effect.

* JTonospheric and Tropospheric Delays. For users near the reference station, the respective signal
paths to the satellite are close enough together that the compensation is almost complete. As the
user to RS separation is increased, the different ionospheric and tropospheric paths to the satellites
can be far enough apart that the ionospheric and tropospheric delays are no longer common errors.
Thus, as the distance between the RS and user receiver increases the effectiveness of the
atmospheric delay corrections decreases.

* Ephemeris Error. This error is effectively compensated unless it has quite a large out-of-range
component (e.g., 1000 metres or more due to an error in a satellite navigation message). Even then,
the error will be small if the distance between the reference receiver and user receiver is small.

» Satellite Clock Error. Except in a satellite failure situation, this error is more slowly changing
than the SA dither error. For all practical purposes, this error is completely compensated, as long
as both reference and user receivers employ the same satellite clock correction data.

Table 1-4 shows the error budget determined for a SPS DGPS system with increasing distances from the
Reference Station.

Table 1-4: SPS DGPS Errors (ft) with Increasing Distance from the Reference Station

ERROR SOURCES 0 NM 100 NM 500 NM | 1000 NM
Space Segment: Clock Errors 0 0 0 0
Control Segment: Ephemeris Errors 0 0.3 1.5 3
SA 0 0 0 0

Propagation Errors:

Ionosphere 0 7.2 16 21
Troposphere 0 6 6 6
TOTAL (RMS) 0 9.4 17 22

User Segment:

Receiver Noise 3 3 3 3
Multipath 0 0 0 0
UERE (RMS) 3 9.8 17.4 22.2

As already mentioned, the correlation of the errors experienced at the RS and the user location is largely
dependent on the distance between them. As the separation of the user from the RS increases so does the
probability of significant differing ionospheric and tropospheric conditions at the two sites. Similarly,
the increasing separation also means that a different geometrical component of the ephemeris error is seen
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by the RR and UR. This is commonly referred to as “Spatial Decorrelation” of the ephemeris and
atmospheric errors. In general, the errors are highly correlated for a user within 350 km of the RS. In most
cases however, if the distance is greater than 250 km the user will obtain better results using correction
models for ionospheric and tropospheric delay [18, 27]. Since the RR noise and multipath errors are
included in the differential corrections and become part of the user’s error budget (root-sum-squared with
the user receiver noise and multipath errors), the receiver noise and multipath error components in the
non-differential receiver can be lower than the correspondent error components experienced in the DGPS
implementation.

The other type of error introduced in real-time DGPS positioning systems is the datalink “age of
corrections”. This error is introduced due to the latency of the transmitted corrections (i.e., the transmitted
corrections of epoch ¢, arrive at the moving receiver at epoch f, 4+ dt). These corrections are not the

correct ones, because they were calculated under different SA/AS conditions. Hence, the co-ordinates of
the UR would be slightly offset.

1.6 INTEGRITY ISSUES FOR AIRCRAFT NAVIGATION

At the moment, satellite navigation systems are only certified to be used as a supplementary mean of
aircraft navigation. Contrary to the systems in use, GPS is, as yet, only certifiable for aircraft navigation if
it is integrated with other navigation systems. The reason is not the accuracy but integrity. According to
the US Federal Radionavigation Plan [28], “Integrity is the ability of a system to provide timely warnings
to users when the system should not be used for navigation”. Another definition is: “With probability P,
either the horizontal radial position error does not exceed a pre-specified threshold R, or an alarm is raised
within a time-to alarm interval of duration T when the horizontal radial position error exceeds a pre-
specified threshold R”. To detect that the error is exceeding a threshold, a monitor function has to be
installed within the navigation system. This is also the case within the GPS system in the form of the
ground segment. However, for this system, the time to alarm (TTA) is in the order of several hours, that is
even too long for the cruise where a TTA of 60 seconds is required (an autoland system for zero meter
vertical visibility must not exceed a TTA of 2 seconds). Various methods have been proposed and
practically implemented for stand-alone GPS integrity monitoring. A growing family of such
implementations, already very popular in aviation applications, includes the so called Receiver
Autonomous Integrity Monitoring (RAIM) techniques. Details about RAIM techniques can be found in
the references [4, 22].

Regarding DGPS, it should be underlined that it does more than increasing the GPS positioning accuracy,
it also enhances GPS integrity by compensating for anomalies in the satellite ranging signals and
navigation data message. The range and range rate corrections provided in the ranging-code DGPS
correction message can compensate for ramp and step type anomalies in the individual satellite signals,
until the corrections exceed the maximum values or rates allowed in the correction format. If these limits
are exceeded, the user can be warned not to use a particular satellite by placing “do-not-use” bit patterns in
the corrections for that satellite (as defined in STANAG 4392 or RTCM SC-104 message formats) or by
omitting the corrections for that satellite. As mentioned before, step anomalies will normally cause carrier-
phase DGPS receivers to lose lock on the carrier phase, causing the reference and user receivers to
reinitialise. UR noise, processing anomalies, and multipath at the user GPS antenna cannot be corrected by
a DGPS system. These errors are included in the overall DGPS error budget.

Errors in determining or transmitting the satellite corrections may be passed on to the differential user if
integrity checks are not provided within the RS. These errors can include inaccuracies in the RS antenna
location that bias the corrections, systematic multipath due to poor antenna sighting (usually in low elevation
angle satellites), algorithmic errors, receiver inter-channel bias errors, receiver clock errors, and
communication errors. For these reasons, typical WADGPS and LADGPS RS designs also include integrity
checking provisions to guarantee the validity of the corrections before and after broadcast [21, 29].
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1.7 DGPS AUGMENTATION SYSTEMS

Various strategies have been developed for increasing the levels of integrity, accuracy and availability of
DGPS-based navigation/landing systems. These include both Space-Based Augmentation Systems (SBAS)
and Ground-Based Augmentation Systems (GBAS). Particularly, the American Wide Area Augmentation
System (WAAS) and the European Geostationary Navigation Overlay System (EGNOS) are examples of
SBAS. In these systems, geostationary satellites (INMARSAT-3) are used to broadcast various signals,
computed through a ground network of Integrity Monitoring Stations and transmitted from a dedicated Earth
Station. In the case of WAAS (Figure 1-3), the geostationary (GEO) satellites broadcast the following [30]:

*  GPS Use/Don’t Use Warning (Integrity Signals);
*  Corrections for each SV: clock, ephemeris, ionospheric (to increase Accuracy); and

* Ranging Signals (to increase Availability).

INMARSAT-3

GPS
True Location g;,‘-« .‘
by Y

Space Segment Indicated Location

[ [ —— > g

Atmospheric Effects \

’ . *Vector Corrections
*Use/Don’t Use

Integrity *Ranging Signal
Processing

A (/ Y ‘ User Segment
Navigation Earth Stati
avigation Ear ation Integrity Monitoring %

Pri /Standb,
(Primary/Standby) Stations

Ground Segment

Figure 1-3: Wide Area Augmentation System.

WAAS is designed to provide precision approach capability (3-dimensional guidance) for Category 1
(CAT-1) approaches with the following availability:

* Better Than 95% Available in the majority of Continental US (CONUS); and
* Rest of U.S. — Available, but less than 95%.

Furthermore, for en-route through non-precision approaches the following availability is specified:
*  50% of Continental US — Better than 99.9% Availability; and
e Rest of U.S. — Available, but less than 99.9%.

The Vertical Protection Level (VPL) currently offered by the WAAS service in CONUS is shown in
Figure 1-4.
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Figure 1-4: WAAS Vertical Protection Level.

The objective of LAAS (Figure 1-5) is to provide category II and III Precision Approach (PA) at those
airports that require the capability and CAT-I PA at those facilities where WAAS PA is not available.

GPS
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% Indicated Location
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50 NM

==
e

Reference Station

User Segment

Figure 1-5: Local Area Augmentation System.
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For this purpose, the Local Reference Station broadcasts:
*  GPS Use/Don’t Use Warning (to increase Integrity); and

*  Scalar Corrections (to increase Accuracy).

Local Pseudolites Broadcasting (LPB) is implemented in order to make available additional ranging
signals for an increased availability and accuracy [31]. More detailed information about recent LAAS,
WAAS and Pseudolites systems developments can be found in the references [30 — 33].
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