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ABSTRACT

The United States Federal Aviation Administration (FAA) will adopt the Global

Positioning System (GPS) as its primary navigation systems for aviation as stated by the

Federal Radionavigation Plans (FRP) of 1996 and 1999.  The FRP also proposes the

reduction or termination of some existing radionavigation system in favor of GPS and

satellite navigation.  It may be beneficial to retain some of these existing terrestrial

navigation systems if they can provide increased safety and redundancy to the GPS based

architecture.  One manner in which this can be done is by using or creating a data link on

these existing radionavigation systems.   These systems thus can provide both navigation

and an additional broadcast of GPS integrity information.  This thesis examines the use of

terrestrial data links to provide Wide Area Augmentation System (WAAS) based GPS

integrity information for aviation.  The thesis focuses on using Loran-C to broadcast

WAAS data.  Analysis and experimental results demonstrating the capabilities of these

designs are also discussed.

Using Loran for this purpose requires increasing its data capacity.  Many Loran modulation

schemes are developed and analyzed.  The data rates developed significantly increased the

Loran data capacity.  However, retaining compatibility with Loran legacy users resulted in

data rates below the WAAS data rate of 250 bps.  As a result, this thesis also examines

means of reducing the data requirements for WAAS information.  While higher data rates

offer improved performance and compatibility with WAAS, this thesis demonstrates that
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higher rates incur greater interference.  Therefore, this work develops and considers a 108

bps and 167 bps Loran GPS integrity channel (LOGIC) design.  The performance of the

two designs illustrates some of the advantages and disadvantages of using a higher data

rate.

Analysis demonstrated means of maintaining integrity with these low data rate systems and

determined the theoretical capabilities of the systems.  The system was tested empirically

by developing software that generated the LOGIC message and applied these messages to a

GPS user.  The resulting 108 bps and 167 bps systems demonstrated capability to provide

lateral navigation/vertical navigation (LNAV/VNAV) and approach with vertical guidance

(APV) respectively.
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CHAPTER 1  INTRODUCTION

1.1  BACKGROUND

The Global Positioning System (GPS) has become one of the most widely used navigation

systems.  GPS is being used in applications such as surveying, flight navigation, time

transfer, automated farming and mining.  Its accuracy and global coverage along with the

availability of low cost receivers make it the navigation system of choice for many users.

With the aid of differential GPS (DGPS) corrections, GPS attains the accuracy necessary

for the strictest aircraft navigation and landing procedures.  Stand alone GPS without the

intentional degradation of civilian GPS (Selective Availability or S/A), has an accuracy of

better than 10 meters (1 sigma) which is suitable for many flight operations.  This accuracy

is now being realized since S/A was turned off on May 2, 2000.

However, accuracy is not the only critical issue for a flight navigation aid.  Even without

S/A, GPS alone cannot act as a primary navigation aid for flight.  In the early 1990s, the

United States Federal Aviation Administration (FAA) embarked on two programs to

augment GPS and enable the combined systems to act as the primary navigation aid for

aircraft.  These programs, known as the Wide Area Augmentation System (WAAS) and the

Local Area Augmentation System (LAAS), are designed to provide usable GPS guidance

for all flight regimes from en route flight to the most stringent Category III (CAT III)

landings.  This is accomplished by broadcasting differential GPS corrections and integrity

1
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messages.  These systems provide GPS with increased accuracy but more importantly

increased integrity.

Accuracy for navigation systems such as GPS is a measure of the system’s calculated

location versus true location.  The difference between these two quantities is known as the

navigation system error (NSE).  A more accurate navigation system has lower NSEs.

WAAS and LAAS increase GPS accuracy thus reducing system position errors.

Integrity, in the context of a GPS augmentation system, relates to the reliability of the

system in bounding the position error or NSE.  For each error source, the system specifies a

variance that is to be used to bound the residual error after applying corrections.  This

allows the user to determine the variance of a normal distribution that overbounds the

position error.  The error bounds provided by WAAS or LAAS allow users to calculate the

horizontal and vertical protection levels (HPL and VPL, respectively).  The HPL and VPL

are upper bounds on the horizontal and vertical position errors.  Since the user does not

know the NSE, these error bounds provide the user with a measure of the accuracy of the

position solution.  For WAAS, the protection level (PL) is a bound on NSE that can be

exceeded no more than one time in ten million solutions (10-7 probability).  If the error

cannot be bounded, the user must be alerted by an alarm within the time to alert.  The

integrity specification indicates the probability of an integrity failure during a specified

period.  We can quantify the integrity risk as:

1 integrity  integrity risk− =                                                 (0.1)

vertical error >VPL
 Prob(  no alarm within time to alert)

or horizontal error > HPL
 

= ∩ 
 

   (0.2)

1.2  PHASES OF FLIGHT AND TYPICAL FLIGHT OPERATIONS

The integrity and accuracy afforded by WAAS and LAAS allow Global Navigation

Satellite Systems (GNSS) such as GPS to provide navigation services for all phases of
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flight shown in Figure 1.1.  Figure 1.1 depicts the four phases of flight – surface operations,

terminal area operations, en route (oceanic and domestic) and approach.

Figure 1.1 WAAS & LAAS Flight Services [Courtesy FAA, FRP99]

Surface operations include any operation conducted on the airport runway or taxiways.

This consists of taxiing, take off and landing.  The take off segment is defined to include

aircraft operations starting with taxiing onto the runway and lasting until the aircraft has

climbed out and begins terminal area departure operations.  Terminal area phase involves

maneuvers after take off that lead the aircraft from the airport to a point where it leaves the

terminal control area, i.e., the region of airspace operated by local air traffic control (ATC)

services.  It also includes the operations of entering a terminal area for an approach and

acquisition of the landing aid.  En route phase operations take the aircraft from the terminal

area of the departure airport to the terminal area of the destination.  Figure 1.1 further

divides en route operations into domestic and oceanic flight.  The approach phase entails

acquisition and use of the primary landing aid and it terminates upon visual acquisition of

the airport and landing or execution of a missed approach.  Upon visual acquisition of the

airport, the landing segment may begin.  The landing terminates when the aircraft taxis off

the runway.  A missed approach occurs when either the tower controller or the pilot aborts

the approach operation.
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The transition from the approach phase to the landing phase is illustrated in Figure 1.2.  In

the approach phase, a landing aid is used to guide the aircraft to a point in the vicinity of

the runway environment where the pilot can visually acquire the runway and proceed with

landing.  There is a minimum altitude or height above the ground below which a landing

aircraft may not descend unless the pilot can actually see the runway environment.  This

altitude is denoted by different names depending on the type of approach.  If a landing

aircraft reaches this minimum altitude or height and the pilot has not visually acquired the

runway, the pilot must initiate a missed approach.  Hence, the landing aid is an approach

phase instrument used to get an aircraft to a position where the pilot can begin landing.

Figure 1.2 Approach & Landings

In each phase of flight, there are conditions where the pilot is required to perform the

desired operations using cockpit instruments only.  These conditions are known as

instrument flight rules (IFR).  Details of regulations regarding when IFR must be used can

be found in the Federal Aviation Regulations (FAR) and the Aeronautical Information

Manual (AIM) [Spence2000].  Since, for some flight operations, instruments are required

and are the primary source of navigation, there are requirements on the performance of

these instruments.  The requirements to use GPS for these operations are later detailed in

Table 1.1.



5

1.2.1  APPROACHES WITH NO VERTICAL GUIDANCE

Non-precision approach (NPA) designates an IFR approach in which accurate and precise

vertical guidance is not provided.  While barometric altimeters provide some altitude

information, the accuracy varies through the approach [Jan02].  Since smooth vertical

guidance is not provided for these operations, aircraft must typically conduct a "stair step"

approach where the aircraft cannot descend below a specified altitude until it has passed a

known fix.  Radio navigation beacons usually mark these fixes.  For a given NPA, there

can be several markers, each with its own specified minimum or "do not descend below"

altitude.  The aircraft must pass these markers while descending until it reaches the

Minimum Descent Altitude (MDA).  The aircraft can descend below the MDA only if the

runway environment is in sight.  A typical NPA operation can be seen in Figure 1.3, which

presents a cut out from an NPA approach plate for San Jose International Airport (SJC).

While NPA operations allow the aircraft to land under IFR, they involve frequent changes

in altitude and aircraft configuration.

Figure 1.3 Example Non-Precision Approach [Jeppesen99b]

LNAV (Lateral Navigation) is an approach with only lateral guidance and is designed for

use with Area Navigation (RNAV) systems.  RNAV systems are navigation systems that

can, at a minimum, calculate the aircraft position at any point in the service area.  RNAV

systems based on GPS, INS, LORAN, and VOR/DME have been built.  As such, approach
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operations using the outputs from RNAV systems were also designed.  As implied by the

name, LNAV systems provide only lateral guidance.  Since no vertical guidance is given,

the operation is similar to NPA with the use of RNAV position substituting for

radionavigation beacons and markers.  The operation allows for IFR approaches but with

frequent need to adjust and monitor altitude.

RNAV approach requirements are specified in terms of an alert limit (AL).  The alert limit

for a particular operation represents the maximum level of NSE acceptable for that

approach.  If this limit is exceeded the pilot must be alerted that the operation can no longer

be conducted.  A horizontal alert limit (HAL) is specified for the error in the horizontal

plane and if the approach provides vertical guidance, a vertical alert limit (VAL) is also

stated.  LNAV has an HAL of 0.3 nautical miles or 556 meters.

1.2.2  APROACHES WITH VERTICAL GUIDANCE

The addition of vertical guidance minimizes the need for aircraft configuration changes and

permits approaches with lower minimums.  Such approaches are collectively termed

precision approach (PA).  LNAV/VNAV (Vertical Navigation) is an approach where

vertical guidance is also provided by the RNAV unit.  The addition of vertical guidance

places requirements on vertical errors and, as seen in Table 1.2 (page 10), LNAV/VNAV

includes the requirement of a 50 meter VAL.  The approach allows the aircraft to follow an

prescribed descent path known as the glide slope.  The path can be followed down to a

minimum altitude known as the decision altitude (DA) after which the aircraft can proceed

only if the runway is sighted.  For RNAV approaches the term decision altitude is used in

place of decision height (DH), where DH is the minimum height above the ground.  The

term DA is used in RNAV systems as these typically output altitude rather than height

above ground, which is more common with radar altimeters.  Typically, the DA for

LNAV/VNAV corresponds to a DH of approximately 350 feet.  The approach path

generally follows a constant slope descent and is therefore less tedious than LNAV or

NPA.  Vertical guidance allows the pilot to fly down at a constant angle and an example of

an approach with vertical guidance (ILS –Instrument Landing System, which is used for

CAT I) is seen in Figure 1.4.
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Figure 1.4 Example Precision Approach (ILS) [Jeppesen99a]

Two other RNAV approach operations have been defined and are conducted in a manner

similar to LNAV/VNAV, though the lower DAs on these approaches require lower VALs

and HALs.  The first approach operation uses a VAL of 20 meters and can have DA

equivalent to a DH of 250 feet.  Originally termed non-precision approach with vertical

guidance (NPV) and later renamed instrument approach with vertical guidance (IPV), it is

now called approach with vertical guidance (APV).  In this thesis, we will denote the

operation as APV.  The second approach is sometimes denoted as Global Navigation

Satellite System (GNSS) Landing System (GLS) precision approach (GLS PA) and has a

VAL of 12 meters.  GLS PA approaches are similar to Category I (CAT I) Precision

Approach (PA) and have a DH of 200 feet.

Currently, the primary means of conducting precision approaches is the instrument landing

system (ILS) which was adopted by the International Civil Aviation Organization (ICAO)

in 1949.  The precision approaches operated using ILS are designated Category I, II, IIIa,

IIIb and IIIc approaches, listed in order of increasing accuracy and integrity requirements.

Under these ILS approaches, an electronically generated descent path is used to guide the

pilot.  The path is typically displayed as a glide slope and localizer, which provide vertical

and horizontal guidance respectively.  With WAAS and LAAS, it will soon be possible to

conduct these approaches using GPS position solutions.  The most common of these

approaches is Category I (CAT I).  CAT I operations permit the pilot to operate down to a
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DH of 200 feet in conditions where the minimum runway visual range (RVR) is at least

1600 feet or 2400 feet, depending on the airport lighting system.  CAT II operations permit

a DH of 100 feet and an RVR of not less than 1200 feet.  The decision height for CAT IIIa

and IIIb operations depends on runway visibility.  If the RVR is greater than 700 feet, CAT

IIIa approaches have a DH of 100 feet.  Otherwise the CAT IIIa has no restrictions on DH.

Similarly, if the RVR greater than 150 feet, CAT IIIb approach has a DH of 50 feet.

Otherwise, there are no DH restrictions.  CAT IIIc has no restrictions on DH or RVR and is

sometimes called a “zero-zero” approach.  It requires that the aircraft include auto land

capability, where instruments guide the airplane all the way to touchdown.  Figure 1.5

provides a summary of the decision heights for the discussed approaches with vertical

guidance.

Figure 1.5 Summary of Precision Approaches

1.3  AIRCRAFT NAVIGATION REQUIREMENTS

WAAS and LAAS are designed for aircraft operations in the en route, terminal and

approach phases of flight.  Many of these operations are IFR operations and require the use

of navigation aids.  With the rapid adoption of RNAV systems, the requirements of typical

flight operations should also be defined in terms of the performance of these systems.  With

GPS Initial Operational Capability (IOC) declared in December 1993 and the development
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of augmentation systems to provide GPS with increased accuracy, integrity, continuity and

availability, primary navigation with GNSS RNAV systems became possible.  Hence the

ICAO defined system performance requirements and specifications for a variety of flight

operations.

Typical
operation(s)

Accuracy
Lateral
95%

Accuracy
Vertical
95%

Integrity Time to
alert

Continuity Availability

En-route 2.0 NM N/A 1-10-7 /h 5 min 1-10-4 /h to
1-10-8 /h

.99 to .99999

En-route,
Terminal

0.4 NM N/A 1-10-7 /h 15 s 1-10-4 /h to
1-10-8 /h

.99 to .99999

Initial approach,
Non-precision
approach (NPA),
Departure

220 m N/A 1-10-7 /h 10 s 1-10-4 /h to
1-10-8 /h

.99 to .99999

Instrument
approach with
vertical guidance
(IPV)*

220 m 9.1 m 1-2x10-7

per
approach

10 s 1-8x10-6 in
any 15 s

.99 to .99999

Category I
precision
approach

16.0 m 7.7 m to
4.0 m

1-2x10-7

per
approach

6 s 1-8x10-6 in
any 15 s

.99 to .99999

Table 1.1 ICAO GNSS Standard and Recommended Practices (SARPS) Signal in
Space (SIS) Requirements [ICAO98]

* The term has since been changed; the thesis uses the term APV (Approach with vertical guidance) to
refer this approach.

Table 1.1 shows these signal in space (SIS) performance requirements for the four areas

that WAAS and LAAS are designed to improve - accuracy, integrity, availability and

continuity.  Lateral and vertical accuracy requirements are given in terms of an error level

which the system cannot exceed 95% of the time.  Availability indicates how often the

position solution should be available for the specified operation.  Continuity is the

probability that service will continue to be available given that it was available when the

operation began.  Integrity and integrity risk were defined previously in Section 1.1.

ICAO standard and recommended practices (SARPs) also provides alert limits for all

operations.  These horizontal and vertical alert limits for various IFR aircraft operations are

shown in Table 1.2.  The navigation solution can only be used for a given operation if the
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horizontal and vertical protection levels (PLs) are less than the respective ALs.  The

process is shown in Figure 1.6.

Typical Operation Horizontal Alert
Limit (HAL)

Vertical Alert
Limit (VAL)

Time To Alert
(TTA)

En route 3708-7416 m N/A 5 minute
En route, terminal 1854 m N/A 15 s
NPA 556 m N/A 10 s
LNAV/VNAV 556 m 50 m 10 s
APV 556 m 20 m 10 s
GLS-PA 40 m 12 m 6 s
CAT II 17.3 m 5.3 m 2 s
CAT IIIa,b,c 17.3, 15.5, 15.5 m 5.3 m 2 s

Table 1.2 Alert Limits [ICAO98]

Figure 1.6 Using VPL and HPL

1.4  TERRESTRIAL NAVIGATION SYSTEMS & RADIO LINKS

The 1996 Federal Radionavigation Plan (FRP) proposed using GPS as the sole means of

navigation.  It was soon realized that redundancy is still necessary even when using GPS.

Hence, the 1999 FRP recognized that even augmented GPS could not act as the sole
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navigation system for an aviator.  Having redundant navigation systems allows an aviator

to continue operations should one system fail during flight.  Large commercial aircraft

generally utilize expensive integrated navigation systems.  These systems rely on GPS,

inertial navigators and scanning distance measuring equipment (DME) to provide the

necessary redundancy.  Smaller commercial aircraft, such as commuter jets and General

Aviation (GA) aircraft are unable to take advantage of such high priced alternatives.

Therefore, General Aviation and smaller commercial aircraft must look for another

solution.  As a result, while some established terrestrial navigation systems will be phased

out, the FAA will have to retain others.  The decision will be based on many factors

including cost effectiveness and ability to complement the GPS-based navigation

architecture.  If these existing systems can provide additional safety in the form of GPS

integrity information and navigation redundancy, then their benefit to the new architecture

would be greatly increased.  This thesis details how to use terrestrial data links to provide

GPS safety information using the WAAS message.  Specifically, this thesis develops Loran

into a system capable of providing WAAS derived integrity information.

1.5  DATA REQUIREMENTS FOR GPS INTEGRITY SIGNALS

WAAS and LAAS can be divided into two parts – a GPS ground reference system and a

data transmission system.  The GPS ground reference system monitors the GPS satellites

and generates the corrections and confidence bounds.  The WAAS integrity message is

currently being transmitted at 250 bits per second (bps) using a geostationary satellite data

link transmitted at L1 with a signal format similar to the GPS L1 Clear Acquisition (C/A)

code.  The coverage area of the geostationary signal is large and can service the Americas.

LAAS is transmitted on a VHF data link at over 2000 bits per second (bps) and has a

service radius of 40 nautical miles.  Since WAAS requires a much lower data rate than

LAAS and its messages are applicable over a very large area, it is more suitable for many

low bandwidth data links.
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There are many data links that can broadcast WAAS integrity messages.  VHF data links

were used to help validate the WAAS concept by the National Satellite Test Bed (NSTB),

the prototype WAAS.  LAAS also employs a VHF data link known as VHF data broadcast

(VDB).  Low data rate differential GPS corrections have been broadcast using Mode S, U.

S. Coast Guard (USCG) Maritime radio beacons (now part of the nationwide DGPS

(NDGPS) network), Loran (Long Range Navigation) and many other data links.  Since the

goal is to provide a redundant safety of life service, data links such as Radio Data Systems

(RDS), that are not in protected radionavigation bands are not candidates.

These potential additional data links can be divided by frequency range:

• Ultra High Frequency (UHF, 300 MHz – 3 GHz): Mode S (1090 MHz)

• Very High Frequency (VHF, 30 MHz - 300 MHz): LAAS VDB, Distance Measuring

Equipment (DME)

• Medium Frequency (MF, 300 kHz – 3 MHz): Coast Guard Nationwide Differential

GPS (NDGPS), Non-Directional Beacons (NDB)

• Low Frequency (LF, 30 kHz – 300 kHz): Loran

Each of these systems has benefits and drawbacks.  Mode S (1090 MHz) has the data

capacity to transmit the entire WAAS message and it can have a coverage area of at least

20 nautical miles.  VHF systems such as DME or LAAS VDB also have some additional

capacity that may be used without impact to the original system.  Additional navigation

capability can also be gained using DME and possibly with a modified Mode S system.

However these terrestrial systems, by nature of their broadcast frequency, are line of sight

(LOS).  Generally, one transmitter can provide redundant WAAS coverage to an area no

larger than 40 nautical miles in radius at low altitudes.  Consequently many Mode S, LAAS

VDB, or DME stations are required to provide nationwide coverage, especially if

redundant navigation capability is also desired.  Appendix B provides more details on using

Mode S and VDB for supplementing the broadcast of WAAS.
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NDGPS transmits data at a minimum data rate of 50 bps using minimum shift keying

(MSK) in the Maritime Radiobeacon band of 285-325 kHz.  At these frequencies, the

signals are not line of sight and propagate along the ground.  NDGPS transmission can be

received up to 250 nautical miles away.  While this system has many favorable properties,

these NDGPS stations do not provide area navigation, making them less compatible with

GPS and WAAS.  For this reason, we chose not to consider it.

Loran-C is a terrestrial navigation system whose origin dates back to the 1940s and 1950s.

Loran has many properties that make it a good supplemental data link for WAAS.  First,

unlike NDB, Loran is RNAV capable and hence is more compatible with GPS.  Loran

signals differ from GPS and WAAS signals in many ways and so their failure modes

should be independent.  Loran is a terrestrial system whereas GPS and WAAS are space

based.  Since Loran is low frequency (LF), the signal travels via ground waves and the

receiver does not have to be in the line of sight to receive Loran while GPS and WAAS

signals are line of sight.  Also important are the coverage of the Loran system and the

navigational capabilities of Loran.  Loran can provide reversionary positioning if GPS is

unavailable.  Finally, when compared to satellites, Loran is inexpensive to operate and can

be repaired or modified more easily and quickly.  Work in the late1980s showed that

Loran-C can be modified to broadcast a low data rate signal (~20-30 bps) without

significant impact on its navigation users [vanWilligen89].  This thesis shows that it is

possible to further increase the data rate and make it a viable alternate data link.  Thus, the

use of Loran for GPS integrity message broadcast merits further investigation.

1.6  LORAN-C

While the 1996 FRP had slated Loran for termination in 2000, it was soon recognized that

Loran could provide additional capabilities and redundancy to the NAS.  As seen in Figure

1.7, Loran provides navigational coverage to CONUS and much of Alaska.  The 1999 FRP

reevaluated the 1996 FRP decision and stated:
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While the Administration continues to evaluate the long-term need for

continuation of the Loran-C radionavigation system, the Government will

operate the Loran-C system in the short term.  The U.S. government will

give users reasonable notice if it concludes that Loran-C is not needed or is

not cost effective, so that users will have the opportunity to transition to

alternative navigation aids.

Figure 1.7 Current US Loran Coverage [FRP99]

The Federal Aviation Administration, following up the 1999 FRP and a Congressional

directive, initiated a program to assess the utility and role of Loran in the future.  The

program not only addresses the current capabilities of Loran-C, but also examines the

potential of new technology and techniques when applied to Loran.  The four major areas

of development are:

• Loran H-field (magnetic field) antenna suitable for aircraft

• Loran receiver with all in view (AIV) capabilities
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• Enhanced Loran communications capability for GPS integrity

• Hybrid GPS/Loran receiver architecture

The Loran H-field antenna addresses the precipitation static (P-static) issue.  P-static is

charge build up and discharge that occurs on aircraft, especially in adverse weather

conditions.  Loran antennas traditionally have been E-field (electric field) antennas.

However, E-field antennas are particularly vulnerable to P-static.  The situation is not

acceptable for aviators because it causes Loran to fail when it is most needed.  Some

studies have shown that H-field antennas can mitigate or even eliminate the P-static

problem [Edwards00, vanGraas01].  Since conclusive evidence is not available, one goal of

the FAA program is to gather data that can objectively quantify the capability of H-field

antennas in dealing with P-static, and determine whether an H-field antenna would provide

adequate continuity in IFR conditions.

The AIV Loran research looks at improving Loran availability using new digital processing

technology.  The AIV Loran can improve availability by using more Loran stations for

navigation solutions and, through digital processing, require less signal power to track a

Loran station.  The FAA Technical Center (FAATC) and Ohio University will modify and

fly commercial AIV Loran receivers.  A corollary goal of the first two items is to allow

aviation to use stand alone Loran for LNAV.

The third task is based on work developed in this thesis.  Loran has the advantage of

covering larger areas at low altitudes.  Furthermore, since Loran is not a line of sight

system and is an RNAV system, it complements GPS.  These advantages are also useful for

a data link that compliments the WAAS geostationary signal.  Loran was not initially

designed with digital data capabilities.  However, some projects have demonstrated that it

can transmit a low data rate (< 30 bps) with minimum impact to legacy users.  However the

requirements of GPS integrity messages are higher than 30 bps for almost all aviation

applications.  New Loran modulation techniques must be developed to enable higher data

rates.  If the 250 bps data rate is not achievable without significant drawbacks, a system for

repackaging WAAS information for a reduced bandwidth also needs to be explored.  The
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development of Loran systems capable of transmitting WAAS information and

performance analysis of these systems are covered by the research presented in the second

half of this thesis.

The final task is the integration of Loran and GPS for aviation.  There have been many

papers written about combining the use of Loran and GPS, particularly in the pseudorange

domain [Enge90].  This work is a systems level engineering task and uses the technology

developed in the previous tasks.  The goal is to develop a system that can gracefully

degrade when WAAS, GPS, or Loran is lost.  The system should alert the user of the

condition as well as provide a navigation capability that can provide the user some

reversionary means of landing.  This task is future work that should be done upon the

completion of the first three tasks.

1.7  THESIS OUTLINE

This dissertation seeks alternate means to transmit GPS integrity information, specifically

information generated by a space based augmentation system (SBAS) such as WAAS.

Alternate data links for WAAS messages can supplement the geostationary broadcast of

WAAS in many ways.  L1 interference, temporary outages of geostationary satellites, and

line of sight obstructions can all pose problems to the geostationary signal.  Furthermore,

geostationary satellites may not be able to provide coverage to some areas such as Northern

Alaska.  Since WAAS is designed to provide increased protection for safety of life

applications, another means of obtaining the WAAS corrections would complement and

enhance the services provided.

This dissertation focuses on developing Loran into an alternate data link for GPS integrity

information.  Figure 1.8 shows the steps necessary for the development and provides an

overall organization for the thesis.  Chapters 2 and 3 discuss the fundamentals of WAAS

messaging and Loran, respectively.  As seen from the figure, traditional Loran technology

only enable relatively low (30 bps) data rates.  Chapter 4 thus develops modulation

techniques for Loran that enables the higher data rates necessary for GPS integrity
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information.  A data channel model is developed to determine the performance of the

modulation when implemented.  Since it may not be possible to achieve the WAAS data

rate without significantly affecting legacy Loran users, the next step is to examine different

means to reduce the required data rate of WAAS integrity information from 250 bps to

rates as low as 100 bps.  An examination of two systems for using the Chapter 4 derived

Loran data rates are developed and evaluated in Chapters 5 and 6.  Finally, the performance

of each system is assessed using real data.  In essence, this dissertation closes the gap

between the WAAS data rate requirement and the existing Loran data capacity.

Figure 1.8 Chapter Organization

1.8  THESIS CONTRIBUTIONS

The specific contributions are:
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1.8.1  REDUCING THE DATA RATE FOR WAAS INFORMATION WHILE

MAINTAINING INTEGRITY [CHAPTERS 5 & 6]

Many data channels lack the data capacity to reliably transmit a 250 bps message.  This

thesis develops methods to reduce the WAAS data requirements so lower data rate

channels can be utilized.  Implementations of these techniques are created for 167 bps and

108 bps Loran data channels in Chapters 5 and 6.  The reduced bandwidth and system

design induces additional errors due to latency and requantization.  The thesis derives

equations to overbound the additional errors and the equations are used to increment the

error bounds so that integrity is maintained.  The performances of the designed systems are

demonstrated using real data.

1.8.2  DESIGN OF HIGH DATA RATE LORAN MODULATION SCHEMES

[CHAPTER 4]

The data requirements of GPS integrity messages necessitate that Loran transmit data at

higher data rates than currently achievable under schemes such as Eurofix [vanWilligen98].

Chapter 4 develops modulation techniques that increase the Loran data capacity.  The

modulation techniques need to be designed with care for many reasons.  Loran transmitters

have limited ability to transmit different waveforms.  Furthermore, the signal needs to be

compatible to legacy Loran users.  Analysis is conducted to determine the performance of

different modulation techniques in the presence of noise and other common interference

sources.  Data rates of 60 to 180 bps are achieved by candidate modulation techniques.

1.8.3  DEVELOPMENT OF LORAN CHANNEL MODEL [CHAPTER 4]

Chapter 4 analyzes the Loran data channel.  One factor that differentiates a Loran broadcast

of SBAS information from a geostationary satellite data link is the data channel

characteristics.  A memoryless channel is often used to model data and message loss on a

geostationary satellite data link.  While this may be an adequate model for satellite data

links, it does not represent well a terrestrial data link such as Loran.  The data loss on Loran

tends to occur in bursts.  A new data channel model is developed to test the performance of
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various Loran modulation methods.  The model also helps in understanding the effects of

burst errors on Loran and designing appropriate forward error correction (FEC) coding.

1.8.4  PERILS OF SOURCE CODING FOR SAFETY OF LIFE SIGNALS

[APPENDIX A]

Traditional source coding to eliminate data redundancy can further reduce the WAAS data

rate.  This thesis applies rate distortion theory to determine the minimum amount of data

necessary to transmit WAAS information and demonstrates that the fast corrections, which

utilizes up to half of the WAAS bandwidth, can be transmitted using 50-60 percent less

data.  It also determines practical means of approaching the rate distortion minimums and

shows how message losses affect these methods.  It shows that using traditional source

coding, which reduces data use by eliminating redundant information, can have adverse

effects if there are message losses.  The analysis demonstrates the perils of using high

levels of compression in safety of life systems.

1.8.5  OTHER CONTRIBUTIONS [APPENDICES B, C, D, E]

Other related contributions are described in the appendices of this thesis.  Appendix B

discusses using other data channels such as LAAS VDB and the Traffic Alert and Collision

Avoidance System (TCAS) for redundant navigation and WAAS broadcasts.  Appendices

C, D and E are related and contribute to the determination of the minimum data rate for

WAAS to support a given flight operation.

1.8.5.1  OTHER DATA CHANNELS (VDB & TCAS)

Appendix B examines two data channels that could potentially be used as a redundant

WAAS broadcast.  The first section shows that there is a spare capacity of 112 bps in the

LAAS VDB broadcast.  The second section examines using TCAS and its associated Mode

S data link for WAAS data and navigation.  Data bandwidth of 224 bps or more is available

through Mode S.  The thesis shows that navigation is possible using TCAS.  Accuracy

simulations demonstrate it has a level of performance comparable to that necessary for
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NPA.  However, neither of these data links are as attractive as Loran since their coverage is

more limited.

1.8.5.2  ANALYSIS OF MINIMUM DATA RATE FOR WAAS DERIVED

SIGNAL

Appendix C provides a general examination of means to reduce the data bandwidth for

WAAS.  The appendix considers modifying the messages used, number of corrections sent,

the resolution and dynamic rate of each correction along with the correction update rate.

Maintaining integrity is a primary concern so the effects of the modifications on error

bounds are analyzed for the fast (clock) corrections.  The conclusions provided by

Appendix C are used in Appendix D to derive the minimum data bandwidth necessary to

support a given aircraft operation.  First, a coverage model is used to convert the ICAO

performance specifications into requirements on the error bounds for the primary errors

corrected by WAAS.  Appendix C is used to determine the correction combinations that

satisfy the error bound requirements.  The minimum data rate is derived from the

combination that requires the lowest amount of data.  While the thesis focuses on Loran,

the minimum data rate results are not Loran specific and can be applied to a wide variety of

data links.  Since the minimum data rate results are dependent on S/A, the effects of S/A

are also examined.

An analysis of S/A is presented in Appendix E.  The appendix first examines the magnitude

and rate of change of the fast correction, the correction designed to correct for errors due to

S/A, during intervals where S/A is present or absent.  Reductions in these two quantities

when going from an S/A on to an S/A off environment indicate the data reduction possible.

Data collected showed that the dynamic range and rate of change of the fast corrections

reduce by an order of magnitude when switching from S/A on to S/A off.  This could

significantly reduce WAAS data requirements.  The appendix also proposes a few means of

using the additional bandwidth.
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1.8  CONCLUDING REMARKS

This thesis presents research on using existing radionavigation systems to provide

additional redundancy for GPS/WAAS for aviation.  Chapter 2 delves into WAAS and the

design of the messaging system.  For those lacking background in aviation systems,

Appendix F provides some background on the history and development of radionavigation

systems and [Forssell91] and [Enge95a] provide more detailed information.



CHAPTER 2  WAAS MESSAGING
SYSTEM

The first chapter introduced the flight operations served by WAAS and LAAS.  It also

motivated the development of other data links to carry GPS integrity information.  This

chapter will detail the current WAAS messaging system.  Specifically, this chapter

describes the WAAS architecture, WAAS corrections and error bounds generated by

WAAS.  It also details the calculation of the user protection levels.  These discussions will

be used later to determine the best way to modify the WAAS message broadcasting

strategy to reduce data rate.

Equation Section 2

2.1  SBAS & WAAS OVERVIEW

The Wide Area Augmentation System (WAAS) is the Spaced Based Augmentation System

(SBAS) being developed by the United States Federal Aviation Administration (FAA)

[Loh99, Enge96b, ION99].  An SBAS such as WAAS increases the performance of the

basic GPS navigation system by providing differential corrections, error bounds, and

additional ranging signals.  An SBAS uses a ground reference network to calculate

differential corrections for various GPS pseudorange errors.  Figure 2.1 shows the WAAS

ground reference network consisting of WAAS reference stations (WRS) and WAAS

22
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master stations (WMS).  The reference stations (RS) in the ground reference network span

the area to be served.  They collect GPS measurements on both L1 and L2 (1575.42 MHz

and 1227.60 MHz, respectively) and provide the data to the WAAS Master Station (WMS).

The master station then uses the information supplied by the reference network to generate

corrections and error bounds.  Figure 2.2 presents a diagram of the overall WAAS system

architecture and data flow.

Figure 2.1 WAAS Architecture [Courtesy FAA]
*IOC = initial operational capability, FVS = functional verification system

Figure 2.2 WAAS

The reference stations have dual frequency receivers.  The dual frequency measurements

are used by the SBAS master station to determine the delay due to the ionosphere.  Once
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errors such as the ionosphere delay are removed, the SBAS master station uses

measurements from the reference network to calculate a solution for the location and clock

bias of the GPS satellites.  The information is used to derive corrections to errors from GPS

ephemeris and GPS clock and selective availability (S/A).  These corrections are classified

into two categories – fast and long-term corrections.  Long-term corrections apply to

satellite ephemeris errors while fast corrections are for satellite clock errors including S/A.

In addition to generating corrections, the SBAS master station also determines error bounds

for the corrections and monitors the health of the GPS satellites.  The SBAS master station

then packages the information to be broadcast.

Error Source 1 σ position error (m)
Bias Random Total

Ephemeris 2.1 0.0 2.1
Satellite Clock 20.0 0.7 20.0
Ionosphere 4.0 0.5 4.0
Troposphere 0.5 0.5 0.7
Multipath 1.0 1.0 1.4
Receiver Meas. 0.5 0.2 0.5

Table 2.1 GPS Error Sources and Values (1 Sigma) [Parkinson96]

Table 2.1 shows the major sources of GPS pseudorange errors with their approximate

values for an S/A on environment.  WAAS provides corrections and error bounds for the

three largest error sources - ephemeris, satellite clock, and ionosphere.  Furthermore, the

WAAS user has models for local errors such as multipath or tropospheric delay.  WAAS

specifies how each of these errors is bounded.  The error corrections and models can be

defined in three parts: ionospheric errors, satellite errors, and “local” errors.  Local errors

include troposhere, multipath and noise.

The properties of these errors differ greatly and as a result the method by which WAAS

corrects each error type differs.  Clock errors decorrelate rapidly with time while they do

not decorrelate spatially.  As a result, the WAAS fast correction, which accounts for this

error, is a scalar correction that updates frequently.  The ephemeris errors have relatively

slow temporal decorrelation and instead decorrelate spatially.  WAAS must use a vector

correction for ephemeris errors.  Fortunately the update rate is slow.  The ionosphere delay
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also has relatively slow temporal decorrelation and significant spatial decorrelation.

WAAS uses a grid to correct this error.  In a sense, WAAS employs a form of data

compression by separating the corrections into three forms.  It only frequently updates

corrections for errors that have fast decorrelation times while it only provides multi-

dimensional or grid corrections for errors that have rapid spatial decorrelation.  Errors that

decorrelate rapidly with respect to time and space are not corrected by WAAS.

Fortunately, these errors are generally smaller than satellite and ionosphere induced errors.

The three forms of corrections generated by an SBAS – fast (clock), long-term (ephemeris),

and ionospheric corrections - correct for the major GPS error sources.  The SBAS master

station decides which set of corrections or information should be transmitted and packages

the data using a predefined format called “Message Types” every second.  The WAAS

messages are defined in Appendix A of the WAAS Minimum Operation Performance

Standards (MOPS) [RTCA01].  Table 2.2 shows the list of defined Message Types for

WAAS.

Each message is 250 bits in length and is transmitted once per second resulting in a

required data rate of 250 bits per second (bps).  In WAAS, the 250 bit message is first sent

from the master station to the geostationary uplink station (GUS).  The GUS processes the

messages through a 1/2 rate convolutional encoder resulting in an overall transmission rate

of 500 symbols per second.  Two encoded symbols correspond to one bit of decoded data.

The convolutional coding is employed for forward error correction (FEC) because

[Enge97] demonstrated that the FEC offers significant performance improvements

compared to alternatives such as lowering the overall transmission rate.  The encoded

message is uplinked to geostationary satellites where the signal is then retransmitted back

to Earth at the GPS L1 frequency.

The signal is modulated with both the encoded data and a spread spectrum pseudo-random

signal.  The WAAS spread spectrum codes are from the same family of Gold codes as the

GPS coarse/acquisition (C/A) codes.  The complete definition of the WAAS messaging

system is given in the WAAS MOPS [RTCA01].  The WAAS geostationary signal
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provides the wide area correction, error bounds, and an additional GPS-like ranging signal

thereby increasing the accuracy, integrity and availability of GPS.

Type Contents Description
0 This WAAS signal is not used

(reserved for WAAS testing)
Indicates WAAS test; user should not use
signals from the satellite transmitting the
message

1 PRN Mask assignment, set up
to 51 of 210 ordered slots

Indicates which satellites are being corrected

2 to 5 Fast corrections Scalar sat. corrections and UDRE for fast
varying errors and corrects 13 sats.  Type 2
corrects for the 1st 13 sats indicated by the PRN
mask, Type 3 corrects for sat. 14-26 and so on.

6 Integrity Information (UDREs) Contains integrity information (error bounds on
satellite error corrections – UDRE) on all
corrected sats (up to 51).

7 Fast correction degradation
factor

Contains parameters for the degradation of the
fast corrections through time

9 GEO navigation message (X,
Y, Z, time, etc.)

The ephemeris for a given geostationary satellite

10 Degradation Parameters Degradation parameters for other corrections
(iono, long-term, range rate, geo)

12 WAAS Network Time & UTC
offset parameters

Contains UTC offset and time of the week in
seconds and GPS week number

17 GEO satellite almanacs Almanac for up to 3 satellites
18 Ionospheric grid point (IGP)

masks
Indicates which IGP is active for a given band
(Earth is divided into 9 bands)

24 Mixed fast corrections/Long-
Term satellite error corrections

Contains fast corrections for 6 sats and up to 2
long-term satellite error corrections

25 Long-Term satellite error
corrections

Contains 2-4 long-term satellite error
corrections depending the inclusion of error
rates

26 Ionospheric delay corrections Provides the ionosphere corrections and GIVE
for 15 IGPs within a given band.  Each band is
divided into up to 14 blocks of 15 IGPs

27 WAAS Service Message Used to increment UDRE within regions of the
WAAS service volume

28 Ephemeris covariance matrix Provides the full UDRE covariance matrix for 2
satellites to allow the calculation of a more
accurate UDRE projection to the user

62 Internal Test Message Message used for internal testing
63 Null Message Null test message, also a filler message

Table 2.2 WAAS Message Types
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The transmitted WAAS messages provide the user with corrections and error bounds for

satellite and ionospheric errors.  Since the corrections reduce the magnitude and variance of

the pseudorange error, the error bounds are only appropriate when the corresponding

corrections are applied.  For each error source, WAAS provides a variance that is to be

used to bound the error.  The variance is derived from a gaussian distribution that

overbounds the tails of the error distribution.  These error sources are the satellite and

ionospheric errors.  Models for residual noise, multipath, and troposphere are also

provided.  The individual error bounds are used to determine the user calculated protection

level (PL), an error bound on position errors.  WAAS specifies how to combine the

variances for an overall variance on the pseudorange and position errors.  For a GPS

solution to be useable for a given operation, the protection levels must be below the

respective alert limits (AL) as outlined in Table 1.2.  If each horizontal and vertical PL is

below its respective AL for a given operation, then the position solution can be used for

that operation.  The goal is to have an availability exceeding 99.9% for each operation

supported by WAAS.

2.2  WAAS & NATIONAL SATELLITE TEST BED

In the course of developing WAAS, the FAA developed a prototype system known as the

National Satellite Test Bed (NSTB).  This system was created to test and validate many of

the concepts and algorithms used by WAAS.  The history of the NSTB dates to the early

1990s.  At that time, Stanford University, Stanford Telecom and the FAA Technical Center

(FAATC) set up several reference station sites to test the concept of Wide Area Differential

GPS (WADGPS).  These sites along with many others were integrated to form the NSTB.

The FAA asked Stanford University to develop algorithms and procedures for a NSTB

master station [Walter94, Enge96b].  The system has grown to 25 reference stations in the

United States (including five in Alaska and two in Hawaii), three in Canada and one in

Iceland.  Some of the history of WAAS and the NSTB can be found in [Loh99] and other

articles that have subsequently been republished in [ION99].
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NSTB and WAAS share many features.  Both systems use the guidelines set down by the

WAAS MOPS.  As a result, they use the same message format.  So for many of the topics

discussed, such as WAAS corrections, the conclusions drawn apply to both systems.  Much

of the data collected and analyzed in this thesis is from the NSTB.  Similar results should

be attained if the same analysis were performed on WAAS.  However, there are differences

between WAAS and the NSTB such as the master station algorithms for generating

correction and error bounds.  Thus, it is necessary to distinguish between the two when the

differences may be of significance.  When referring to something that is NSTB specific,

this thesis will use the term NSTB or test bed.  Hence, test bed master station (TMS) and

test bed reference stations (TRS) refer to the master station and reference stations employed

by the NSTB.  When the data source is WAAS or if something is WAAS specific, it will

also be noted as such.

2.3  IONOSPHERE ERRORS

Errors due to ionospheric delay represent one of two major error sources corrected by

WAAS.  The GPS signals propagate through the atmosphere at a speed less than the ideal

signal propagation speed in a vacuum - the speed of light.  The difference in propagation

speed depends on factors such as the signal frequency and the characteristics of the

propagation medium.  Figure 2.3 shows the different parts of the atmosphere that the GPS

signal traverses.  Since the GPS signal propagation speed is less than the speed of light, the

difference in propagation time of the real signal versus an ideal signal is a delay.  At GPS

frequencies, the ionosphere is a dispersive medium while the troposphere is not.  The delay

in a dispersive medium is frequency dependent.  Hence, GPS atmospheric delay is broken

up into tropospheric delay and ionospheric delay.
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Figure 2.3 Cross Section of Earth’s Atmosphere

Since the ionosphere is dispersive, dual frequency receivers can be employed to estimate

ionospheric delay.  The equation for determining the slant delay (dL1) from the pseudorange

measurements on two different frequencies, L1 and L2 (ρL1, ρL2 respectively), can be found

in [Kaplan96, Klobuchar96].  This is shown in Equation (2.1) with f1 and f2 being the

frequencies at L1 and L2, respectively.
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The delay calculated by the WRS needs to be translated to a form that can be used by the

user since the user will have a different line of sight to the satellite than the reference

stations.  The simplification is to model the ionosphere as a thin shell at an altitude of 350

km.  This allows the transmission of a practical low data rate ionosphere correction.  Even

though it obscures the vertical structure of the ionosphere, it still allows the user to

determine relatively accurate ionosphere corrections.

Another simplification is the use of ionosphere grid points (IGPs), a preset grid of

locations, where ionosphere vertical delay (IVD) is calculated and provided.  If enough

ionosphere measurements are available, WAAS calculates the ionosphere slant delay for a
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given IGP.  Dividing the slant delay estimate by the obliquity factor (F), shown in Equation

(2.2), yields an estimate for the vertical delay.  Later the obliquity factor will be calculated

at an ionosphere pierce point and will be denoted as Fpp.  The variables in the equation are

E, the elevation angle to the satellite, Re, the radius of Earth, and hI, the height of the

ionosphere (assumed to be 350 km).

( )
1

2cos
1 e

e I

R E
F

R h

−
  

= −  +   
                                                 (2.2)

The estimate is known as the IGP vertical delay estimate.  The grid points used are

generally spaced 5 degrees apart from each other in latitude and longitude.  Figure 2.4

shows the IGPs defined by WAAS.  At the same time, the Grid Ionosphere Vertical Error

(GIVE) is calculated.  The GIVE is a 99.9% error bound on the error in the IGP vertical

delay estimate.  GIVEσ  is the standard deviation of a distribution that overbounds the

residual ionosphere error at an IGP after the application of the ionosphere correction for the

IGP.  Hence,

3.29 GIVEGIVE σ=                                                   (2.3)

These errors are the result of estimation errors and propagation errors from the translation

of line of sight ionospheric delay measurements to vertical delays at the IGPs.  The user

receives both the IGP vertical delay estimate and the GIVE.  More information about

ionospheric delays can be found in [Kaplan96], [Klobuchar96], [Chao97] and [Hansen02].

The active IGPs are defined by Message Type 18, the ionosphere mask.  Figure 2.4 shows

that the IGPs are divided into 9 bands denoted by the numbers 0-8.  There are 200 or 201

IGPs within each band and each Message Type 18 defines which IGPs are active for a

given band.  The first 15 active IGPs designated by the band mask are denoted as Block 0.

The second 15 IGPs, IGPs 16-30 for that band, are designated Block 1.  Hence there can be

up to 14 blocks.
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Figure 2.4 WAAS Ionosphere Grid Point (each dot is an IGP) [RTCA01]

GIVEIi GIVEIi  (Meters) σi,GIVE  (Meters) σ2
i,GIVE  (Meters2)

0 0.3 0.0912 0.0084
1 0.6 0.1824 0.0333
2 0.9 0.2736 0.0749
3 1.2 0.3647 0.1331
4 1.5 0.4559 0.2079
5 1.8 0.5471 0.2994
6 2.1 0.6383 0.4075
7 2.4 0.7295 0.5322
8 2.7 0.8207 0.6735
9 3.0 0.9119 0.8315

10 3.6 1.0942 1.1974
11 4.5 1.3678 1.8709
12 6.0 1.8237 3.3260
13 15.0 4.5593 20.7870
14 45.0 13.6778 187.0826
15 Not Monitored Not Monitored Not Monitored

Table 2.3 Evaluation of GIVEIi

The user receives ionosphere vertical delay estimates and the 4 bit per IGP GIVE indicator

(GIVEI) for each grid point for 15 IGPs in each Type 26 message.  GIVEI can be

converted into a GIVEσ  using Table 2.3.  The WAAS MOPS specifies how to use the IGP

vertical delay estimates (τv) to calculate a user ionosphere vertical delay (τvpp) and finally

the user ionosphere range delay.  Similarly, the GIVE is used to calculate the user
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ionosphere vertical error (UIVE) and then a user ionosphere range error (UIRE) for each

satellite.  The UIVE and UIRE represent an error bound on the user vertical and range

errors due to the ionosphere, respectively.  The user ionosphere range delay estimate can

then be applied to the pseudorange from the satellite.  The calculation of the user’s

ionosphere range delay estimate and the UIRE are specified in the MOPS and are detailed

next.

The user determines the ionospheric delay for a given satellite by first calculating the

location of the ionosphere pierce point (IPP) of the satellite’s signal.  Since the WAAS

models the ionosphere as a shell at 350 km altitude, the IPP is the location at which the line

of sight between the user and the desired satellite pierces the shell.  After determining the

IPP latitude and longitude (denoted by ,pp ppφ λ , respectively), the vertical delay at that

pierce point, ( ),vpp pp ppτ φ λ , can be calculated as follows

( ) ( )

( ) ( )

3

1

4

1

, , *  (Three-Point Interpolation)

, , *  (Four-Point Interpolation)

vpp pp pp n pp pp vi
n

vpp pp pp n pp pp vi
n

W x y

W x y

τ φ λ τ

τ φ λ τ

=

=

=

=

∑

∑
       (2.4)

where the points for the three- and four-point interpolation algorithms are shown in Figures

2.5 and 2.6.  The WAAS MOPS Appendix A (pp 44-45) specifies when the three- and

four-point algorithms are applicable.
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Figure 2.5 Three-Point Interpolation Algorithm Definition

Figure 2.6 Four-Point Interpolation Algorithm Definition
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The weighting function in Equation (2.4) is given by

( ),f x y xy=                                                  (2.5)

1

(1, ) (Three-Point Interpolation)
( , )

( , ) (Four-Point Interpolation)
f y

W x y
f x y


= 


                           (2.6)

2

(1,1 ) (Three-Point Interpolation)
( , )

(1 , ) (Four-Point Interpolation)
f x y

W x y
f x y

− −
=  −

                    (2.7)

3

( ,1) (Three-Point Interpolation)
( , )

(1 ,1 ) (Four-Point Interpolation)
f x

W x y
f x y


=  − −

                    (2.8)

4 ( , ) ( ,1 )W x y f x y= −                                         (2.9)

The ionosphere correction (IC) can be calculated by multiplying the vertical delay at the

IPP by the obliquity factor, F , shown in Equation (2.2).

( ) ( ), ,i spp pp pp pp vpp pp ppIC Fτ φ λ τ φ λ= − = −                                 (2.10)

The error bound on the user’s ionosphere correction is calculated from the GIVE in a

similar manner.  First the variance of the residual ionosphere error, 2
ionogridσ , at each IGP is

calculated using Equation (2.11) below.  If Message Type 10 advises using root sum

squared for the ionosphere, then the bottom equation is used; otherwise the top equation is

used.

( )2
2 iono

2 2
iono

, if RSS  = 0 (Message Type 10)
,     if RSS  = 1 (Message Type 10)

GIVE iono
ionogrid

GIVE iono

σ εσ
σ ε

 += 
+

              (2.11)
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The ionoε  term accounts for the increase in error due to temporal decorrelation of the

ionosphere corrections.  It can be calculated from parameters transmitted in Message Type

10.

( )_ _
iono

iono iono step iono ramp iono
iono

t t
C C t t

I
ε

 −
= + − 

 
                        (2.12)

where

_iono stepC  is the bound on the difference between successive ionospheric grid delay
values determined from Message Type 10

t is the current time

ionot  is the time the ionospheric correction was received

_iono rampC  is the rate of change of the ionospheric corrections determined from
Message Type 10

ionoI  is the minimum update interval for ionospheric correction messages
determined from Message Type 10

x    is the floor or greatest integer less than or equal to x function

The weighting functions are also used to convert the variance on the residual ionosphere

error at the IGP to variance on the residual vertical ionosphere error at the user IPP, 2
UIVEσ .

The variance on the residual slant range ionosphere error, 2
UIREσ , is found by multiplying

2
UIVEσ  by the square of the obliquity factor.  Given the following definitions:
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2

2

2

 is the variance of the grid ionosphere vertical error

 is the variance of the ionosphere at the grid point

 is the variance of the user ionosphere vertical error
 is the pierce 

GIVE

ionogrid

UIVE

ppF

σ

σ

σ

2

point obliquity factor

 is the variance of the user range vertical errorUIREσ

2
UIREσ  can be found as follows:

( )

( )

3
2 2

,
1

4
2 2

,
1

, *  (Three-Point Interpolation)

, *  (Four-Point Interpolation)

UIVE n pp pp n ionogrid
n

UIVE n pp pp n ionogrid
n

W x y

W x y

σ σ

σ σ

=

=

=

=

∑

∑
              (2.13)

2 2 2*UIRE pp UIVEFσ σ=                                                     (2.14)

Figure 2.7 summarizes this process for ionosphere corrections and error bounds.

Figure 2.7 Calculating the Ionosphere Correction and Error Bound
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2.4  SATELLITE ERRORS

The other major error source corrected by WAAS is satellite error, which can be broken

into two components – satellite clock errors and satellite ephemeris errors.  When selective

availability (S/A) was on, satellite clock error was the dominant source of error.  Even

though S/A is now off, satellite errors are still a major contributor to pseudorange

uncertainty.

WAAS uses two types of corrections to reduce satellite errors – fast and long-term

corrections.  Clock error or fast corrections are corrections for the error on the satellite

clock.  When WAAS was designed, S/A was the primary error on GPS and these

corrections were designed to handle S/A.  In addition, there is also drift on the GPS satellite

clocks that can affect the position solution.  The ephemeris broadcast by the GPS satellites

is calculated using a least squares fit over four or six hours [Spilker96].  As a result of the

fit and the small-scale satellite perturbations, the position calculated from the ephemeris

has some small residual errors.

Satellite clock errors have much shorter time constants than the ephemeris errors and so the

fast corrections are predominantly satellite clock errors while the long-term corrections are

predominately ephemeris errors.  WAAS recognizes this relationship and the fast

corrections are scalar corrections since clock errors decorrelate temporally but not spatially.

The WAAS long-term corrections are four dimensional vector corrections.  It includes

satellite ephemeris errors, which are three-dimensional vectors, plus a long term clock

correction.  As a result, the terms fast, scalar, satellite clock correction/errors are used

synonymously when discussing WAAS.  Similarly, long-term, vector, or satellite

ephemeris corrections/errors are also interchanged.

The NSTB estimates satellite errors by using a form of single differencing (common view

time transfer) to remove errors arising from the reference receiver clocks [Tsai98].  In the

process, the errors due to local phenomena such as troposphere, multipath, receiver noise,

and residual noise are estimated.  These errors along with ionosphere errors are removed

from the measured pseudorange to form a pseudorange that is only affected by satellite
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errors.  A state space estimate of the ephemeris error and the clock error is formed using

estimates of residual errors (measurement noise) and a model for the dynamics of the error.

2.4.1  EPHEMERIS OR LONG-TERM (LT) CORRECTIONS

The residual error in satellite position is estimated by the WMS as a three dimensional

vector correction for each satellite.  Vector corrections for the error velocities are also

calculated.  The corrections require 54 bits or 106 bits per satellite depending on whether

correction velocity is sent.  The correction is sent in Message Type 24 or 25.  The user

projects the satellite error vector onto his line of sight to determine his scalar pseudorange

correction.

The magnitude of the error and hence the correction is not very large relative to satellite

clock or ionosphere errors.  An analysis was performed using the NSTB long-term

correction to determine the statistics of the error [see Appendix C.4.2].  These corrections

approximate the true ephemeris errors.  The analysis shows the standard deviation of the

ephemeris errors to be approximately 1.4 m.

2.4.2  CLOCK ERROR OR FAST CORRECTIONS

The clock error is estimated by the master station and propagated forward in time so that

the user receives a correction that is immediately valid.  The WAAS fast correction

requires 12 bits per satellite, has a dynamic range of –256 to 255.875 meters, and has a

0.125 meter resolution.  The user propagates the correction in time according to

specifications in the WAAS MOPS.
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Figure 2.8 WAAS Fast Correction Message Type (Types 2-5)

UDREIi UDREIi   (Meters) σi,UDRE  (Meters) σ2
i,UDRE  (Meters2)

0 0.75 0.2280 0.0520
1 1.0 0.3040 0.0924
2 1.25 0.3799 0.1444
3 1.75 0.5319 0.2830
4 2.25 0.6839 0.4678
5 3.0 0.9119 0.8315
6 3.75 1.1398 1.2992
7 4.5 1.3678 1.8709
8 5.25 1.5957 2.5465
9 6.0 1.8237 3.3260

10 7.5 2.2796 5.1968
11 15.0 4.5593 20.7870
12 50.0 15.1976 230.9661
13 150.0 45.5927 2078.695
14 Not Monitored Not Monitored Not Monitored
15 Do Not Use Do Not Use Do Not Use

Table 2.4 Evaluation of UDREIi

The format of the fast correction messages (Types 2 to 5) is shown in Figure 2.8.  In

addition to fast corrections, these messages also send a User Differential Range Error

(UDRE) for each satellite.  The UDRE is transmitted using 4 bits per satellite in the form of

a UDRE indicator (UDREI) which can then be converted into a UDREσ  using a look-up

table as seen in Table 2.4.  UDREσ  is the standard deviation of a distribution that overbounds

the residual error after applying the fast and long-term correction.  The residual error is due

to measurement noise, which causes errors in estimation of the satellite corrections.
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2.4.3  OVERALL SATELLITE ERROR

The variance of the residual satellite error can be calculated from the data transmitted by

WAAS.  fltσ  is the standard deviation of the estimated distribution for the satellite error

and the WAAS MOPS details the calculation of this term.  The subscript flt denotes that the

estimated error distribution derives from the use of the fast and long-term corrections.

Equation (2.15) below describes how fltσ  is calculated and Figure 2.9 illustrates the

process.

( ) ( )( )
( )( )( )

2

UDRE
2

2 2 2 2 2
UDRE

,  if RSS = 0 

,  if RSS = 1 

UDRE fc rrc ltc er

flt

UDRE fc rrc ltc er

UDRE

UDRE

σ δ ε ε ε ε
σ

σ δ ε ε ε ε

 + + + += 
+ + + +   

              (2.15)

There are several terms in this equation that require explanation.

UDRE
RSS is the UDRE root sum square flag set in Message Type 10.  εfc is the degradation

parameter for fast correction data and it represents the growth of the clock error due to

clock error acceleration. εfc is given by

2( ) 2fc u lata t t tε = − +                                                  (2.16)

where

a is the fast correction degradation factor determined from Message Type 7

t is the current time

tu is the time the last UDRE data was received with an Issue of Data for Fast Corrections

    (IODF) that matches the IODF of the fast correction being used

tlat is the system latency determined from Message Type 7.

εrrc is the degradation parameter for range rate correction data.  It is a function of the arrival

time of the most recent and previous fast correction and range rate degradation terms

transmitted in Message Type 10.
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εltc is the degradation parameter for long-term correction data.  It is a function of the arrival

time of the most recent long-term correction, time out period of long-term corrections and

long-term correction degradation terms transmitted in Message Type 10.

εer is the degradation parameter for en route through NPA applications.  It is described by

the following equation with Cer being defined in Message Type 10.

er

0 neither fast nor long-term corrections have timed out for PA
=  

C if fast or long-term corrections have timed out for PA          erε




       (2.17)

δUDRE is a factor derived from Message Type 27 or 28 and is used to adjust σUDRE for

user location.  If it is not sent, δUDRE = 1.  Message Type 27 modifies the UDRE for

different portions of the service volume.  For example, it may be discovered that a region of

the service volume is not adequately covered by the current UDRE and δUDRE is used to

adjust the UDRE.  Message Type 28 provides a UDRE modifier matrix allowing users to

determine a more accurate value of σUDRE since the broadcast scalar represents a worst case

value for the coverage area.  The modifier matrix is projected along the user’s line of sight

and the resulting value is δUDRE [Walter01].
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Figure 2.9 Calculation of Satellite Correction and Residual Error Variance

With zero or low message loss, most of these terms, with the exception of σUDRE and εfc are

zero.  Airborne equipment that has not missed any messages will have a 0 for all

degradation parameters with the exception of εfc, which is typically less than 0.35 meters.

Since σUDRE is fixed by the WAAS message, εfc generally dominates the error bound

growth.  The growth of εfc depends on many factors with the most important ones being a,

the fast correction degradation factor, and t-tu, the time since the last useable UDRE.  a is

basically the acceleration of the clock error and it is sensitive to the presence of S/A.  With

a smaller a, the fast corrections can be sent at a much lower rate while still maintaining

integrity.  With S/A, a is typically 5 mm/s2 while without S/A, it is around 0.5 mm/s2.

Analysis in Appendix E discusses the effect of S/A on the clock corrections and the

appendix presents typical values of a for S/A on and off conditions.
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2.5  LOCAL ERRORS: TROPOSPHERE, MULTIPATH & NOISE

Local error sources include troposphere delay, multipath and receiver noise.  Since these

errors decorrelate rapidly, they are not corrected by WAAS.  However, WAAS does

provide a means of bounding these errors.  In the case of tropospheric delay, WAAS also

specifies a model to use to eliminate much of the error.

WAAS requires the receiver to use a model for troposphere delay specified in the WAAS

MOPS.  The model is based on the user’s altitude above sea level, user’s latitude, the

satellite elevation angle, and the day of the year.  Using this model reduces the standard

deviation of error due to troposphere delay to approximately 6% of the absolute delay

[Cosentino96].  After using the model, WAAS MOPS models the variation of the residual

tropospheric delay as a function of elevation angle:

( )( )22
, *i tropo TVE im Eσ σ=                                                 (2.18)

( )
( )2

1.001
.002001 sin

i
i

m E
E

=
+

                                    (2.19)

where

2
,  is the variance of the residual tropo error on satellite 

0.12 meter, the standard deviation of tropospheric vertical error
 is the elevation angle of satellite 

i tropo

TVE

i

i

E i

σ

σ =

An aircraft in flight is in a low multipath environment.  In WAAS, multipath error is

estimated as

( )/ 752 2.2      metersmp e θσ −=                                             (2.20)

with θ being the  user’s elevation angle to the satellite in degrees.
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The WAAS MOPS also specifies receiver noise values for WAAS approved equipment.

For GPS/WAAS equipment, the WAAS MOPS Section 2.1.4.1 states

The RMS of total airborne contribution to error in a corrected pseudo

range for a GPS/WAAS satellite at –116 dBm shall be less than or equal to

0.15m/1.00m [GPS satellites/Geostationary WAAS satellites] including

error due to any filtering due to code carrier divergence less than 0.001

m/sec and excluding multipath.  [RTCA01]

2.6  PSEUDORANGE CONFIDENCE BOUND

The estimated variance or error for each pseudorange error source for a given satellite is

combined to determine the overall pseudorange variance for that satellite.  The variance is

calculated in Equation (2.21) and is used to form the weighting matrix for the calculation of

the GPS solution.  Figure 2.10 shows where the terms in Equation (2.21) are derived.

2 2 2 2 2
, , , ,i i flt i UIRE i air i tropoσ σ σ σ σ= + + +                                           (2.21)

For equipment capable of supporting only NPA,

2 2
, 25  metersi airσ =                                                            (2.22)

Otherwise, Equations (2.23) and (2.24) provide the formulation for a GPS satellite and

WAAS geostationary satellite, respectively.

( )2 2 2
, ,i air mp noise GPS SNRσ σ σ= +                                               (2.23)

( )2 2 2
, ,i air mp noise WAAS SNRσ σ σ= +                                              (2.24)
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Figure 2.10 Derivation of the Overall Estimate on Residual Pseudorange Error

Equations (2.23) and (2.24) differ because the noise for the GPS signals and the WAAS

geostationary satellite ranging signal are different.  Figure 2.10 summarizes the process for

determining the variance of the gaussian that overbounds the pseudorange error.

2.7  CALCULATING THE WAAS SOLUTION & PROTECTION LEVELS

Equation (2.25) relates the pseudorange (ρ) to satellite position ( , ,s s sx y z ), user position

( , ,u u ux y z ), and user clock error (b).  For WAAS, ρ is the pseudorange after the WAAS

corrections have been applied to the measured pseudorange.

( ) ( ) ( )2 2 2
u s u s u sx x y y z z bρ = − + − + − +                         (2.25)
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The terms , , ,u u ux y z b  are unknowns in this equation.  The equation is differentiated with

respect to these unknowns.  This allows us to solve the nonlinear Equation (2.25),

oo o o

u u u
xu u ux x x

d d d d
d dx dy dz db

dx dy dz db
ρ ρ ρ ρ

ρ = + + +                          (2.26)

( ) ( ) ( )u s u s u s
u u u

x x y y z z
d dx dy dz db

r r r
ρ

− − −
= + + +                        (2.27)

where

( ) ( ) ( )2 2 2
u s u s u sr x x y y z z= − + − + −                                    (2.28)

At least four measurements are necessary to solve for the four unknowns.  Measurements

from multiple satellites yield multiple equations, which are combined to form a matrix

equation, (2.29) below.

y Gx ε= +                                                            (2.29)

( ) ( ) ( )

( ) ( ) ( )

( ) ( ) ( )

1 1 1

2 2 2

1

1

1n n n

u s u s u s

u s u s u s

u s u s u s

x x y y z z

d d d
x x y y z z

G d d d

x x y y z z

d d d

 − − −
 
 
 − − − 

=  
 
 
 − − −
 
  

M M O M
                              (2.30)

The ε term represents errors or noises in the pseudorange that are not removed.  The terms

, ,s s sx y z  represent the three dimensional position of a given GPS satellite while

, , ,u u ux y z b  represents the user location and clock bias.  For each satellite, the difference

between the measured pseudorange and the range calculated, dρ, is computed.  The vector

y represents these measurements.  x is a four dimensional vector ( , , ,u u udx dy dz db ) that
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represents the difference between the assumed values for ( , , ,u u ux y z b ) and the values of

( , , ,u u ux y z b ) necessary to satisfy the equation.  G is the observation or direction cosine

matrix.  Since G is dependent on the values used for ( , ,u u ux y z ), the equation must be

iterated to arrive at a solution where ( , , ,u u udx dy dz db ) is small (i.e., the norm is less than

1x10-8 meters).  A least-squares solution is given in Equation (2.31).

$ 1( )T Tx G G G y Sy−= ≡                                               (2.31)

The WAAS solution uses a weighted least-squares solution to solve Equation (2.29).  For

convenience, the position is assumed to be in a locally level coordinate system such as

North-East-Down (NED) or East-North-Up (ENU).  A locally level coordinate system is

preferred since the errors and error bounds can be easily separated into horizontal and

vertical components.  The MOPS uses ENU though we will proceed the derivation in NED.

A coordinate transform can be done to change to the desired coordinate system.  The

weighted least-squares solution to (2.29) is given by

$ 1( )T Tx G WG G Wy Sy−= ≡                                               (2.32)

The weights for the weighting matrix W come from the variance of the pseudorange error

for each satellite.

2
1

2
1 2

2

0 0
0 0

0 0 N

W

σ
σ

σ

−

 
 
 =
 
 
  

L
L

M M O M
L

                                                (2.33)

Iterating (2.29) by using

ˆˆ ˆ ˆ ˆ   
T

u u ux dx dy dz db =                                                 (2.34)
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, ,

, ,

, ,

ˆ

ˆ

ˆ

ˆ

u new u old u

u new u old u

u new u old u

new old

x x dx

y y dy

z z dz

b b db

= +

= +

= +

= +

                                                  (2.35)

yields an estimate for the position along with an estimate of the variance of the errors.

( )

2

2
1

2

2

N NE ND NT

TNE E ED ET
NED

ND ED D DT

NT ET DT T

G WG

σ σ σ σ
σ σ σ σ
σ σ σ σ
σ σ σ σ

−

 
 
 Σ = =
 
 
  

                        (2.36)

ΣNED is the output error covariance matrix.  If the coordinate system is not NED, a

coordinate transform, R, can be done to transform the output error covariance matrix into

the local NED coordinate system.

( )

2

2
1

2

2

X XY XZ XT

TXY Y YZ YT
XYZ

XZ YZ Z ZT

XT YT ZT T

G WG

σ σ σ σ
σ σ σ σ
σ σ σ σ
σ σ σ σ

−

 
 
 Σ = =
 
 
  

                      (2.37)

T
NED XYZR RΣ = Σ                                                      (2.38)

The protection levels are calculated from the output error covariance matrix.

,

, 5.33
V PA D

V PA

VPL K

K

σ=

=
                                                       (2.39)

The value of KV,PA is a multiplier on the standard deviation of the vertical error such that the

VPL is only exceeded at most one time in ten million (10-7) provided that the error

distribution is gaussian.  In fact, the actual error distribution has been shown to be “short

tailed” relative to the gaussian, and so this is a conservative bound [Walter99b].  The

standard deviation of error in the down, σD, direction is easily obtained from the output
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covariance matrix.  The standard deviation in the horizontal direction, σH, needs to be

calculated from the terms involving the north and east directions.  The term can be derived

from the horizontal error covariance matrix as seen in Equation (2.40) and determining the

value of the largest eigenvector.

2

2
N NE

NE E

σ σ
σ σ

 
 
 

                                                          (2.40)

( )
( )

( ) ( )
2

2 2 2 2 2 2

2
det 0

N NE

N E N E NE

NE E

σ λ σ
λ λ σ σ σ σ σ

σ σ λ

 
= − + + − = 

−  

−
           (2.41)

( ) ( ) ( )22 2 2 2 2 2 2

max,min

4

2
N E N E N E NEσ σ σ σ σ σ σ

λ
+ ± + − −

=                           (2.42)

( )2 2 4 2 2 4 2

max

2 4
2 4

N E N N E E NE
σ σ σ σ σ σ σ

λ
+ − + +

= +                              (2.43)

Thus,

22 2 2 2
2 2

2 2
N E N E

H NE

σ σ σ σ
σ σ

 + −
= + + 

 
                                       (2.44)

,

,

, ,

 for enroute through NPA modes
 for precision approach modes

6.18,  6.00

H NPA H

H PA H

H NPA H PA

K
HPL

K

K K

σ
σ


= 


= =

                    (2.45)

The values selected for KH are specified by the WAAS MOPS and represent multipliers on

the standard deviation of the horizontal error.  The probability of a value exceeding KHσ is

at most 2x10-9.  Since KV = 5.33 is approximately 98x10-9, the sum of the probability of

error in the horizontal and vertical direction is 1x10-7.  The distribution is gaussian and

protects against one dimensional cross-track error rather than two dimensional radial error.

As a result, the value differs from the vertical (KV,PA) which is assumed to be gaussian.  The
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difference in value for PA and NPA is the result of different integrity requirements.  From

Table 1.1, the integrity requirement for NPA and en route is 1x10-7/hour while the integrity

requirement for PA is 1 to 2x10-7/approach.  WAAS meets 1x10-7/approach.

2.8  EVALUATING THE PERFORMANCE OF A GPS INTEGRITY MESSAGE:

TRIANGLE CHARTS

The HPL and VPL are the only indicators of error level of the position solution provided to

the user.  In evaluating a GPS integrity message, one needs to be able to evaluate the

calculated HPL and VPL and determine if the system is performing as expected.  Stanford

University developed the triangle chart to help visualize the performance of the corrections

and error bounds of a GPS integrity messaging system.  The chart helps quantify

availability, integrity, and accuracy.  It is a two dimensional histogram with true error and

protection level (error bound) as the horizontal and vertical axes, respectively.  Figure 2.11

shows a typical WAAS VPL chart.  The vertical axis displays the vertical protection level

while the horizontal axis measures the true error.  The line at 20 meters defines the vertical

alert limit for APV while the line at 12 meters defines the VAL for GLS-PA.  Any solution

with a vertical protection level above the vertical alert limit is considered unavailable for

use in APV and hence the system is unavailable for APV use when this occurs.  Any

solution below the 45 degree line is defined to constitute hazardously misleading

information (HMI) because the protection level did not bound the actual error, i.e., the

actual error was greater than the protection level.  This should only occur with a probability

of less than one in ten million or 10-7.

The availability of the system for APV and GLS-PA can be determined by examining the

percentage of points that lie within the GOOD and REALLY GOOD regions.  These

regions designate when a solution is available for use for APV and GLS-PA operations,

respectively.  Of course, for GLS-PA operations, only the points within the REALLY

GOOD region are desired.
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Figure 2.11 Sample VPL Triangle Chart

The VPL and HPL triangle charts are useful in evaluating the performance of low

bandwidth WAAS messages.  In later chapters, these charts will be used for just such a

purpose.

2.9  REQUIRED TRADE OFF BETWEEN UDRE AND UIVE

The WAAS models presented in Sections 2.3 through 2.7 can be used to derive the

requirements on the User Differential Range Error (UDRE) and User Ionosphere Vertical

Error (UIVE) for different aircraft operations.  The derivation starts from the performance

requirements, such as integrity, availability and time to alarm, for aircraft operations set in

the International Civil Aviation Organization (ICAO) Global Navigation Satellite System
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(GNSS) Standard and Recommended Practices (SARPs) (see Chapter 1).  A coverage

model can then be used to convert these requirements into requirements on the UDRE and

UIVE.  For example, we can determine, for a given UDRE, the maximum allowable UIVE

to meet CAT I requirements.  Similarly, for any given operation, we can determine the

maximum allowable UDRE for a given UIVE.  The coverage model allows us to determine

the trade off curve for maximum allowable UIVE and UDRE for a specified operation.  We

can later use knowledge of the trade off space to determine the minimum amount of

correction data necessary to attain the desired UDRE and UIVE.  The minimum data

requirement can then be used to derive a minimum data rate for a specified operation.

The ICAO SARPS integrity and availability specifications are used to determine

requirements for the satellite and ionosphere error bounds (i.e., UDRE and UIVE,

respectively).  For a given flight operation, the ICAO SARPS specifies horizontal and

vertical alert limits (HAL and VAL, respectively) that cannot be exceeded by the WAAS

derived VPL and HPL for the solution to be considered available for use for the operation.

Since the distribution of the values of the PLs is dependent on UDRE and UIVE, we can

determine the UDRE and UIVE necessary to meet a certain level of availability.  For the

purpose of this analysis, 99.9% availability will be the benchmark.  The values of the error

variance on the satellite errors (UDRE) and ionosphere errors (UIVE) will be altered to

determine the combinations of these variances that will satisfy the 99.9% availability

requirement for different flight operations.  Only satellite and ionosphere error bounds are

varied since WAAS and other SBASs are best suited to estimating and correcting satellite

and ionosphere errors.  Other errors, such as troposphere, multipath, and noise errors, are

bounded by the models shown in previous sections.  A coverage model is used to conduct

the analysis for two reasons.  First, the HPL and VPL depend on satellite geometry and a

coverage model can account for the variations in geometry seen by the user.  Second, these

services are provided to users that may be greatly separated and the model can assess many

different locations simultaneously.  Finally, we are concerned about the worst case user

location within the coverage area.  The value of availability is calculated for both a worst

case and an aggregate for all users in the coverage area.  The worst case is used for the

analysis.
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Figure 2.12 Nominal SBAS Coverage Area

2.9.1  COVERAGE MODEL

The coverage model (CM) plots performance versus location.  The CM takes a defined area

(coverage area) and calculates the desired quantity for users in the area.  The coverage area

can vary in size depending on the data link used.  It can span several continents (in the case

of a geostationary satellite) or be only the size of a metropolitan area (in the case of a VHF

data link).  For the initial analysis, the area seen in Figure 2.12 is used.  This area roughly

approximates the coverage area of the WAAS system.  Two satellite constellations, 28

satellites (from 8/2000) and the optimized 24 satellite constellation from the WAAS MOPS

Appendix B [RTCA01], are used.  It is assumed that all satellites are healthy.  No single or

multiple satellite failures are examined.
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Using known satellite positions from the GPS almanac or the optimized 24 constellation,

the VPL and HPL distribution can be calculated.  This can be accomplished by using the

variance of the pseudorange error and forming the output covariance matrix from

measurements of all satellites as shown in Equation (2.37).  Only satellites with elevation

angles of 5 degrees or higher are used.  The variance on pseudorange errors can be

calculated using models for various GPS error sources.  No models for σUDRE and σUIVE are

used since these are the quantities that can be regulated by the corrections generated by the

wide area reference network.  These quantities are fixed for each trial.  The other GPS

primary error sources such as multipath, receiver noise, and troposphere are modeled as

shown in Equations (2.18)-(2.24) and are presented again in Equations (2.46)-(2.50).

2 2 2 2 2
, , , ,i i flt i UIRE i air i tropoσ σ σ σ σ= + + +                                      (2.46)

( )2 2 2 2 2 2
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                                   (2.50)

and TVEσ = .12 meter [RTCA01, Appendix A.4.2.4].  This final model is used for the

analysis.  Other models can also be used and one example is discussed in [Walter95].  The

results are similar.
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2.9.2  COVERAGE MODEL RESULTS

Figure 2.13 Sample Result from Coverage Model Analysis

Simulations of the performance of the system over an eight day period are conducted

allowing the GPS satellites to make several complete orbits.  Data is taken every 330

seconds (so that data is taken at slightly different times each day) for every user in the

coverage area.  The calculated HPL and VPL are stored and analyzed at the end of the

simulation.  Figure 2.13 shows a typical result for one run.  For the entire coverage area,

both the worst case and aggregate distribution of the VPL are calculated.

Many different combinations of σUDRE and σUIVE must be tested to form a complete picture.

For LNAV, the only requirement is on horizontal performance and hence only HPL is

examined.  For precision approach (PA), there are requirements on both horizontal and

vertical performance.  However precision approach is driven primarily by the vertical

performance requirements, so the focus for LNAV/VNAV, APV, GLS-PA and other

precision approaches is on VPL.  From the evaluated combinations of σUDRE and σUIVE, a
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contour plot of the resulting 99.9% value of HPL and VPL as a function of these

parameters is created.  Figure 2.14 shows the contour plot for VPL.  The dashed lines show

the maximum acceptable combinations of σUDRE and σUIVE for different approaches.

Tables 2.5 and 2.6 show a summary of the results in tabular form.  The data is presented as

two sets though they are part of the same curve.  The first set was generated by selecting

lower bounds for σUIVE and determining the maximum acceptable values of σUDRE.  The

second set selected lower bound for σUDRE and determined the maximum acceptable values

for σUIVE.  A value of 0.4 meters is used for the approximate limit for these two lower

bounds for an SBAS.

Operation σUIVE σUDRE

NPA 15.0000 m 37.0869 m
LNAV/VNAV 0.4000 m 2.0453 m
APV 0.4000 m 0.5815 m
GLS-PA 0.1500 m 0.2972 m
Table 2.5 Requirements for UIVE, UDRE (Set 1)

Operation σUIVE σUDRE

NPA 27.7892 m 15.000 m
LNAV/VNAV 1.4681 m 0.4000 m
APV 0.5070 m 0.4000 m
GLS-PA 0.2533 m 0.1500 m
Table 2.6 Requirements for UIVE, UDRE (Set 2)

Figure 2.14 shows that the σUDRE-σUIVE limit curve for each operation is concave and

inversely proportional. The resulting trade off shows that decreasing σUDRE beyond a

certain value will not result in a significant increase in the acceptable σUIVE and vice versa.

Note that both NPA and GLS-PA deviate from the above definition.  The NPA

requirements are not as constraining as the other operations and hence examining NPA

does not require utilizing the lower bound value of 0.4 meters for either σUDRE or σUIVE.

GLS-PA deviates because the lower bound (0.4 meters) is not adequate for achieving the

required performance.  For any given operation, the results provide a range of acceptable

solutions rather than providing one definitive answer.  A design space with σUDRE and
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σUIVE as the dimensions is defined.  Setting one requirement such as σUIVE will determine

the maximum acceptable value for the other.

Figure 2.14 Contour Plot of Satellite and Ionosphere Error Bound Trade Off

The analysis does not assume anything about S/A or even how the corrections are

implemented.  As long as the specified bounds on ionosphere and satellite errors

(σUIVE, σUDRE) can be achieved, then the system can adequately support the operation.

In conclusion, the coverage model and simulation allows us to convert the ICAO GNSS

SARPS requirements for different flight procedures into requirements on the performance

of a GPS integrity signal.  A design space of acceptable values for σUDRE and σUIVE is

determined for aircraft approach applications.  This can be used to determine the WAAS

performance requirement for achieving APV or GLS-PA.  It can also be used to determine

the minimum data rate necessary for supporting each operation.  A summary of the

minimum data rate analysis is presented in the following section.
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2.10  MINIMUM DATA RATE RESULTS

The determination of the maximum allowable σUIVE- σUDRE curve for a given flight

operations allows us to approximate the minimum data rate of a WAAS or other DGPS

network to support that flight operation.  The minimum data rate can then be determined by

analyzing each WAAS correction and examining how changes to the correction affect data

rate and error bounds.  The result depends on several factors such as the coverage area, S/A

and the measurement noise.  The analysis is detailed in Appendix D and the results are

summarized in Table 2.10 (page 62).  The two coverage areas are presented in the analysis

– a Loran size area (roughly 800 km in radius) and an SBAS coverage area (CONUS is

used as the reference and the area is roughly a rectangle of 12500 km by 4500 km).  An

additional scenario assessed is one where S/A is presented.  S/A effects are discussed in

Appendix E.  The data rate presented only covers the data for the necessary corrections,

error bounds and message overhead such as headers and error detecting code.

The actual data rate achieved in a realizable system will be greater due to several factors

that are not or cannot be accounted for by the analysis.  For example, degradation

parameters may be necessary.  These parameters only require at most four bps for WAAS –

two 250 bit WAAS messages every 120 seconds.  The use of these parameters will add 1-4

bps to the minimum data rate.  Other items such as ionosphere and satellite masks and issue

of data (IOD) identifiers may also be necessary and can add another 10-12 bps.  Finally,

there are wasted data bits due to packaging.  For example, some WAAS messages contain

unused or spare bits.  One instance is WAAS Message Type 6 which transmits UDRE for

51 satellites even though WAAS currently only calculates UDREs for 28 satellites.  As a

result, the minimum data rate for a practical system may be 20 bps greater than the data rate

shown in the table.

The minimum data rate analysis offers some useful results.  First, the analysis can be used

to determine the utility of a data link since it provides an estimate of data bandwidth

necessary for any given flight operation.  It can be used to estimate the utility of different

Loran data channel (LDC) designs.  Second, the analysis also identifies the means of
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achieving these data rates.  Hence the analysis indicates the modifications to WAAS

message strategy that are necessary for achieving the desired performance and data rate.

2.10.1 EN-ROUTE & NON PRECISION APPROACH (HAL = 556 m, No VAL)

For en-route and non-precision approach, the alert limit requirement is only on horizontal

error.  The HAL for these operations is 556 meters.  Even with S/A on (σUDRE  = 20 m) and a

worst case ionosphere bound (σUIVE  = 15 m), the system easily achieve 99.9% availability.

Thus these operations should not require any corrections.  A “use/don’t use” flag for each

satellite or a few large error bounds (1-2 bit) for UDRE and GIVE should be adequate.  A

major consideration is that this integrity channel has a ten-second time to alarm.  As a

result, the message can be at most three seconds in length (shown later by Figure 5.2).

Given that the integrity flag for each satellite must be provided every 10 seconds, the

majority of the data is dedicated to the message overhead.  Message overhead includes

message type identifiers and cyclic redundancy check (CRC) for message error detection.

The resulting data rate should be relatively invariant to S/A and coverage area effects.

Table 2.7 summarizes the minimum data and update rate necessary for NPA.

Corrections/Overhead Data Used Update Rate (sec)
Use/Don’t Use Flag 1-2 bit/satellite 10
Overhead 30 bits/correction 3

Table 2.7 Minimum Data Necessary for 556 HAL

2.10.2  LNAV/VNAV (HAL = 556 m, VAL = 50 m), APV 1.5 (HAL = 40 m, VAL =

50 m)

Regardless of whether S/A is on or off, the analysis shows that meeting the vertical

requirements will require ionosphere corrections.  The ionosphere error is too great to leave

uncorrected and still maintain the necessary performance.  It is assumed that the required

ionosphere corrections will closely approximate the full WAAS/NSTB capability.  Hence

the nine bits are used.  This allows the ionosphere, the least predictable error component, to

be corrected as best as possible.  The transmitted GIVE values can be altered to better suit
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this application.  The lower GIVE values defined in the WAAS MOPS may not be

necessary and so a three bit GIVE per IGP may be used.

Since the full ionosphere corrections will be used, it is assumed that UDREσ  can be as large

as the 2.08 meters derived in Section 2.9.  For S/A on, a half-meter resolution fast

correction with a 20 second update rate is examined.  With this choice, one consideration is

to use a scalar ephemeris correction that is separate from the fast correction so that the

clock drift can be better estimated.  This requires 13 bits per satellite – four bits to identify

the satellite and nine bits for the correction.  Analysis shows that the design is on the border

of achieving the required UDRE.  A more conservative combination uses a 0.125 meter

resolution fast correction, no ephemeris corrections (a scalar ephemeris that is combined

into fast corrections) and 20 second update rate.  Since the ephemeris correction is

combined with the fast correction, it may be necessary to remove the variation of the

ephemeris correction from one update to the next so that it will not contaminate the

calculation of the rate of change of the fast correction.  It is assumed that four bits per

satellite may be used for this purpose.  For the S/A-off case, a 0.125 meter resolution,

scalar ephemeris and 80-second update can be used.  For S/A-off, 0.125 meter resolution

for the fast corrections requires only nine bits per satellite due to the reduced dynamic

range of the error.  Table 2.8 shows the minimum data and update rate necessary for

LNAV/VNAV.

Corrections/Overhead Data Used Update Rate (sec)
Ionosphere 9 bits/IGP 300
GIVE 3-4 bits/IGP 300
Fast Corrections 9-12 bits 20
Long-term 4-13 bits 120
UDRE 3 bits/satellite 10
Overhead 34 bits/correction 3

Table 2.8  Minimum Data Necessary for 50 VAL

2.10.3  APV (HAL = 556 m, VAL = 20 m)

Ionosphere corrections are necessary for APV and the full nine bit correction is used.  It

may be possible to use a three bit GIVE but since this is not assured, a four bit GIVE is
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assumed in the conservative case.  For the fast corrections, 0.125 meter resolution and six

second update rate was found to be necessary to meet APV.  Ephemeris corrections are

necessary.  However, a scalar form may be adequate for a smaller coverage area while a

three dimensional form may be necessary for a larger area.  Table 2.9 summarizes the

minimum data and update rate necessary for APV.

Corrections/Overhead Data Used Update Rate (sec)
Ionosphere 9 bits/IGP 300
GIVE 3-4 bits/IGP 300
Fast Corrections 9-12 bits 6
Long-term 4-51 bits 120
UDRE 3-4 bits/satellite 10
Overhead 34 bits/correction 3

Table 2.9  Minimum Data Necessary for 20 VAL

2.10.4  OTHER APPROACHES

Given the assumptions of the analysis, particularly the limiting values of the UIVE and

UDRE (roughly 0.4 meters), it is not feasible to support operations that have a VAL

significantly lower than 20 meters with 99.9% percent availability in the worst case

location.  An approach with a VAL of 12 meters will require improvements in reducing

measurement noise, which could improve satellite and ionosphere corrections and allow for

lower values of UDRE and UIVE.

2.10.5  RESULTS OF MINIMUM DATA RATE ANALYSIS

Table 2.10 summarizes the results of minimum data rate analysis.  The difference between

the Loran area and SBAS area results can be accounted for by a few factors.  Since Loran

has a smaller coverage area, the number of satellites and IGPs corrected is reduced.  In

addition, the error due to using scalar ephemeris is lower since the coverage area is smaller.

As a result, it may be possible to use scalar ephemeris for Loran in some instances where it

is not possible for an SBAS.
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Flight Operation/
Coverage Area

NPA LNAV/VNAV APV

Loran Area (S/A) 13-15 bps 36-39 bps 73-85 bps

Loran Area (no S/A ) 13-15 bps 26-28 bps 32-44 bps

SBAS (S/A) 13-15 bps 53-57 bps 90-103 bps

SBAS (no S/A) 13-15 bps 43-45 bps 49-63 bps

Table 2.10 Summary of Minimum Data Rate Analysis

2.11  CONCLUSIONS

This chapter provided WAAS background and a novel determination of the minimum

required data rate.  The background material on WAAS and WAAS messaging is

employed in later chapters.  The model equations for WAAS proves useful for analyzing

the effects of changes to the WAAS message strategy on the error bounds and the user’s

calculated protection levels (PLs).  Later chapters use the background presented in this

chapter to modify the WAAS message strategy and enable Loran to provide useful WAAS-

derived GPS integrity information while retaining compatibility with legacy Loran

receivers.  In addition, this chapter determined the minimum required data rate for different

flight operations using the ICAO GNSS SARPs integrity and availability requirements, the

WAAS model equations, and a coverage model.  The minimum data rate determination of

used.  The determination of the minimum data rate provides use for sizing and designing

low data rate GPS integrity channels.



CHAPTER 3  LORAN BACKGROUND

Equation Section 3

Loran is a navigation system with a significant history.  Developed during the Second

World War, the system became operational in 1958 and has played a significant role in

maritime navigation.  With developments such as data modulation and noise resistant

antennas, Loran is set to play a key role in the future National Air Space (NAS).  This

chapter presents background on Loran and Loran operations.  The chapter is written toward

understanding how to modify the signal to transmit digital data.  Hence, it will discuss

basic Loran operations and signal structure.  It will present a Loran propagation model

which is useful in determining signal strength and coverage as well as the major Loran

interference sources.  A brief history of data modulation on Loran and some standard Loran

definitions are also presented.  This information is important for understanding how to

modify Loran to carry data and for modeling the Loran data channel.

3.1  LORAN BASICS

Loran is a terrestrial navigation system that operates at 100 kHz.  Due to the nature of low

frequency (LF) signals and the power of Loran transmissions, the signals have a long

range.  Users at distances of 800 km or more can receive these signals which makes then

useful for a long-range navigation system.  Loran is required to maintain 99% of its energy

between 90 and 110 kHz.  It provides horizontal position using differences in the arrival

63
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time of signals from various stations.  These differences are known as time differences of

arrival (TDOA).  To facilitate positioning, Loran stations are operated in groups called

chains, each of which provide coverage to a certain geographic region.  In each chain, there

is a master station (designated by the letter M) and several secondary stations.

Conventional designations of the secondary stations use the letters W, X, Y, and Z.  At

specified intervals, each Loran-C secondary station transmits a group of eight pulses and

the master station transmits a group of nine pulses.  This is seen in Figure 3.1.  The interval

between repetitions of the set of 8 (or 9) pulses for each chain is unique to that chain and

known as the group repetition interval (GRI).  The GRI allows users to uniquely identify

any chain.  Convention has the GRI denoted in increments of ten microseconds.  Figure 3.2

shows the West Coast 9940 Loran chain where 9940 is the GRI.  Hence, the pulse sets

transmitted by each station in the chain are repeated every 0.09940 seconds.  Some stations

are dual rated and transmit pulses for two different chains.

Figure 3.1 Loran Chain Signals

Position is solved using differences in pulse group arrival times between signals from the

master station and the secondary stations.  The Loran user determines a line of position

from the TDOA of the signal from the master station and a secondary.  The line of position

is hyperbolic and defines where the user could potentially be located.  From two TDOA

measurements (i.e., measurements from at least three stations), the user’s horizontal

position can generally be determined.  The timing of the transmission of each station in the

chain is important and is closely monitored by the System Area Monitor (SAM) which is

also referred to as the Loran Monitor (LORMON).  The transmission time of each station
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operating as part of the chain is a fixed delay from the transmission time of the master

station.  Careful selection of transmission or nominal emission delays (NED) for the

stations relative to the master station ensures that no station operating as part of a chain will

interfere with another station in the chain within the defined coverage area of the chain.

Figure 3.2 West Coast Loran (GRI 9940) [Courtesy Megapulse]

3.2  LORAN PULSE SET & STRUCTURE

A Loran receiver uses the pulses to determine arrival time.  Each pulse is approximately

250 microseconds long and spaced 1 millisecond apart.  A normal Loran pulse is seen in

Figure 3.3 and is given by:

2( )
( )

2 65 sec( ) ( ) sin(2 )
10 sec

t
t

p t t e
τ

µτ π
µ

− −

= −                                       (3.1)

where 
2( )

( )
2 65 sec( )

t

t e
τ

µτ
− −

− represents the envelope of the signal and sin(2 )
10 sec

t
π

µ
 defines the

carrier.  As seen in Figure 3.3, Loran signals are shaped pulses and so there are numerous

ways of defining the signal power.  The Loran-C Signal Specifications [LoranSignal94]

provides a standard definition of Loran-C signal power which allows for consistent means

of comparison.  The signal specifications specify a standard sampling point, 25

microseconds after the start of the pulse, for the calculation of Loran signal power.  As seen
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from Figure 3.3, this is below the maximum signal power point of 62.5 microseconds.  The

sampling point is 5.91 dB below the maximum signal power.

Figure 3.3 Normal Loran Pulse (Positive Phase Code)

Loran-C pulses will have an initial phase shift of 0 or 180 degrees, which is equivalent to

an initial sign of + or -, and this is known as phase coding.  The coding is used to mitigate

the effects of interference from other undesired Loran pulses such as sky wave interference

and signals from other radio systems.  Under Loran-C, the phase code repeats every two

GRIs and this interval is known as a Phase Code Interval (PCI).  Hence PCI equals twice

the GRI.  There is one code for the first pulse group for the specified GRI and another code

for the subsequent group.  The letters A and B are often used to denote these sets of pulses.

So, for a given GRI, the station alternates between transmitting pulses with the A and B

phase coding.  Table 3.1 shows the phase code sets for Loran-C.  When the signal is

processed over any two GRI intervals, undesired Loran pulses should average to zero.  This

occurs because the auto-correlation of a two GRI sequence results in a value of zero except

when the interfering signal has the same phase code and is offset by less than one pulse

length (250 microseconds).  The auto-correlation function is shown in Figure 3.4.  Hence,
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phase coding is complementary over two GRIs.  The master and secondary stations use

different phase code sets.

Figure 3.4 Correlation of A & B Phase Code and Auto-correlation of
Complementary Phase Code (Secondary) Over Two GRI Period

GRI Interval Master Transmitter Secondary Transmitter

A ++--+-+- + +++++--+

B +--+++++ - +-+-++--

Table 3.1 Loran Phase Code [Loran92]

In addition to phase coding, Loran-C also permits the use of “blink coding” on the first two

pulses of a pulse group from a secondary station.  The blink is a form of integrity check

that warns users if a Loran signal is unreliable and should be excluded from the navigation

solution.  Automatic blink service (ABS) has been incorporated into all operational U.S.

Loran-C stations [Arsenault2000].

While any part of the Loran pulse can be used, receivers generally use the sixth zero

crossing of the carrier in each pulse for timing and positioning.  Averaging is also

commonly employed.  The passband of a typical Loran receiver is roughly 30 kHz.  The
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Loran-C Signal Specifications advises converting noise calculations to a 30 kHz noise

equivalent bandwidth (NEBW).  The analysis presented will use this standard definition.

3.3  PROPAGATION OF THE LORAN SIGNAL

There are two ways that Loran signals propagate.  The signals propagate as a ground wave

along the Earth's surface.  They also propagate as a sky wave by reflecting from the

ionosphere.  TDOAs are calculated using the ground waves since they are more reliable

and their phase is more stable.  Models for the ground wave field strength have been

developed to estimate the coverage of a Loran station or chain.  Furthermore, since the

ground wave from a station can interfere with the ground wave of another station when

they are not part of the same chain, the model is useful for determining interference levels.

Because these two stations transmit at different intervals or rates, this type of interference is

called cross rate interference and can be seen in Figure 3.5.  Since the NEDs are known and

the relative offset of each station from the inception of Loran on January 1, 1958 is known,

the broadcast times for all stations can be determined a priori.  Knowing the broadcast time

and propagation time, the cross rate interference can be determined for any given location

for any particular time.

Figure 3.5 Cross Rate Interference



69

Figure 3.6 Loran Propagation & Interference Sources

The primary source of interference on Loran is other Loran signals in the form of cross rate

or sky wave signals.  For Loran navigation, techniques have been developed to mitigate the

interference.  Since the Loran-C waveform is known, cross rate cancellation techniques can

be relatively effective [Peterson93].  However this does not work well with Loran

communications since the waveforms change depending on the data transmitted.  Sky wave

interference is more difficult to predict with occasional sky wave signals received 1500 km

or more from their source.  In Loran-C navigation, complementary phase coding over two

GRIs mitigates the interference.  Again, because every Loran data broadcast pulse is unique

and not known a priori, this technique will not be as effective.  The ground wave and sky

wave models will be discussed in the next sections.  These models will prove useful in

determining the strength and effect of cross rate and sky wave interference.

3.3.1  GROUND WAVE MODEL

The International Radio Consultative Committee (CCIR) accepted and adopted a standard

model for low frequency (LF) ground wave propagation over a homogeneous Earth.  The

model is useful in determining the potential coverage of the Loran data broadcasts and the

signal strength of the desired and interfering signals for a data channel model.  It is known

that the propagation of LF ground waves varies with ground conductivity.  The

homogeneous Earth assumption means that the ground conductivity and other properties

(permittivity, etc.) are constant.  If these properties are not constant, the more complicated
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Millington’s method is used [Millington49].  Millington’s method will not be discussed in

this thesis.  The field strength of the Loran ground wave is modeled using curves from

[CCIR92] assuming homogenous ground conditions.  A nominal ground conductivity (σ)

of 3 x 10-3 Siemens per meter and ground permittivity, εr, of 22 are used.  The received

field strength for a signal propagating on a perfectly conducting surface is given by:
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where ,rad WP  is the radiated power in watts, sigE  is the received signal field strength in

volts/meter, and ,t kmr  is the range to the receiver in kilometers.

A curve fit rather than a data look-up table can be used to represent the data in [CCIR92].

The factor, ( ),.1 /100010
b

t kma r− , is used to modify the equation for a surface with finite

conductivity [Thor95].  The two terms, a and b, depend on land conductivity and

transmitted frequency.

( ),

2

.1 /10002
,

,

9.48
10

1000

b
t kma r

sig rad W
t km

E P
r

− 
=   

 
                               (3.3)

A least squares curve fit for the nominal/average land conductivity curve for 100 kHz

yields values of

a = 17.52; b = 1.1036

Figure 3.7 shows the curve generated by the model.  The inverse distance line is shown for

reference and represents the ideal propagation loss through a vacuum.
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Inverse Distance

Nominal Skywave (Night)
Nominal Ground wave

Nominal Skywave (Day)

Figure 3.7 Average Ground Wave and Single Hop Sky Wave Signal Strength

The propagation time of the Loran ground wave is determined using ground conductivity

and other properties which change the propagation speed of the signal from the speed of

light.  Corrections known as additional secondary factors (ASF) are used to model

propagation delays over land and improve the accuracy of the calculations.

3.3.2  SINGLE HOP SKY WAVE MODEL

It is also important to model the propagation strength and delay of a sky wave signal.

Because of the nature of the sky wave propagation, the sky wave signal may be stronger

than the ground wave signal.  Sky wave pulses typically arrive at least 32-35 microseconds

and as much as 1000 microseconds after the reception of the ground wave [Forssell91].

Since the timing of sky wave pulses is not as predictable as that of the ground wave, they

are not as useful for navigation.  However, sky wave pulses can be useful for data

communication (which does not depend on precise knowledge of propagation time due to



72

the potential advantage in signal strength.  Sky wave signals also represent a potential

source of interference.  The sky wave delay and signal strength are dependent on many

factors such as distance between the user and transmitter, height of the ionosphere, time of

day, and the number of times the signal reflects from the ionosphere.  As a result, sky wave

signals are less predictable and can occur in many forms – single hop and multiple hops.

The term hops indicates how often the signal reflects from the ionosphere before finally

reaching the user.  Each hop attenuates the sky wave and so multiple hop sky waves tend to

be significantly weaker and arrive later than the ground wave.  Phase coding is designed to

eliminate the effect of long delay sky waves.  Hence we are more concerned with short

delay sky waves such as a single hop sky wave – a sky wave pulse that has reflected once

off of the ionosphere.

Sky wave interference has been modeled in many ways.  CCIR examined many of these

models and proposed the following model for a single hop sky wave [CCIR86].  A nominal

value of ionosphere height of 90 km is used since strong sky waves generally occur at night

when the ionosphere reflection height for Loran is approximately 90 km.  Changes in the

ionosphere during the daytime result in weaker sky wave signals.  The attenuation is

modeled by the parameter Lt.  The model determines the average field strength and average

propagation delay.  The average field strength, F, is given below.

320log 10V H S p R tF P G G G L A p k p L−= + + + − + − − −                      (3.4)

where,

P  is the radiated power (dB above kW)

VG  is the transmitting antenna gain (dB) due to vertical directivity

HG  is the transmitting antenna gain (dB) due to horizontal directivity (0 for

omindirectional)

SG  is the additional signal gain when one or both terminals are near the sea

FL  is the excess polarization coupling loss
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106.6 2sin
2

T RA
ϕ ϕ+ = −  

 
                                               (3.5)

,T Rϕ ϕ  are the geomagnetic latitude of the transmitter and receiver, respectively

p is the slant propagation distance and is given by the equation,

( )2 24 rp d h= +                                                        (3.6)

Rk  is the loss factor and is given by:

210Rk k bR−= +                                                        (3.7)

R  is the 12 month smoothed Zurich sunspot number

b = 0 for low frequency (LF) transmissions

0.4 23.2 1.9 tan 3
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                                  (3.8)

tL  is the hourly loss factor – this is given in [CCIR86] and varies from –25 dB during the

day to 0 dB at night.

The sky wave delay model is derived from geometry and can be found in [CCIR78,

Enge98].  It models the delay of the sky wave signal relative to the ground wave.

( ) ( )2 22 2 ( )
2

.3 .3

e iono e e e iono

e

d
R h R R R h cos

R d
t

+ + − +

= −                      (3.9)

t  is the sky wave delay (in µsec), ionoh is the height of the ionosphere (km), eR  is the radius

of Earth (km), and d  is the distance between the user and transmitter (km).

The results from Equations (3.4) and (3.9) are shown in Figures 3.7 (page 71) and 3.8,

respectively.  From the figures, one can see that sky wave can be a major source of

interferecnce at ranges of 300 km or more.
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Figure 3.8 Nominal Sky Wave Delay (Single Hop)

3.4  OTHER LORAN INTERFERENCE SOURCES

While sky wave and cross rate represent the primary source of interference to Loran, there

are other significant sources of interference.  Another important category of noise has been

found to cause great difficulties to Loran receivers.  Precipitation static (P-static) is radio-

frequency interference (RFI) caused by the impact of charged particles on items such as the

antenna.  P-static typically occurs in inclement weather situations such as winter storms,

rain storms, etc.  When it occurs, it greatly degrades the reception of Loran using traditional

Electric field (E-field) whip antennas.  While this source of interference will not be directly

addressed in this thesis, the FAA is currently investigating the problem.  Magnetic field (H-

field) antennas have shown some promise in mitigating the P-static problem though there is

not enough evidence to claim that it has solved the issue.  The current FAA flight tests will

attempt to quantify and validate the capabilities of the H-field antenna in dealing with P-

static.
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Other interference sources include DECCA, an older LF navigation system, and short range

transmitters.  Many of these sources are listed in the Loran-C User Handbook [Loran92].

These frequencies are known and generally not located in the center of the Loran band, and

so the interference is notched out by the receiver front end.

Loran signals can also be affected by atmospheric noise caused by lightning.  This noise

varies with conditions and location.  Generally, this noise is relatively low compared to the

Loran signal and is often modeled as band limited white noise.  Average levels of

atmospheric noise can be calculated from data and are presented in [CCIR88,

LoranSignal94].

3.5  HISTORY OF LORAN DATA TRANSMISSION

The next chapter will examine the development of new modulation schemes necessary to

achieve Loran data rates that are capable of supporting WAAS.  The three methods

developed and examined are Pulse Position Modulation (PPM), Intrapulse Frequency

Modulation (IFM), and Supernumerary Interpulse Modulation (SIM).  All of these have

some historical precedents since data transmission using Loran-C is not a new concept

[Dean73, Dean 74, Feldman77, Enge86, etc.].  In the late 1960s, the Clarinet Pilgrim

Program placed U.S. Navy Fleet Broadcast on Loran using low rate PPM [Dean73].  In the

following decade, the U.S. Coast Guard developed Two Pulse Communications (TPC),

which used PPM on the 7th and 8th pulse of Loran.  It employed a form of balanced

modulation whereby the average phase delay is balanced having an equal number of

advanced and delayed pulses.  In TPC, every advanced pulse was followed by a delayed

pulse at the same position in the following GRI [TPC81].  A delayed pulse was treated

similarly.  This system allowed Loran-C to transmit roughly ½ to 1 bit every GRI or

roughly 5-20 bps.

In the late 1980s, Delft University of Technology developed a more modulated form of

PPM on Loran-C known as Eurofix [vanWilligen89].  Eurofix is a scheme for encoding

Loran-C with raw transmission rate up to about 70 bit symbols per second for worst case
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GRI.  The data rate is about 35 bits per second (bps) due to the use of error correction

codes.  It is currently used to carry an RTCM Type 9 DGPS correction.  It employs a form

of PPM that has three levels per pulse and balanced modulation within a GRI.

There are also historical precedents for the IFM and SIM schemes.  Two programs tested

modifications of the phase and hence the frequency of the Loran pulses.  The

DECCAjection scheme modulated the phase of the leading edge of the pulse to create

notches at the DECCA frequencies [Dean74].  In 1974, the Coast Guard tested Polyphase

Modulation (PM) [EECEN76].  In this technique, the tail of a pulse could assume one of

many phase relations relative to the navigation sampling point.  This phase difference could

then be related to the transmitted bits.  In the 1970s, the Loran-D project examined using

additional pulses to enhance the signal strength of portable low power Loran transmitters

[Frank74].  It was found that the additional pulses could be placed in a manner that would

not affect legacy receivers while receivers with knowledge of those additional pulses could

effectively double the received power.

3.6  CONCLUSION

This chapter detailed Loran fundamentals such as signal design and interference sources.

The topics covered in this chapter will provide the understanding necessary to alter the

Loran signal to transmit digital data at higher rates.  Furthermore, the CCIR models are

useful in analyzing the performance of the Loran modulation techniques.  The following

chapter will use this information to enable Loran to approach the WAAS data rate while

still remaining backwards compatible with legacy Loran navigation users.



CHAPTER 4  MODIFYING THE
LORAN SIGNAL TO BROADCAST AT
HIGHER DATA RATES

Equation Section 4

Many existing navigation systems are being examined for their utility in the new National

Airspace System (NAS).  A decision on the utility and future of these older systems has to

be made in light of the use of GPS as the primary means of navigation.  Loran is one of

these systems whose future is under consideration.  As discussed earlier, while Loran-C, as

it currently operates, may not bring much additional utility to aviation, there are many

developments that could make it an important part of aviation.  This chapter will discuss

how Loran may be modified to provide a digital data bandwidth that can supplement and

augment GPS/WAAS.  The last chapter presented background on Loran and Loran

operations. The first half of this chapter, Sections 4.1-4.4, introduces and analyzes Loran

modulation techniques for providing higher data rates.  The second half, Sections 4.5-4.10,

analyzes the performance of these modulation methods in the Loran data channel.  Major

interference sources are incorporated into the model as is forward error correction (FEC).

77
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4.1  LORAN MODULATION TECHNIQUES

The development of new modulation schemes is necessary to achieve Loran data rates

capable of supporting WAAS.  Three basic methods are outlined.  The techniques can be

used individually or combined to form a more complicated but higher data rate signal

design.  The first technique is Pulse Position Modulation (PPM).  In PPM, the Loran pulse

is time advanced/delayed.  The second technique is Intrapulse Frequency Modulation

(IFM) whereby modulation is encoded within the pulse by slowly frequency shifting the

signal.  The third method is supernumerary interpulse modulation (SIM) whereby new

pulses are generated in between the current pulses.  Historical precedents show that all of

these techniques are both feasible and achievable with minimal impact to transmitters and

legacy user equipment.

4.1.1  PULSE POSITION MODULATION (PPM)

Pulse Position Modulation is a system where Loran pulses are time shifted to code

information.  Eurofix and Two Pulse Communications (TPC) are examples of the

technique.  In Eurofix, the last six pulses are used and the code is balanced for every Loran

transmission (eight pulses per GRI).  Details concerning Eurofix balanced coding will be

given in Section 4.3.3.2.  The current Eurofix system employs three levels of coding: +1, 0,

-1 microsecond time shifts.  However other variations of the system, such as five level

coding can be employed.  Figure 4.1 shows an example of PPM.  The time shifts shown are

those for standard Eurofix.
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Figure 4.1 Example of Pulse Position Modulation (PPM)

4.1.2  INTRAPULSE FREQUENCY MODULATION (IFM)

Intrapulse Frequency Modulation involves a gradual change in the frequency of the Loran

signal within the pulse (to at least/most 90 or 110 kHz) to induce a different phase and

signal pattern.  Originally, I proposed employing a gradual change in frequency to achieve

a phase shift of up to 90 degrees in 100 microseconds.  The rate of the shift is limited to

maintain spectrum requirements.  A three level (per pulse) system may have 90, 0, and -90

degrees as its levels while a five level system may involve 90, 45, 0, -45, and -90 degrees

as its levels.  The change should occur after the sixth zero crossing to reduce the effects of

the coding scheme on the navigation performance of Loran.  The starting and duration

times for the frequency shift are selectable, as is the phase difference for each level.
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Figure 4.2 Loran Pulse & IFM Loran Pulse

Peterson et al. [Peterson2000] modified the original design by suggesting the use of a

signal that changes the frequencies in a way that the final frequency is 100 kHz.  By

gradually increasing and then decreasing the frequency (or vice versa) the various symbols

are created.  The end result is that after the frequency changes, the pulse is offset from a

normal Loran signal by a specified fixed phase.  A three level system may have phase shifts

of -120, 0, and +120 degrees and a four level system may have phase shifts of –135, -45,

+45, +135 degrees.  This method employs greater phase separation between the possible

waveforms and as a result, there are performance improvements over the previously

discussed methods.  These are the IFM schemes that will be analyzed and an example is

shown in Figure 4.2.  As a result of the greater phase separation, spectrum requirements are

slightly exceeded.  As seen in Figure 4.3, four level IFM has 98.8% of its energy within the

required spectrum versus 99.3% for the normal Loran signal.  The three level IFM

maintains 99.0% of its energy within the required spectrum.
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Spectrum issues with Loran can be handled in a number of ways.  The pulse can be

modified to meet the requirements.  Also, since the spectrum near 90-110 kHz is not highly

coveted or used, it may be possible to modify the spectrum rules for the new signals.

Figure 4.3 Four Level IFM Spectrum

Another modification suggested by Peterson was a 16 level IFM signal.  This signal is

capable of providing the full WAAS bandwidth.  The technique is similar to the previously

discussed IFM though two sets of phase changes are utilized with each set of phase changes

representing two bits.  Figure 4.4 shows the phase difference between the phase of 16

symbols and the nominal Loran pulse.  Note that some symbols of the modulation need to

be initially offset from the nominal Loran pulse to achieve the desired phase change.

Another modification necessary is an increased pulse envelope and maximum power band

as shown in Figure 4.5.  One more change is made to guarantee a raw data rate of 500 bps –

there needs to be 21 or more GRIs per second.  Currently, only dual rated stations and

stations with a GRI of 4800 or less can meet this requirement.  Not all dual rated stations

will meet the requirement.  If a dual rated station transmits for two chains both with GRI
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greater than 9500, then the average number of GRIs transmitted per second will be less

than 21.  Only Searchlight, Nevada (GRI 9610 and 9940) falls into this category.  It

transmits data on an average of 20.4 pulse groups (GRIs)/second.  Some pulse groups

(GRIs) will not contain data due to cross rate blanking.  Cross rate blanking is the non-

transmission (or blanking) of the pulses of one GRI during a given time interval.  This is

done by dual rated station when the station has to transmit the pulses for both rates at

roughly the same time.  However, most dual rated stations average at least 23 pulse groups

(GRIs)/second leaving at least two pulse groups which can be blanked during any given

second.  As a result of these changes, the 16 level technique is probably not backward

compatible.

Figure 4.4 Proposed 16 Level IFM [Courtesy Dr. Peterson]
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Figure 4.5 Proposed 16 Level IFM Envelope Modification [Courtesy Dr. Peterson]

4.1.3  SUPERNUMERARY INTERPULSE MODULATION (SIM)

Supernumerary Interpulse Modulation, as seen in Figure 4.6, interleaves additional pulses

between current Loran-C pulses.  The scheme can be accomplished in a manner similar to

Loran-D [Frank74] with each station transmitting a signal with 16 pulses spaced 500

microseconds apart.  The additional pulses can be coded so that a normal Loran-C receiver

is oblivious to the existence of the new pulses.  The pulses can also be phase coded to aid in

sky wave rejection.  New Loran receivers equipped with the ability to detect the additional

pulses will have the advantage of receiving the new signal at a higher average power since

they will receive twice as many pulses per second [Frank74].  While transmitters have

limits on the number of pulses that can be transmitted per second, most current Loran-C

transmitters should be able to support 16 instead of 8 pulses per pulse group.  There would

be increased operational costs since more energy is being used per GRI.
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Figure 4.6 Supernumerary Interpulse Modulation Example

In order to make the additional pulses unobservable to legacy users one chooses any phase

coding pattern for the interleaved pulses in the first two GRIs (pulse groups) and then uses

the opposite phase coding pattern for the interleaved pulses in the next two GRIs.  Hence

there are 216 phase coding patterns that do not disturb Loran-C receivers with time

constants of four GRIs or more [Frank60].  This comes from having two choices for each

of 16 pulse (2 GRIs).  Figure 4.7 shows an example of how this is accomplished.

Figure 4.7 Example Extension of Master Station Phase Code for Loran-D  (Original
Phase Code Shown First, Interleaved Loran-D Pulses Phase Code Shown Below)

We proposed many ways to place data on a supernumerary pulse.  A sophisticated and

complicated method would be to have the pulse modulated using PPM and/or IFM.  This
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would effectively double or more than double the data rate on Loran.  Since the pulses are

not necessary for navigation, we can modify these pulses more than the standard pulses.

Note that one can modulate every added pulse including the first two.  While we do not

want to modulate the first two “traditional” pulses since they are used for the blinking

service, that is not the case with the supernumerary pulses following these two pulses.

Another method would be to alter the phase code of the additional eight pulses.  As

mentioned before, there are 216 phase code patterns (over a period of four GRI) that can be

used for the interleaved pulses.  If each pattern represents a different data level, the result is

that up to16 bits of data can be provided every four GRI.  The key considerations in this

method are to make sure that the alterations still retain the sky wave rejection capabilities

of the Loran phase code and the additional pulses remain transparent to legacy Loran-C

receivers.  The difficulty in encoding data by changing phase code is sky wave rejection

and Loran transmission acquisition during the transition from one phase code to another.

4.2  ANALYSIS OF LORAN MODULATION TECHNIQUES

There are four important factors that need to be considered when designing Loran

communication (LoranCOMM) signals:

• The signal to noise ratio (SNR) required for acceptable data reception.  This determines

the coverage area of each Loran transmitter.  It helps determine data rate and acceptable

forms of the modulation techniques.

• The ability of the new Loran signals to preserve the navigation capability for legacy

users.  This means examining the effects of the new signals on phase, sky wave

rejection and received signal power.

• Data rate.

• The effect of the signal changes on transmitter equipment.
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4.2.1  TERMINOLOGY, ASSUMPTIONS & CONSIDERATIONS

Before proceeding, we will provide some helpful terminology that will be used for

discussing the analysis of Loran communications.  Even though a Loran communications

receiver only needs to obtain signals from one station, it may simultaneously receive

signals from other Loran stations.  Since it may be unclear which station or signal is being

used for data, the station that is being used will be denoted as either the “primary” or

“desired” station and likewise its signals are the “primary” or “desired” pulses.  Any other

station’s signals represent sources of interference to the primary signal and they are

denoted as “interfering.”

As mentioned before, the Loran transmission may be received as both a ground wave and a

sky wave signal.  For compactness, the term “corresponding” will be used to denote the

signal that is the sky wave manifestation of the ground wave signal or vice versa.

The term GRI is often used with differing meaning in different context.  As mentioned

earlier, GRI is the group repetition interval hence it refers to an interval or time period.  For

example, "the U.S. West Coast chain uses a GRI of 9940".  It is also used to refer to a rate,

i.e., “the Middletown transmits at a GRI of 9940.”  Another common usage is to use the

term GRI to also denote the group of eight or nine pulses transmitted by a station during

one repetition interval.  Hence, one will often see references such as "10% of the GRIs" or

"20 GRIs are transmitted per second".  An extension of this convention is the term GRI A

and GRI B.  GRI A refers to the pulse group of a station with the A phase coding while

GRI B refers to the subsequent pulse group which has the B phase coding.

Finally there is often confusion as to what to call a data bit.  Data transmitted through a

channel that has losses usually employ data redundancy to achieve forward error correction

(FEC).  The broadcast data bits are then described by the term “raw” since these bits must

be processed to obtain the desired information.  Any raw information transmitted by each

pulse is denoted as a “symbol” and a symbol may represent several raw bits of data or less

than one bit of data.  The term symbol should not be confused with a Reed-Solomon (R-S)
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symbol whose size is determined by the R-S error correction format used and not the data

on a given pulse.  These terms will be especially useful when discussing the data channel.

A few assumptions are made for the analysis.  Since the system is being considered for

WAAS applications, no particular GRI can be assumed and so a worst case GRI of 9990

microseconds (roughly 10 Hz) is chosen.  Depending on the desired implementation, the

data rate can be nearly doubled since some stations transmit at nearly twice that rate.

Furthermore, all dual rated stations transmit at more than twice that rate since they transmit

for two different GRI.  However, for simplicity and generality, we will first proceed with

the more conservative assumption that LoranCOMM transmits using only one GRI rate so

that the techniques can be employed at any operational Loran station.  In addition, the first

two pulses are not used to transmit data thus preserving the blinking service.

4.2.2  MATCHED FILTER MODELS

The performance of modulation techniques in the presence of the primary Loran

interference sources – sky wave, cross rate and noise – determine the required SNR and

signal power necessary to receive data.  Few models for Loran modulation exist and a new

model for higher data rate techniques is developed.  However traditional communication

tools can be used to start the analysis.  A matched filter model for the receiver processing

of the signal is used to perform the analysis.  Matched filters are practical means of

implementing Loran demodulation and can be used to assess the performance of the system

in the presence of different forms of interference.  Figures 4.8 and 4.9 show our models for

PPM and IFM, respectively.

Many receivers decode data using matched filters [Haykin88].  A matched filter performs

convolutions of a time-reversed version of a desired signal with the input.  The result is the

same as multiplying the signal with a time shifted version of the desired signal and

integrating the product.  We proceed by examining the effects of additive white gaussian

noise (AWGN) as it passes through the filters.  The problem is stochastic in nature and so

the results of the derivation are the statistics of random output.  Afterwards, we use the
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derivation to analyze the performance in the presence of undesired Loran signals such as

sky wave interference.

Assume that the transmitter can transmit N distinct pulse waveforms.  The index i is used

identify each waveform.  The receiver has N matched filters, indexed by the letter j or k,

matched to each possible waveform.  If yji represents the output from filter j after signal i

has passed through the filter, the variance of yji is the variance of the output at filter j from

signal i, or ( ){ }2

ji jiE y y−

( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ){ }i j i j i j i jE s t n t s t s t s t dt s z n z s z s z s z dz= + − + −      ∫ ∫       (4.1)

( ) ( ) ( ) ( ){ } ( ) ( ) ( )0

2j j j j

N
E n t s t dt n z s z dz s t dt s z t z dzδ= = −∫ ∫ ∫ ∫                     (4.2)

since ( ) ( ){ } ( ) ( ){ }20 0,  
2 2

N N
E n t n t E n tτ δ τ= − =                                (4.3)

( )2 ,  ,j jSignal Energy Es s t dt= ∫                                                (4.4)

and

received signal = ( ) ( ) ( )iy t s t n t= +                                        (4.5)

Assuming that the filters contribute negligible noise to the signal, the signal noise, n(t),

seen by each filter is the same.  Since the signal noise is the same for each filter and

represents the only random element that passes through the filters, the output from each of

the three filters is correlated.  The matched filter with the largest output indicates the

demodulated symbol.  The variance of the difference of the outputs from each filter pair

now can be derived.
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Figure 4.8 PPM Matched Filter

Figure 4.9 IFM (Three Level) Matched Filter Set Up

The signal passes through every matched filter.  Examine signal i after it passes through

filter j and filter k.  Subtract the output from filter k from the output from filter j and denote

the result by zjk.  The variance of zjk is given by ( ){ }2
-jk jkE z z  which
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               (4.6)

( ) ( ) ( )( ) ( ) ( ) ( )( ){ }j k j kE n t s t s t dt n s s dτ τ τ τ   = − −   ∫ ∫                        (4.7)

( ) ( ) ( ) ( ) ( ) ( ){ }*j k j ks t s t s s E n t n dtdτ τ τ τ   = − −   ∫∫                          (4.8)

This is equal to the variance of the difference of the output from filter j and filter k after the

transmitted signal i and noise has been processed by these filters.

Note that the noise/signal variance depends on the filters, which are matched to the possible

transmitted signals.  In discrete form, the integral can be approximated as

( ) ( ) ( ) ( ) ( ) ( ){ } 2

0 0

M M

j k j k
l m

s m t s m t s l t s l t E n m t n l t t
= =

   = ∆ − ∆ ∆ − ∆ ∆ ∆ ∆   ∑∑        (4.9)

Since a 30 kHz NEBW is used, the correlation function, ( ) ( ){ }E n m t n l t∆ ∆ , is a sinc

function (the Fourier transform of an ideal bandpass filter).  If we assumed uncorrelated

white noise at the input, the result would be

( ) ( ) ( ) ( )2 2

02 2

M
o o

j k j k
m

N N
s t s t dt s m t s m t t

=

   − ≅ ∆ − ∆ ∆   ∑∫                    (4.10)

since, for white noise,

( ) ( ){ } ( )
2

oN
E n t n d tτ τ δ τ= −∫                                         (4.11)

and

( ) ( ){ } ( )
2

oN
E n m t n l t t l mδ∆ ∆ ∆ = −∑                             (4.12)
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The noise variances and covariances can be used to determine a bound on the probability of

error.  From the results above, we develop a bound on the probability of error.

Given the following definitions and assumptions,

P(yi > yk | k) = probability that the maximum output from matched filter i is greater

than that from matched filter j given that signal k was sent,

Fnorm = cummulative density function for the standard normal variable,

yij = maximum signal from matched filter j given signal I,

σij = standard deviation of the output from matched filter j subtracted from matched

filter I,

assume three different signals i, j, k.
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where ( ) ( )1 20, ; 0,ji kiz N z Nσ σ∼ ∼

or, in general, for M different signals ( 1, 2, .., M)
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Thus, for a given signal to noise ratio, an upper bound on the probability that a sent symbol

is not correctly received by the receiver can be determined.  The bound is the sum of the

probability of the receiver selecting each incorrect symbol.
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4.2.2.1  ERROR PROBABILITIES IN THE PRESENCE OF NOISE

Figure 4.10 shows the bound for a three level PPM versus SNR along with simulation

results.  The difference between the analytic and simulation results is mostly due to the use

of an ideal bandpass filter (30 kHz bandwidth) for the analytic model and a second order

butterworth filter (32 kHz bandwidth between the -3 dB points) for the simulation.  The

same analysis is conducted for 5 level PPM with time shifts of 0.5 and 1 microsecond.

Results are shown in Figure 4.11.

Figure 4.10 PPM Probability of Error vs. SNR (3 Level)

Figure 4.11 Five Level PPM (0.5 and 1.0 Microsecond Spacing)
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Figure 4.12 IFM Probability of Error vs. SNR (4 Level)

Figure 4.13 IFM Probability of Error vs. SNR (3 Level)

Figures 4.12 and 4.13 show the results of the analysis for the proposed four and three level

IFM methods, respectively.  The results confirm that IFM can be accomplished with error
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rates comparable to or better than PPM for a given SNR and data rate.  The three level

IFM scheme performs slightly better due to the increased phase separation but is not

preferred due to the lower data rate.  Using the four level instead of the three level

technique results in a 26% increase in data rate (12 vs 9.5 bits per GRI).  In addition, the

four level technique results in an integral number of bits per pulse, which is easier to

process.  Again, simulation and analytic results are shown and the difference between the

results is probably due to the difference in filters used.

4.2.2.2  ERROR PROBABILITIES IN THE PRESENCE OF LORAN

INTERFERENCE & NOISE

The previous section analyzes the performance of the modulation methods in the presence

of noise but we also need to understand the performance of the modulation in the presence

of interference from other Loran signals.  This section analyzes the error rates due to the

addition of interference from another Loran station.

The interference due to another Loran pulse can be examined by using the matched filter

model again.  The interfering pulse modifies the shape of the desired pulse.  However, the

modified pulse is still affected by noise.  So the modified pulse along with noise passes

through the matched filters and is compared with the unadulterated data pulses.  Figure

4.14 illustrates this process.  If the only source of interference is the undesired Loran pulse,

then knowledge of the relative arrival time of the pulse and the relative signal strength of

the pulse would make the matched filter output deterministic.  However the relative arrival

time varies due to changes in the propagation path characteristics and so a range of arrival

times is analyzed with a given probability for each value in the range.  Probability of error

is derived with noise and arrival time being the underlying random variables.  The arrival

time is modeled as a uniform random distribution.  The interference power is deterministic

for a given location.  The code phase of the desired Loran signal relative to the interfering

cross rate is modeled as a random variable with equal probability of being the same or out

of phase.
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Figure 4.14 General Match Filter for Interference and Noise on Loran

Figure 4.15 Average Error Rate for Interference from Another Loran Signal

Interference from another Loran pulse can affect the primary signal in different ways.  For

a primary signal with SNR around 10 dB, ambient atmospheric noise has little effect on the

data modulation and the major determinant of error will be the relative strength of the

interfering pulse.  Figure 4.15 shows a plot of data error versus relative SNR difference for

interference from another Loran pulse.  The difference in SNR is termed the signal to

interference ratio (SIR).  No noise is added since noise is assumed to have a negligible

effect.  This curve is different from the previous SNR versus error plots because it averages
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over all possible pulse interference times.  The plot assumes that all interference times are

equally likely.  Figure 4.15 is only useful for illustration purposes since, for a given SIR,

the probability of error can vary greatly depending on the time offset between the desired

and interfering pulse.  Given the location of the user, the offset is calculated.  Since the

actual delay can vary by many microseconds, it is assumed that this deviation from the

calculated delay is uniformly distributed between –2 to 2 microseconds.  For single hop sky

wave, the deviation is expected to be greater than the ground wave variation.  Figure 4.16

shows a curve for a specific noise level and specific interference level for a pulse that

interferes at 70 microseconds after the beginning of the primary pulse.

Figure 4.16 Error Rate vs. SIR for a 10 dB Loran Signal and an Interfering Signal
Delayed 70 Microseconds

4.2.3  RECEIVER CONSIDERATIONS

The signal design needs to enable high data rate transmission at reasonable SNRs but it

must also maintain the position fixing capabilities of Loran.  Such backward compatibility

is important since it retains the current Loran user base.  A new design may result in

increased interference, poorer phase tracking and lower received signal power for legacy

Loran users thus reducing the utility of Loran to these users.  The following section will
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discuss and analyze the potential impacts that various communication schemes may have

on navigation performance.  The changes may alter Loran receiver phase and such induced

phase errors would lead to greater errors in positioning.  Many of these factors are

discussed in [Enge86].  Analysis of sky wave rejection, phase offset and received power

quantify the effect of the modulation on the navigation capabilities of current receivers.

4.2.3.1  PHASE OFFSETS

Even without a sky wave, the coding design may induce phase offsets.  The transmission of

a sequence of time shifted Loran signals whose total time advances are not equal to its total

time delays during a period equal to or greater than the receiver’s time constant could

induce phase errors [Enge86].  This type of transmission is known as an unbalanced

transmission.  For example, Eurofix employs a code where three symbols, denoted by +1,

0, -1, are represented by a microsecond advance, no time shift, and a microsecond delay,

respectively.  If such a sequence should have more +1s than –1s over a specified period,

then the transmission is unbalanced.  The solution is to use balanced coding.

Balanced coding is a scheme where every time/phase shift is coordinated so that the sum of

the time/phase shifts is zero over a specified period.  In the case of Eurofix, this period is

one GRI.  Suppose only six of the eight pulses per GRI are used.  If six pulses (one GRI)

constitutes a basic set, a three level (three symbols per pulse) modulated code has 141 (7.1

bits, i.e. 27.1 = 141) balanced sequences while a five level modulated code has 1751 (10.8

bits, i.e. 210.8 = 1751) balanced sequences.  The calculation can be done for twelve pulses

per set as well.  Twelve pulses would constitute two GRIs for Loran-C or one GRI for

Loran-D.  Loran receivers typically have integration times that equal or exceed two GRIs

so being balanced over one or two GRIs is adequate to eliminate the phase offset.  The

balanced sequence can be translated to bit sequences through the use of a look-up table.

Table 4.1 shows the number of balanced sequences for different combinations of levels per

pulse and pulses per set.
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Pulses per set Levels Balanced Sequences Bits GRI/set Bits/GRI
6 3 141 7.1396 1 7.1396
6 5 1751 10.7740 1 10.7740
7 3 393 8.6184 1 8.6184
7 5 8135 12.9899 1 12.9899
12 (6/GRI) 3 73789 16.1711 2 8.0855
12 (6/GRI) 5 19611175 24.2252 2 12.1126

Table 4.1 Balanced Sequences

Using increasingly complex balanced coding schemes necessitates larger look-up tables for

balanced sequences.  The additional information requires the receiver to have more storage

and processing power.  So while using a balanced code over two GRIs yields better data

performance than using two sets of codes balanced over one GRI, it requires more powerful

receiver hardware.

Balanced coding is not necessary for IFM since the timing of the Loran pulse is not altered.

The phase of the pulse at the 25 microsecond point is unchanged for all IFM schemes.  The

average three or four level IFM Loran pulse does not greatly differ from a normal Loran

pulse until well past the 70 microsecond point.  This can be seen in Figure 4.18.  In fact, the

sky wave rejection analysis shows that a balanced code may lead to a higher chance of a

bad sky wave offset.  This is because a balanced code will use half “positive” and half

“negative” coding.

Changes in the Loran pulse can have other deleterious effects.  The combined effects of sky

wave and modulation can induce random position fluctuation known as sky wave

fluctuation [Enge86].  There can also be an increase in the standard deviation of the

received phase known as phase fluctuation.  If balanced modulation is guaranteed for a

time period less than the phase lock loop time constant then phase fluctuation is eliminated

[Enge86].

4.2.3.2  ANALYSIS OF SKY WAVE REJECTION

The Loran pulse structure is designed to minimize the effects of sky wave interference.

Such interference could lead to a bias error in the receiver.
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Analysis of sky wave offsets begins by examining how Loran typically rejects sky wave

interference.  From [Enge86], the received ground wave or sky wave during two GRIs is

( )
8 16

1 9

( ) ( )i i
i i

s t x p t iT x p t iT
= =

= − + −∑ ∑                                         (4.17)

where xi is the i-th phase code, p(t) is the Loran pulse (given by Equation (3.1) or  (4.18))
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and T is the Loran pulse separation period (1 millisecond).  Sky wave interference occurs

when a delayed Loran pulse (the sky wave) arrives coincident with a ground wave.  The

delay is some integer number of pulse separations, known as the “coarse delay, ” d, plus a

remainder term denoted as the “fine delay.”  The coarse delay time should not exceed one

GRI.  The fine delay of the sky wave, represented by τ, is the relative phase between the

sky wave and ground wave.  Hence, after going through the receiver’s correlator, the

interference due to the sky wave is, as mentioned in [Enge86],
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since the phase code is designed such that

8 16

1 9

0 for 0
j d j d

j d j j d j
j j

x x x x d
= − = −

+ +
= =

+ = >∑ ∑                                            (4.21)

Is denotes the interference due to sky wave and c(τ) is the auto correlation of the Loran

pulse, p(t).  Figure 4.17 shows the shape of the auto correlation function, c(τ).  Loran

complementary phase coding drives the summation to zero for a “coarse” delay of one of

more pulse separations.  Complementary coding is quite useful since long delays (one
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millisecond or more, which corresponds to a coarse delay greater than or equal to one) are

often a source of signal contamination.  Note that the assumption in the analysis is that the

sky wave has the same power as the desired ground wave.  A multiplier can be used to

account for any power difference.  However, the conclusion remains the same – long delay

sky waves should not affect the navigation receiver.  Since the modulation designs

discussed will alter the pulse structure or timing and thus change the correlation function,

their effect will be analyzed.

4.2.3.2.1  PPM SKY WAVE PERFORMANCE

For PPM, sky wave induced offsets are dependent on the size of the time shifts.  Using the

equations developed in the previous section, sky wave interference on PPM is
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8 16

1 9

i d d i d d

s i i d i d i i d i d
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where nj is the coding on the j-th signal and ∆t is the size of the time shift.

The Loran auto correlation function, c(τ), is a periodic function with a period of 10

microseconds as seen in Figure 4.17.  Since we are analyzing the effect of modulation on

the complementary phase code, only sky waves with coarse delays of at least one pulse

length are examined since these are the sky waves that the phase coding is designed to

eliminate.  As such, for each GRI, we assume that there are at most seven pulses having

sky wave interference, i.e., d = 1.
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Figure 4.17 Auto Correlation Function of a Loran Pulse, c(τ)

Now we can calculate the worst case value of Is.  The worst case occurs when the positive

phase code products (xj+d xj) pulses are all associated with one modulation and the negative

phase code products are associated with a different modulation.  Table 4.2 shows Isn which

is Is as a fraction of the un-interfered output. Isn is equal to Is divided by 16 (two GRIs with

eight pulses per GRI,) times the maximum auto correlation value.  Isn represents a ratio of

sky wave interference to signal power normalized so that the sky wave is at the same power

as the signal.

Max nj ∆t (µsec) Isn

0.5 0.0150
1.0 0.0551
2.0 0.1561

Table 4.2 Sky Wave Interference due to PPM

The results overestimate the error since only the last six pulses are modulated.  The

interference is significantly worse as we increase either spacing (∆t) or code levels (nj).

Modulation spacing governs how easily the receiver can identify the different symbols

(hence, probability of error) and code level governs how much data can be included in one
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pulse.  Since we have already seen that the probability of symbol error is directly related to

required SNR, one trade off made in PPM design is between sky wave rejection and error

rate.

4.2.3.2.2  IFM SKY WAVE PERFORMANCE

The IFM modulation techniques will also result in sky wave offset.  Using the previous

analysis and going through the same matched filter process, we can determine the

component of the matched filter output that is due to sky wave.  Now the received sky

wave is

( ) ( ) ( )
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i i i i
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= − = −∑ ∑                                    (4.24)

where pi(t-iT) is the i-th IFM Loran pulse.  Since IFM alters the pulse, a subscript is used to

indicate that the pulses are different.  The sky wave offset can now be shown.
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where ( )jc τ  is the auto correlation function of the j-th IFM Loran pulse.  The analysis

demonstrates that if all the IFM signals were coded the same way, the result of the sky

wave interference would be zero since Loran phase code is complementary and

( ) ( )  for  ,  j ic c i jτ τ= ∀ .  The worst case occurs when half of the signals have one form of

frequency shifting and half have another.  Denote an increase in frequency as “positive”

and a decrease in frequency as “negative.”  We can then write the cross correlation function

of a normal Loran pulse with each of these signals as cp and cn, respectively.  Assume that

the positive products (xjxj-d) are associated with positive phase and the negative products

are associated with negative phase.  Let the sky wave be delayed at least one pulse.  The

worst case has seven positive and seven negative products over two GRIs.  The summation

becomes
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The results for these schemes are shown in Table 4.3.  Again, note this is an over estimate

of the error since only the last six pulses are modulated.  A more realistic but less tractable

model is:
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In Table 4.3, a three level format (-120, 0, 120 degrees) and a four level format (-135, -45,

45,135 degrees) are compared.  The Isn corresponding to a degree entry in Column One

represents the worst case if only the Column One specified amount of phase shift is used.

The “average” value is a weighted combination of this Isn for each possible phase shift.

Hence, the “average” is the mean of all possible worst case conditions.  The worst case

long delay sky wave rejection for the four level scheme is worse than that of the three level.

Again the higher data rate of the four level makes it preferable.

IFM Phase shift
in 120 µsec

IFM start time µsec
after pulse start

Isn

45 degrees 45 0.1788
120 degrees 45 0.3779
135 degrees 45 0.3958
“average” 3 level 0.2519
“average” 4 level 0.2873

Table 4.3 IFM (New Schemes) Sky wave Rejection

4.2.3.3  RECEIVED POWER

Another outcome in altering Loran pulses is a potential reduction in received power for

legacy receivers.  This issue concerns signal acquisition rather than signal tracking.  This is

because the modulation does not reduce transmitted power nor does it change the pulse

shape before the 60-70 microseconds – traditional tracking locations.  A reduction in

received power can result in either reduced Loran coverage or reduced Loran availability or
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accuracy.  Experiments and analyses can be conducted to determine the expected loss to

receivers that are unaware of the modulation.  Since different receivers use different

methods for acquiring and tracking the signals, they will respond to the modulation

techniques differently.  However, the analysis of average signal power will determine a

baseline for the loss a legacy user can expect.

Field tests of Eurofix have shown that there is some degradation on normal Loran-C

receiver signal power due to PPM time shifts but these changes are small (0.79 dB)

[vanWilligen98].  Future systems with knowledge of the pulse position modulation can

eliminate this loss.  Small PPM time shifts also reduce undesirable loss in tracking signal

power [vanWilligen98].  For example, large time shifts will result in large variations of the

sixth zero crossing from its expected location which can result in a loss of tracking.

The degradation due to IFM can be examined by looking at the average pulse.  Generally

Loran navigation receivers average the pulses over at least one GRI.  Assuming that the

data bits are randomly distributed, the average signal seen by the Loran navigation receiver

should resemble the average of all possible pulse waveforms.  Figure 4.18 shows the

average pulse for three and four level IFM, respectively.  The amplitude is normalized to

the maximum amplitude.  A receiver utilizing the 6th zero crossing should not be adversely

affected.  Nor should a receiver using envelope detection be adversely affected since

usually only the rising envelope is used.  However, matched filters will experience an

average power degradation of 1.33 dB and 1.36 dB for the two modulation techniques.

This power degradation affects signal acquisition in a legacy receiver.  Figure 4.19 shows

the average pulse for the 16 level modulation technique.  The loss is more severe and is one

reason why the 16 level modulation may be difficult for legacy receivers to use.  Increasing

the envelope of the 16 level pulse does help mitigate the loss.
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Figure 4.18 Four and Three Level IFM Average Pulse

0 50 100 150 200 250
-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

Microsec

Averaged Pulse
Ideal Pulse

Figure 4.19 16 Level IFM Average Pulse [Courtesy Dr. B. Peterson]

4.2.4  DATA RATE

The data rate achievable using PPM depends on several factors.  The most obvious is the

number of levels of modulation.  However, since PPM needs to employ balanced coding,

the number of pulses over which the balancing occurs also has an impact.  Table 4.1 can be

used to determine PPM data rate.

Since IFM code does not need to be balanced, the amount of data carried per GRI is n6

where n represents the number of levels in the modulation.  IFM and PPM can be

combined on the same pulse resulting in an increased data rate.  The performance when

combined will suffer when compared to each modulation used individually and the

degradation depends on the type of IFM and PPM used.  The effect can be mitigated if the
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receiver estimates one form of modulation, removes the effect of that modulation and then

estimates the other modulation.

Supernumerary Interpulse Modulation (SIM) data rate also depends on several factors.

There are several ways of encoding data on the additional pulses.  One method would be to

include PPM and/or IFM on the additional pulses.  Both PPM and IFM can be encoded

together since the schemes should not interfere with one another.  Hence one can create a

hybrid data scheme with a raw data rate of over 330 to 380 bps if IFM (three or four level)

and PPM (three level) are used on a pulse train of 16 pulses.  The SIM techniques in Table

4.4 assume only the last six supernumerary pulses are modulated for each GRI.  A higher

data rate can be achieved if all eight supernumerary pulses are used.

Modulation Method Data/GRI Data Rate
(10 GRI/sec)

 Data Rate w FEC
(half of data rate)

PPM 3 level 7.1396 71.396 35.698
PPM 5 level 10.7740 107.740 53.870
IFM 3 level 9.5098 95.098 47.549
IFM 4 level 12.0000 120.000 60.000
SIM PPM 3 level 16.1710 161.710 80.855
SIM PPM 5 level 24.2520 242.252 121.126
SIM IFM 3 level 19.1390 191.390 95.695
SIM IFM 4 level 24.0000 240.000 120.000
IFM 3 level & PPM 3 level 16.6488 166.488 83.244
IFM 4 level & PPM 3 level 19.0196 190.196 95.098
SIM IFM 3 level & PPM 3 level 35.1906 351.906 175.953
SIM IFM 4 level & PPM 3 level 40.1710 401.710 200.855
SIM IFM 4 level & PPM 5 level 48.2252 482.252 241.126

Table 4.4 Summary of Modulation Data Rate

4.2.5  TRANSMITTER CONSIDERATIONS

The feasibility of the modulation techniques and the costs of making the needed changes to

the transmitter are of great importance to the design.  PPM has been demonstrated at many

Loran stations.  The U.S. Coast Guard deployed one form of PPM, TPC, in the late 1970s.

Eurofix PPM is currently operating in the Northern Europe Loran System (NELS).

Peterson and the US Coast Guard (USCG) Loran Support Unit have implemented some of

the proposed IFM modulation (4 level, 16 level) using the older vacuum tube type

transmitters at the Wildwood, NJ and Tok, AK Loran stations with few modifications to the
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physical equipment.  It is theoretically possible to transmit the IFM waveforms using the

solid state transmitters.  Discussions and analysis generated after the introduction of IFM

suggest that it is possible to modify transmitters such as the AN-FPN/64 to successfully

transmit IFM.  No study has been done on the cost of modifying current state of the art

Loran-C transmitters/high power sections to produce a gradual frequency change.  SIM

should be feasible using current Loran transmitters.  While some Loran stations are limited

in the number of pulses transmitted for a given period, any single rated station should not

exceed this limit even when transmitting supernumerary pulses.

4.3  SUMMARY OF LORAN MODULATION TECHNIQUES

Figure 4.20 Scatter Plot of SNR for Discussed Modulation Methods vs. Bit Rate

Figure 4.20 shows the performance of the modulation methods discussed.  The diagram is

broken up into three sections.  The first section includes the basic IFM or PPM only
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methods.  The two five level PPM methods (0.5 and 1 microsecond time shifts) achieve the

same data rate with different SNRs to meet the 0.1% error rate requirement.  Larger time

shifts create more separation between the levels and hence lead to a lower required SNR for

a given error rate.  The penalty is lower compatibility with legacy users.  The second

section includes combination of two of the three modulation techniques discussed.  It

contains the combined IFM-PPM methods and SIM with IFM or PPM.  These methods are

better in terms of data rate.  However, there are drawbacks.  SIM with eight new pulses,

results in a doubling of cross rate interference.  The effect is quantified in the data channel

analysis results shown in Section 4.10.  The use of combined IFM-PPM techniques is more

difficult to implement and reduces performance since PPM will degrade the capability of

receivers to demodulate IFM and vice versa.  Also the combination is worse for legacy

users.  The last technique uses all three modulation methods and as a result has even higher

data rates with all the shortcomings mentioned above.

The selected or preferred methods – four level IFM and SIM with four level IFM & three

level PPM - represent two ends of the spectrum.  Four level IFM represents one of the best

trade-offs between SNR and symbol/GRI error rate for the basic modulation.  If SIM is to

be used and the cost of higher cross rate interference incurred, then both IFM and PPM are

selected.  Specifically, four level IFM and three level PPM are selected because they are

relatively easy to implement, reasonably compatible with legacy receivers and have similar

SNR versus error performance.  Since the failure of one modulation technique results in a

message loss, it does not behoove us to have one method perform significantly better than

the other.  In fact, it is preferable that they have unacceptable data losses at similar noise

levels.  So, we want IFM and PPM to fail nearly simultaneously for best performance.

Hence, SIM with four level IFM and three level PPM represents a good trade off for a high

data rate channel.

Table 4.5 summarizes the results for Eurofix PPM, the analyzed three level version of IFM,

Supernumerary modulation, and a hybrid scheme that combines the three above schemes.

These represent the preferred means of implementing each method.  In the table, the data

rate column assumes that half the symbols are used for FEC though no FEC is assumed in

the calculation of SNR required for 0.001 probability of error.
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Method Data Rate
(bps)

Transmitter
Costs

Receiver Costs SNR (for
P(error) < 1e-3)
No FEC

Pulse Position
Modulation
(Eurofix)

35.7 Additional logic Add’l processing
for PPM

7.45 dB

Intrapulse
Frequency
Modulation

47.5
60

Additional logic
for half cycle
generators

3 matched filters
and processing

5.54 dB
7.67 dB

Supernumerary
(Loran-D)

N/A 2x Transmission
power

Ability to receive
Add’l signals

N/A

Preferred Hybrid >166
>190

All of the above All of the above 7.45 dB
7.67 dB

Table 4.5 Modulation Summary

While none of the three schemes alone can provide the required data rate, a hybrid scheme

employing all three basic schemes can provide the necessary data rate.  The preferred

hybrid uses the following schemes:

• Three level PPM 1 µsec spacing (Eurofix)

• Three and four level IFM as analyzed in Section 4.2.2.1 with frequency/phase shifts
from 45 µsec to 165 µsec

• A combination of first two bullets with three level PPM and three and four level IFM
also used on the last six original pulses and six additional pulses. (top and bottom
numbers, respectively)

The data rate column in Table 4.5 shows the data rate after half of the transmitted data has

been used for error correction.  It also assumes that only 10 GRI (pulse groups) per second

are transmitted.  This is a worst case condition and most stations can expect higher data

rates.  In fact, a station transmitting with a GRI of 5555 or lower will have 18 or more GRIs

per second increasing the data rate by a factor of 1.8.  The result of the preferred hybrid

system is a symbol rate of 412 bit symbols per second and a data rate of 206 bps.  If a dual

rated or a lower GRI station is employed, the symbol rate transmitted by the station could

easily be 800 or more bit symbols per second.  With half the bit symbols used for error

correction, the data rate is well over the 250 bps necessary for WAAS.
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The ability to provide communication on Loran at or near the WAAS data rate makes the

using Loran as an alternate data link for WAAS feasible.  Carrying the WAAS message

requires a data rate (250 bps) that is significantly higher than the data rate available on

current LoranCOMM.  The analysis shows that, without FEC, a one tenth percent

probability of symbol error can be achieve using four level IFM or three level balanced

PPM provided that the Loran SNR is 7.5 dB.  This results in data rates exceeding 100 bps.

This is much higher than previously achieved on Loran.  Since most of the Continental US

can receive Loran signals with SNR 10 dB or higher, these techniques are promising.

4.4  OVERVIEW OF THE DATA CHANNEL MODEL

The differences between Loran communications and Loran navigation lead us to

investigate the data channel and develop a model for the channel.  Data communications

with Loran require higher signal to noise ratios (SNRs) than navigation.  Unlike Loran

navigation, Loran communications cannot average signals over several pulses.  Since each

individual pulse contains unique data, averaging results in lost information.  In addition,

cross rate canceling techniques employed in Loran navigation are not useable by Loran

communications since the data transmitted is not known a priori and so the pulse

waveforms are not known in advance.  The pulse waveform and spacing needs to be known

in advance to employ cross rate cancellation to mitigate cross rate interference.  However,

if all Loran stations are transmitting modulated data, Loran communications cannot use the

cross rate blanking or canceling techniques employed in Loran navigation.  On the positive

side, Loran data communication is not dependent on precise time differences between

stations and only one strong signal is necessary.  Also this means the receiver can use the

strongest signal received, even if the signal is from sky wave propagation or if the signal is

a combination of the ground wave and sky wave signal from the same station.  Finally, data

communications can use FEC, which is functionally similar to signal averaging.

The data channel model must include the major characteristics of Loran.  It is important to

capture the characteristics of Loran and the interference sources previously discussed in
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Chapter 3.  We proceed by examining the likely environment of a Loran data receiver.  Of

concern are received Loran signal strength, interference and noise.  The next section

presents the complete data channel model.  The final section determines the regions of

interest with attention paid to areas of high interference and examines the results of the data

channel analysis in these areas.

4.5  OPERATING ENVIRONMENT FOR LORAN DATA USER

Figure 4.21 Strongest Loran Signal

The received SNR of the Loran data signal determines the data error rate.  Loran SNR

maps can be determined from the propagation and noise models presented in the last

chapter.  For data broadcasts, we are only concerned with the strongest signal.  Figure 4.21

presents a map of the strongest ground wave SNR.  This represents the desired station, i.e.,

the station from which we are receiving data.  Although the SNR often exceeds 20 dB, the

plot limits the maximum shown to this value.
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Another important determinant of data reception is the received cross rate interference.

The signal power and number of cross rate signals affect the error rate.  The models can

also help determine areas of high cross rate interference.  An examination of the difference

in SNR between the strongest and second and third strongest stations gives a reasonable

estimate of the interference signal strengths.  The strongest signal will be used for data and

hence is the desired signal.  Since the second and third strongest signals will not necessarily

cause cross rate interference unless they are from a different chain or from a dual rated

station, the analysis is refined to exclude signals from stations that transmit only on the

same GRI as the desired station.  Hence the second and third strongest signals on GRIs that

differ from the desired station are the strongest and second strongest cross rate signals.  In

general, the primary signal is far stronger than any other Loran signal.  However, there are

some places where the SNR of the strongest and second strongest cross rate signals are

within 2 dB of the primary signal.  Figures 4.22 and 4.23 show the difference in SNR

between the strongest/desired signal and the strongest and second strongest cross rate

signals, respectively.  The plots limit the maximum difference to 10 dB.

Figure 4.22 Difference Between Strongest (Desired) and Strongest Cross Rate Loran
Signal
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Figure 4.23 Difference Between Strongest (Desired) and Second Strongest Cross
Rate Loran Signal

Sky wave interference can also be added with the inclusion of the single hop sky wave

model.  While multiple hop sky wave may be added, its effects are generally less

pronounced than the single hop sky wave.  This is because multiple hop signals have longer

delays and as a result, the interference generally affects the tail of the signals, which

contains a low percentage of the modulation energy.  Hence the effect is much smaller than

for short delay sky wave.  It is possible for the long delay sky wave to interfere with the

following data pulse though phase coding mitigates or eliminates this effect for navigation.

Furthermore, these long delay multiple hop sky waves are generally weaker than the single

hop sky waves.  Again, multiple hop sky wave can be incorporated into the model if

observations show it to be of significance for Loran communications.  Figures 4.24 and

4.25 present worst case single hop sky wave scenarios where every station generates sky

wave interference.  The sky wave strength used is the strong nighttime strength.  The sky

wave signals from the same GRI as the desired station are eliminated.  So we can divide the

Loran data receiver operating environment into two basic scenarios.  The first has no sky

wave signals and the second includes the presence of sky waves.
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Figure 4.24 Difference Between
Strongest (Desired) and Strongest
Cross Rate/Sky Wave Loran Signal.

Figure 4.25 Difference Between
Strongest (Desired) and Second
Strongest Cross Rate/Sky Wave Loran
Signal.

4.5.1 CROSS RATE ONLY SCENARIO

The first scenario is typical of daytime operations where the Loran signal reflections from

the ionosphere are usually significantly weaker than any ground wave signal.  As a result,

the only source of interference from other Loran stations are cross rate signals.  Depending

on the location, there are two possibilities:

• The desired signal is received via ground wave with interference from strong cross rate
(ground wave) signals

• The desired signal is received via ground wave without interference by strong cross rate
(ground wave) signals

The first possibility occurs when cross rate interference has significantly less power than

the desired signal.  This can be treated as a case of ambient noise only.  As seen from

Figure 4.23, the case is reasonably common.  The model from Section 4.3.2.1 is used to

determine the effect of noise on the modulation.  Since there is no cross rate or sky wave

interference, the error probability is determined from the SNR vs. error curve and can be

calculated a priori.  The second possibility occurs when there is strong cross rate signal.
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As seen in the figures, there are many areas with one strong cross rate interference source

and some areas with two such sources.

The model for calculating the error rate due to cross rate interference is to first calculate the

difference in times of arrival of the interfering signals.  Next, form an average modified

pulse from the combination of the desired and interfering pulses, add noise and process

through the match filter.  This involves knowing the relative code phase of the Loran

signals.  The relative code phase can be either in or out of phase and it is assumed that they

are equally probable.  It is assumed that the actual difference in time of arrival (TOA) may

differ from the calculated number.  Hence, the TOA difference is modeled as a random

variable that is uniformly distributed about the calculated TOA.  The random elements of

TOA and noise result in a probabilistic solution.  The basic model is seen in Figure 4.14.

A situation that may occur is one where multiple strong cross rate signals (SIR < 3 dB)

interfere with the desired signal.  As seen in Figure 4.23, this situation is rare since most

locations do not have more than one or two strong interfering signals.  Even if there are two

strong interfering signals, these interfering signals are from the same chain and thus they

cannot arrive simultaneously and interfere with each other.  The model calculates the effect

of each interference signal separately and combines the total probability.  So for each GRI,

the interference on each pulse is calculated for each interfering signal rather than for the

aggregate of all interfering signals.  Another method is to use an aggregate signal formed

using the interference signals to perform the calculation.  The second method has increased

complexity and greater sensitivity to precise arrival times so we choose the first method.

4.5.2  SKY WAVE INTERFERENCE SCENARIO

The second scenario includes sky wave signals.  In the evening and night, changes in the

altitude of the ionosphere D and E layers, the layers responsible for low frequency sky

wave reflections, result in a stronger sky wave than is typical during the daytime.  As a

result, there is more sky wave contamination and interference at night.   The addition of sky

wave signals is different from cross rate signals since the sky wave may originate from the

desired station and thus be a source of data.  The sky wave signal may be stronger than the
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corresponding ground wave and the Loran communications receiver can use either signal.

Because single hop sky wave is short delay, the ground wave pulse and its corresponding

sky wave pulse will “contaminate” each other.  Since they are both the result of the same

transmitted pulse, they contain the same piece of data.  The receiver obtains a modified

signal that contains both pulses.  The signals may combine constructively or destructively.

The combined signal can supply data provided the user has knowledge of the modified

signal.  Transmitted templates can provide knowledge of the modified waveforms for each

modulation.  If the modulation transmits the first two pulses in a known pattern, the

receiver can use these pulses as the templates for the modified data signals.  The modified

signal will have a different envelope and signal strength from either the ground wave or sky

wave.  The modification is addressed in the data channel model and the modeling of the

modified signal, shown in Figure 4.26, is described next.

Figure 4.26 Modifying the Received Signal.  Clockwise from top left - 1) Strongest
Combined Signal 2) Weakest Combined Signal 3) Modified Signal based on
Weakest Combined Signal.  Lines Represent Nominal Value of Sky Wave. (time
shown in microseconds, quantity is normalized and unitless)
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The model incorporates some features of the sky wave pulse modification while making

some simplifications.  It is assumed that the Loran signal retains its original shape for error

rate calculations.  However, the signal strength of the combined pulse is modified to the

lowest value generated by varying the sky wave delay up to 5 microseconds forwards or

backwards in time.  Hence, the worst case destructive interference is approximated and

shown in Figure 4.26-2.  The end result assumption is given in Figure 4.26-3.

With the use of the sky wave modified signal, the sky wave scenario can be further broken

down into many situations:

• No interference.

• Cross rate interference but no sky wave interference.

• Sky wave interference but no cross rate interference.

• Interference from both sky wave and cross rate.

The no interference case is one where there are no strong sky wave and cross rate

interference signals.  Again this is treated as ambient noise only and modeled by Section

4.3.2.1.  The cross rate interference case is treated the same way as discussed in the

previous section.  The sky wave interference only case can be treated in the same fashion.

This is because the effect of sky wave signals, when not coming from the desired station, is

similar to that of cross rate signals.  Interfering sky wave signals can be modeled as another

set of signals coming from the same station that transmitted the corresponding ground

wave.  The only difference is the emission delay of the signal from the master station.  For

the sky wave, the delay is just the NED of the station plus the sky wave delay.  As a result,

the case of having both cross rate and sky wave interference is just a combination of cases

two and three.  Again the situation where multiple strong cross rate and/or sky wave signals

interfere with the desired signal may occur.  Since each sky wave interference signal is

treated like another set of signals, the treatment of this situation is handled in the same

manner as described for the multiple strong cross rate interference situation.
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The likelihood of these scenarios depends on user location.  Knowledge of the user’s

location allows us to determine the strongest or desired signal along with the strength of the

potential cross rate and sky wave interference.  The determination method, shown in Figure

4.27, is the preliminary step in creating a channel model and analyzing the data channel.

Figure 4.27 Analysis of Received Loran Signal & Interference at User Receiver

The station with the highest signal power, whether from sky wave or ground wave, is

selected as the desired station.  If there is a sky wave, then the SNR of the desired signal is

modified (see Section 4.9.2) to reflect the condition.  To avoid superfluous calculations,

only Loran interference sources within a 10 dB threshold of the desired signal are retained

for interference calculations.

4.6  DATA CHANNEL MODEL

Figure 4.28 shows the basic structure of the data channel model.  The first analysis in the

model is detailed in the previous section and summarized by Figure 4.27.
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Figure 4.28 Data Channel Model Flowchart

The last two parts of the model calculate the amount of data error and determine the overall

message error rate.  Figure 4.29 summarizes these calculations.  The probability of error

when there is no significant interference from other Loran sources can be immediately

calculated from the SNR.  The probability of error when there is cross rate or sky wave

interference from another Loran station is examined on a case by case basis because the

error rate depends greatly on the offset time between the desired and interfering pulse.  The

transmission and propagation times of the broadcasts from every U.S. Loran station is

calculated to determine the offset times.  The relative difference in the initial transmission

time between chains and the nominal emission delay (NED) of each station is used to

initialize the calculation.
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Figure 4.29 Analyzing Message Transmission & Error Correction

When there is interference from another Loran station, the error probability is calculated by

using the relative difference in arrival times of the desired and interfering pulse, sky wave

or ground wave.  The variation in the difference in arrival times is accounted for by

assuming that the difference in arrival time can vary by a given amount of microseconds,

usually two, either early or late.  The distribution of the variation is assumed to be uniform.

Furthermore, the interfering Loran pulse has one of two phase codes.  The phase code of

the interfering signal can be in phase or completely out of phase relative to the desired

signal.  It is assumed that each relative phase code has equal likelihood.  There is no a

priori knowledge of the data on the desired pulse so each modulation is assumed to be

equally likely.  The desired and interfering Loran pulses form a modified pulse.  Each set of

different time offsets, relative phase codes and modulations creates a modified pulse.  A

probability of symbol error for each modified Loran pulse is calculated using the analysis

for each modulation scheme discussed in Section 4.2 and knowledge of the noise level.
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Weighted by the overall probability of each modified Loran pulse, the overall probability of

symbol error is calculated.

While we calculate the probability of error for each symbol at each GRI, it is easier to

understand the message error and error rates.  To determine these values, we collapse the

symbol error probability and distribution to actual symbol errors by taking a random draw.

This is done at every GRI.

4.7  FORWARD ERROR CORRECTION

Symbol errors need to be translated into message errors since that is our primary concern.

In order to do that, the effect of the FEC needs to be modeled.  The effects of various FEC

models can be tested once the symbol and GRI error rates and distributions are known.

The performance of a Reed-Solomon (R-S) error correcting code (ECC) is modeled here.

The assumption is that every set of six pulses represents one R-S symbol.  For data without

supernumerary modulation, each GRI contains one R-S symbol.  For supernumerary

modulation, each GRI contains two R-S symbols.  A complete message contains an integer

number of R-S symbols.  More details about Reed Solomon Code are presented in

[Clark81] and other similar texts on error correcting codes.

While a number of Reed-Solomon error correcting codes can be tested, the model generally

assumed that each message is 30 R-S symbols in length.  The error correction coding is

capable of correcting for seven R-S symbol errors out of a set of 30 R-S symbols.  For

schemes using supernumerary modulation, the message requires 0.75 to 1.5 seconds while

schemes without supernumerary modulation require 1.5 to 3.0 seconds.  The transmission

time calculation assumes that only one of the two rates of a dual rated station is used for the

message.  Otherwise, a dual rated station may transmit the required symbols in even less

time.
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4.8  ANALYSIS OF THE LORAN DATA CHANNEL

Ideally, one would like to test every region in the coverage area.  However, that is both

time consuming and unnecessary.  In a safety of life application, the concern is often for the

worst case.  Using Figure 4.23 and prudent selection of test cases, one can gain a

reasonable understanding of the performance of the data channel.  Five locations, seen in

Figure 4.30, were selected for testing.  These locations are detailed in Table 4.6.  Locations

1 and 2 are in areas of strong cross rate interference.  Locations 3 and 4 are in areas of

medium cross rate interference.  The last one is located in an area of low cross rate

interference.  The last case is typical of most of the country.

Figure 4.30 Location of Five Selected Test Locations (shown on map from Figure
4.23 which shows areas with two strong cross rate interference signals)

Location 1 2 3 4 5
Latitude 40 N 35.9 N 35 N 35 N 40 N
Longitude 110 W 94.1 W 96 W 98 W 90 W

Table 4.6 Locations for Relative Signal Strength Plot
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Data runs lasting 5000 messages (150,000 GRIs) are conducted for the two scenarios

discussed in Section 4.9.  Six different modulation schemes are tested, three with

supernumerary pulses and three without.  The test modulation schemes (with and without

supernumerary pulses) are:

• Three level pulse position modulation with time shifts of  -1, 0, 1 µsec

• Three level IFM with  phase shift of –120, 0, +120 degrees

• Four level IFM with phase shift –135, -45, +45, +135 degrees

4.9  DISCUSSION OF RESULTS

The WAAS Minimum Operation Performance Specifications (MOPS) specify that the

integrity solution needs to have at least 99.9% availability for the desired operation even

with 0.1% message loss.  If the message loss is random, trials have shown that even a one

percent message loss is tolerable [Lo00a, Fuller00].  A one percent message loss is used as

a reference measure of performance.  Figure 4.31 shows the results when there is no sky

wave interference and Figure 4.32 shows the results when every transmitter has a sky wave

and ground wave signal.
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Figure 4.31 Message Loss Rates with Cross Rate Interference Only (No Sky Wave
Interference)
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Figure 4.32 Message Loss Rates with Sky Wave Interference
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4.9.1  CROSS RATE ONLY

Figure 4.31 presents a nominal case where sky wave signals are absent.  First, examine the

modulation techniques that do not employ supernumerary pulses.  Without sky wave

interference, these modulation schemes, with the exception of one PPM and one IFM case,

performed with less than one percent message loss in even the high cross rate interference

areas.  However, even in the instance where message errors exceeded one percent, the

message loss is still only 1.2% and 1.5% for four level IFM and PPM, respectively.  Since

supernumerary pulses increase the amount of pulses being transmitted, the expected result

is that there is a higher amount of interference and this is confirmed by the analysis.  The

effect of adding supernumerary pulses is very evident in areas of strong cross rate where

the message loss rate for almost every modulation technique with supernumerary pulses is

much greater than one percent.  PPM with supernumerary modulation performs the worst

with error rates between 10% and 12%.

4.9.2  SKY WAVE INTERFERENCE

A second set of test runs is conducted with the addition of sky wave.  Figure 4.32 may be

seen as a worst case situation since all stations emit a significant sky wave signal.  Sky

waves are stronger than the corresponding ground wave.  Sky wave interference increases

the probability of error since there are more signals that can interfere with the desired

signal.  Again we proceed by examining approaches that do not employ supernumerary

pulses.  For those approaches, three level IFM has the lowest error rates with error rates

roughly 1% or lower for all instances except one.  The one exception has error rate around

8%.  The other two methods exceed the one percent message loss rate in areas of strong

cross rate.  PPM even fails to meet this specification in an area of medium cross rate

interference.  The outlook for supernumerary pulses is less promising and supernumerary

pulses perform acceptably only in areas of low cross rate interference.
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4.9.3  SOLUTION SENSITIVITY

In the high cross rate locations, the performance of the modulation techniques without SIM

is acceptable only in the cases where sky wave interference is absent.  However, the

performance of the modulation in these locations, even three level IFM, requires

improvement when sky wave is added.  The situation is not bleak and is mitigated by a few

factors.  First, the sky wave scenario is a worst case scenario with every station generating

a strong sky wave.  Second, the analysis uses an overbound for the probability of symbol

error.  These factors cause the data channel model to yield a conservative value for packet

loss rate.

Next, examine the sensitivity of the system to changes in the packet loss rate.  We define a

to be the R-S symbols contained within one GRI.  The average and standard deviation of

the packet loss rate are positively correlated.  As the average increases, so does the standard

deviation.  The relationship is shown in Figure 4.33 using results from the LDC model.

Assuming that the packet loss distribution is approximately gaussian, the percentage of

message loss can be calculated using the assumed FEC.  The FEC can decode a message

with as many as 23.333% of the packets in error.  The assumption of gaussian statistics is

tested in Figure 4.34 where we compare actual message loss with the message loss

calculated using the packet loss statistics and assuming a gaussian distribution.  For the

most part the assumption is reasonable.  There are some outliers at low packet and message

loss rates.  These can be partially explained by the fact that since trials lasted 5000

messages, the results for low error rates (less than ~1%) may not be statistically significant.

In the analysis, we choose to look at changes in the average packet loss as the measure.
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Figure 4.33  Mean and Standard Deviation of Packet Loss (LDC Model Results)

Figure 4.34 Comparison of Actual Message Loss and Estimated Message Loss from
Actual Packet Loss Statistics Using Gaussian Distribution

The worst case three level IFM had a packet loss rate of 15.7% and a message loss rate of

8.26%.  Figure 4.35 shows plots for six different of µ−σ combinations of packet loss rate.

These values are taken from the results of the data channel.  Assuming gaussian

distribution, Figure 4.35 extrapolates the results the resulting message loss rate should the

mean increase while the standard deviation remains the same.  The figure indicates that if

the average packet loss rate decreases to approximately 10.5%, the message loss rate drops

to 1%.  A decrease to 6% would lead to a message loss rate of 0.1%.  These results are only

valid if the statistics of the loss are approximately gaussian.
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Figure 4.35 Message Loss versus Average Packet Loss – Log Scale (Left), Linear
(Right) (Packet Loss Mean & Standard Deviation from LDC Model)

Decreases in packet loss rate of the magnitude discussed (potentially from 10% to 0.1%)

may be possible because both extreme cases and overbounding models are used.  Also, the

FEC algorithm employed is a hard decision algorithm and soft decision algorithms may

yield better performance.  Finally, a longer message length also has a beneficial effect.

4.9.4  MESSAGE LENGTH

The analysis also yields some interesting conclusions concerning the desired message

length.  Figures 4.36 and 4.37 are histograms of the R-S symbol error rates for a 30 and 60

GRI/message, respectively, with one R-S symbol per GRI.  Both R-S symbol error rates are

calculated for the same location and modulation method.  FEC is assumed to correct for

errors in up to 23.3% of the R-S symbols.  While the data channel has memory in that there

are burst errors within a GRI, the error from one GRI to the next is far less dependent.  The

relative independence of these errors from GRI to GRI has an effect on the statistics of the

percentage of R-S symbol errors per message.  With a longer message, the variance of the

packet error percentage decreases.  Since only the portion of the distribution of the packet

error percentage exceeding the percentage correctable by the FEC contributes to message

error, even a small decrease in the variance can have a significant effect.  The 30 GRI

message has a message error rate of 5.0% while the 60 GRI message has a message error

rate of 1.6%.  The figures show that with only an increase in message length, the message
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error rate will decrease.  This result is one reason for using the longest message length

allowed by time to alarm.

Figure 4.36 R-S Symbol Error per
Message Histogram (PPM with 30
GRI/Message)

Figure 4.37 R-S Symbol Error per
Message Histogram (PPM with 60
GRI/Message

4.9.5  SUMMARY OF DATA CHANNEL RESULTS

The data channel analysis narrowed the candidate data transmission formats and gave an

indication of their coverage and performance.  It showed the only method that performs

adequately in all areas is three level IFM.  This does not mean that the other methods are

not useful.  The trade off for using higher data rate techniques is a reduced coverage area.

Much of the country has low cross rate interference and so any of the methods can be used

in this reduced coverage area.  However, four level IFM and perhaps PPM, both without

supernumerary pulses, demonstrates acceptable performance in all areas except for areas of

multiple strong cross rate interferer.  Even if one were unwilling to accept reduced

coverage area, there are still means of using these modulation schemes.

For example, methods such as antenna beam steering to reduce the gain on the interference

signal relative to the desired signal.  Though the technique is more complicated, it can

provide a significant gain in SIR and have been used in the LDC tests using the H-field

antenna.  Also stronger error correction coding may be used at the expense of data
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bandwidth.  Or, as proposed by Dr. Peterson, the pulse shape can be changed or even

lengthened to add more energy in the pulse.

4.10  CONCLUSIONS

In this chapter, we developed and analyzed data modulation techniques for Loran.  These

techniques are compatible with most legacy users and provides significantly greater data

capacity than previous Loran modulation designs.  In addition, we developed a data

channel model to test the performance of the modulation methods.  The data channel model

extended the modulation analysis to include the effect of FEC and interfering Loran signals

in a real world environment.  The model is important since simulation is the only means of

fully testing the system without affecting the current user base.  This is because any field

assessment of operational performance would require that all Loran stations transmit the

new signal.  In the next two chapters, the modulation methods developed in this chapter are

used as the basis for two means of broadcasting GPS integrity information on Loran.

In summary, different of realizations and combinations of pulse position modulation

(PPM), intrapulse frequency modulation (IFM) and supernumerary interpulse modulation

(SIM) were developed and examined.  Our matched filter and interference analyses showed

that the modulation had great potential for increasing data rate to over 100 bps.  The Loran

data channel analysis demonstrated significance of cross rate and sky wave interference.

The analysis showed that all modulation formats provide great utility however full

coverage of the US can only be provided using IFM or PPM without supernumerary pulses.

While the full WAAS data rate cannot be guaranteed, legacy compatible Loran data rates

capable of supporting a reduced bandwidth WAAS is definitely feasible.



CHAPTER 5   A 167 BPS WAAS
MESSAGE SYSTEM FOR LORAN:
DESIGN AND ASSESSMENT

EQUATION SECTION 5

In the WAAS message system, information generated by the WAAS Master Station

(WMS) is packaged into 250 bit messages transmitted at 1 Hz.  As shown in Chapter 4,

having Loran transmit at a data rate equal to the WAAS data rate requires significant

changes to the Loran signal structure.  Thus, a Loran modulation technique that is

completely compatible with legacy users will not achieve the WAAS data rate.  As a result,

a hierarchy of implementations for placing WAAS integrity information on Loran was

developed.  These implementations are generically called the Loran GPS Integrity Channel

or LOGIC.  Higher data rate LOGIC systems provide more accurate corrections and lower

error bounds than lower data rate systems as well as increased compatibility with WAAS.

This chapter details the design and implementation of the 167 bps LOGIC system as well

as introducing the modifications to the WAAS messaging strategy used to lower the

required data rate.  The 167 bps LOGIC system is designed to meet APV requirements.

Chapter 6 details a 108 bps LOGIC system designed to support LNAV/VNAV.

131
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5.1  LOGIC FOR APV (167 BPS) SYSTEM DESIGN

In Chapter 4, a 167 bps Loran data channel was presented.  167 bps is achieved by having

six modulated pulses in the traditional pulse group and six modulated supernumerary

pulses in each group repetition interval (GRI).  Each modulated pulse is modulated with

both three level position modulation (PPM) and intrapulse frequency modulation (IFM).

With a minimum of ten GRI per second assumed, the result is a raw data rate of 333 to 351

bps.  The two data rates is the result of balancing PPM over six or 12 pulses.

Forward error correction was implemented on the data link and roughly 50% of the

bandwidth was used for Reed-Solomon (R-S) forward error correction (FEC).  The same

error correction code format is used for both the IFM and PPM in 167 bps LOGIC.  This is

shown in Table 5.1.  Columns Two and Three show the basic R-S code and the shortened

version of that code, respectively.  The ordered pair (n, k) represents the number of overall

R-S symbols and the number of data symbols, respectively.  The difference, n-k, is then the

amount of R-S symbols used for FEC.  The shortened code uses the same amount of R-S

symbols for FEC but the total number of R-S symbols is decreased.  The last column shows

the basic R-S symbol length.  The R-S symbol is chosen so that an integer number of

symbols fit in one GRI.  This insures that a burst error affecting one GRI will not affect

data in another GRI.  Note that PPM has some inherent error correction and detection since

it has to be balanced.  Recall from Chapter 4 that balanced modulation in PPM requires that

the average time shift is zero.  This property can be used to determine if an error in data

demodulation exists.

Modulation R-S Code (n, k) Shortened R-S
code (ns, ks)

R-S symbol

IFM & PPM (81, 59) (45, 23) 4 trits (1/3 GRI)
Table 5.1 Reed Solomon (R-S) Error Correction Format for 167 bps

With knowledge of the amount of FEC, the data rate can be calculated.  The general

formula for data rate is shown in Equation (5.1) and the data rate calculation for the PPM

and IFM modulation are presented in Equations (5.2) and (5.3), respectively.  Note that one

symbol in PPM or IFM is one bit of raw data.
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s

s

Symbols Modulated Pulses Groups k (bits) bits
Data Rate = × × × =

Pulse Group Second n (symbols) sec
      (5.1)

1.19 Symbols 12 Pulses 10 GRI 23 bits bits
PPM Data Rate = × × × =72.98

Pulse GRI sec 45 Symbols sec
(5.2)

1.58 Symbols 12 Pulses 10 GRI 23 bits bits
IFM Data Rate = × × × =97.21

Pulse GRI sec 45 Symbols sec
(5.3)

Of course, LOGIC also requires that WAAS integrity information is available at the Loran

station.  Many implementations are possible and a decision was made to use broadcast

WAAS messages as the information source for a lower bandwidth GPS integrity message.

The design offers the most reliable means of implementing WAAS on Loran because it

enables the use of a WAAS receiver to back up dedicated high speed land lines that

connect the Loran stations with the WAAS master station (WMS).  The implementation

leads to the system design shown in Figure 5.1.

Figure 5.1 LOGIC System Diagram
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The architecture has ramifications for the LOGIC message design since the WAAS

message must be decoded, stored and processed by the Loran station.  For example, time to

alarm requirements adds an additional constraint on the maximum allowable message

length.  From Figure 5.2, the maximum message time for meeting a ten-second time to

alarm, i.e., the time to alarm specification for LNAV/VNAV and APV, was found to be

roughly three seconds.  However, repackaging of the information in the WAAS message

tightens the constraint since additional time is necessary to receive the WAAS broadcast

and accomplish the repackaging.  Figure 5.3 shows a time line for the LOGIC message.  If

a ten-second time to alarm is to be met, the maximum length of a LOGIC message is a little

over two seconds.  The figure also demonstrates that the selected implementation using the

geostationary WAAS broadcast cannot meet a six-second time to alarm.

Figure 5.2 Integrity Message Time Line

As a result, a 1.5 second or 250 bit message is used for the 167 bps design.  A 250-bit

message is used so that we can utilize the WAAS message format and many of the current

WAAS message types.  This increases compatibility and is more transparent to the user.

Using the basic WAAS message structure also lowers costs and simplifies the overall

system for both user and transmitting equipment.  With a data rate of 167 bps, a 250-bit

message is sent out every 1.5 seconds.
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Figure 5.3 LOGIC Timeline

Connecting the Loran station to the WMS using a dedicated landline can decrease latency

and allow longer messages.  The decreased latency is due to two sources.  First, the system

would no longer have the added latency of decoding the geostationary broadcast.  Hence

the system timeline would look like Figure 5.2 rather than Figure 5.3.  Second, all the

generated corrections calculated by a WMS are available to the Loran station.  The WAAS

master station calculates the fast corrections, UDREs, long-term corrections, ionospheric

corrections, and GIVEs more often then they are broadcast.  These calculations can be

caluclated every second.  With this information, the Loran station transmits messages that

contain the most current WAAS information.  Since the system timeline is now like that of

Figure 5.2, a six-second time to alarm can be supported with the use of messages less than

1.5 seconds.  A ten-second time to alarm is possible if the messages are less than 3 seconds.

Past experience with such lines shows that a single high-speed landline is not reliable

enough for the specifications of WAAS.  To obtain the required reliability, redundant high-

speed lines are necessary.  Again, the costs of these terrestrial high-speed data links make

the method expensive.
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5.2  WAAS BANDWIDTH USAGE

Since the system uses the WAAS message design while transmitting messages at a lower

rate, some data must be eliminated and modifications must be made to the WAAS

messaging system.  To understand the alterations made to the WAAS messaging system,

we examine how WAAS currently utilizes its bandwidth.

Correction Type Message
Type(s)

Messages per
Update Interval

Update
Interval (sec)

Percent of Full
Bandwidth

Satellite Mask 1 1 60 1.7%
Fast Corrections 2-4 2 6 33.3%
Fast Corrections (others) 5 0 60 0.0%
UDRE Update 6 0 6 0.0%
Fast Degradation 7 1 120 0.8%
Geo Navigation 9 1 120 0.8%
UDRE Degradation 10 1 120 0.8%
UTC/WAAS 12 1 300 0.3%
Geo Almanac 17 1 300 0.3%
Ionosphere Grid Mask 18 4 300 1.3%
Mixed Corrections 24 1 6 16.7%
Long-term Corrections 25 0 120 0.0%
Ionosphere Corrections 26 25 300 8.3%
WAAS Service 27 0 300 0.0%
UDRE modification 28 ~10 120 8.3%
Total 71.2%

Table 5.2 Current WAAS Data Usage

Table 5.2 shows the correction types currently used by operational WAAS along with their

approximate current update interval and usage.  These numbers may change if more

satellites, GPS or Galileo, become operational.  The update interval and messages

transmitted during that interval determine the bandwidth utilization of the correction.  The

fast corrections and accompanying UDREs currently require approximately 42% of the

bandwidth or 100 bps.  Included in this are the fast corrections that are sent in the mixed

corrections message (Type 24).  In addition, if the Type 28 UDRE modification message is

included, the bandwidth usage goes up to about 50%.  With two fast corrections and one

mixed correction message are transmitted every six seconds, the current set can correct for

up to 32 GPS satellites.  The long-term satellite corrections occupy about 8% of the
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bandwidth or 20 bps since it uses the other half of a mixed correction message.  Finally, the

ionosphere currently requires about 10% of the bandwidth.  As a result, the current WAAS

requires an average of 178 bps.

Modifications to the fast corrections will be most efficacious in reducing data rate and

many of the modifications used for the 167 bps system are focused on these corrections.

The other corrections also use roughly 10% of the bandwidth each and some of the

modifications address these corrections.

5.3  REDUCING THE REQUIRED BANDWIDTH

The required bandwidth for WAAS can be reduced in several ways.  One method is

traditional data compression.  Data compression leverages data redundancy and knowledge

of the system to reduce data usage.  For example, knowledge of clock error characteristics

can be used to reduce data necessary for a fast correction.  Appendix A details this analysis.

The conclusion is that data compression algorithms may have some utility but extreme data

compression is not feasible for use on WAAS.  Extreme data compression results in

unacceptably low availability and high acquistion times in the presence of low (1% or less)

message loss rates.

Another method is content specific data compression where the content transmitted is

reduced.  This is the method used here.  The data reduction is accomplished by modifying

the WAAS message strategy.

There are many content specific modifications that can be made to the WAAS messaging

structure to reduce the data rate.  Equation (5.4) presents the components that form the

WAAS data rate and help illustrate some of the changes that can be made.  The overall data

rate is the sum of the required data rate for each correction type.  The required data rate for

each type of correction is dependent on how many corrections are necessary to form a full

set (N), the number of bits per correction, the data resolution and range (B), and the update

rate (R).
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( ) ( )( )
  

Data Rate = 

 = Number of Corrections Sent for a Full Set (Corrections/Set)
 = Bits per Correction (bits/Correction)
 = Rate of Transmission for a Full Set (Sets/sec)

All Correction Types

N B R

N
B
R

∑

                   (5.4)

As illustrated by the equation, data rate can be modified by changes in four areas:

• Correction Types used

• Number of Corrections/Type (number of satellites corrected, ionosphere grid points)

• Bits per Correction/Data Resolution and Range

• Update Rate

Appendix C provides a detailed discussion of these four areas along with analyses of the

methods not used by the LOGIC designs.  For the 167 bps system, three major

modifications are made.  First, messages related to the geostationary satellite, Types 9 and

17, are eliminated.  Second, corrections are provided for a subset of the satellite

constellation – those that are visible in the coverage area of the Loran transmitter.  Finally,

the User Differential Range Error (UDRE) and Grid Ionosphere Vertical Error (GIVE) are

remapped to different values.  These changes allow the 167 bps LOGIC design to transmit

the required WAAS derived information using a lower message rate than WAAS.  The

following section will further discuss and analyze the methods used for the 167 bps system.

Further discussion of modifications is provided in the next chapter for the methods used

exclusively by the LOGIC system designed for a 108 bps data channel.

5.3.1  MESSAGE ELIMINATION (NO GEOSTATIONARY INFORMATION)

For Loran, messages that concern the geostationary satellite (Types 9 and 17) are

eliminated because we assume that if the geostationary channel is not available for

communication, then it is not available for ranging.  The 167 bps and 108 bps designs both

eliminate these messages.  Furthermore, the geostationary satellite degradation factors are

also removed from WAAS Message Type 10.  There may be some instances when we
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might like to have the data required for geostationary ranging.  One instance is if the

geostationary satellite is intermittent.  However, these instances are not examined here.

5.3.2  REDUCED SATELLITE SET (19 SATELLITES)

While the WAAS message system can transmit corrections for every satellite in the GPS

constellation, any given user needs only a subset of these corrections.  The number of

satellites necessary to service all users of a data link depends on the coverage area of that

link.  Since the coverage area determines the number of satellites visible to any user, it has

a direct relationship to the number of satellite corrections that need to be sent.  For the 167

bps design, it was decided to transmit corrections for the 19 most visible (highest elevation)

satellites with a satellite mask calculated every hour.  The decision is based on the analyses

of the number of satellites visible to a coverage area and how the set of visible satellites

changes.  Message packaging is also a consideration as 19 satellites is the maximum that

can be corrected for using one WAAS Type 2 (fast correction) and one WAAS Type 24

(mixed correction) message.

Figure 5.4 Visible Satellites vs. Coverage Radius
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A satellite visibility model is used to determine the number of satellites visible within a

given radius of a central point, i.e., the Loran transmitter.  This circle defines the coverage

area of the data link.  Only satellites visible from within the coverage area need to be

corrected.  Since the results depend on both the GPS constellation used and the central

point selected, many different central locations within the coterminous United States

(CONUS) along with two different constellations (optimal 24 [RTCA01, Appendix B] and

the current 28 satellite from August 2000) are tested.  Figure 5.4 shows the number of

satellites for which corrections must be provided to ensure that any user covered by the

data link has corrections for all satellites visible.  The central point used is located in

Colombus, Ohio.  The number is plotted as a function of the coverage radius.  Simulations

of one and two days were conducted and the minimum, maximum and average number of

satellites is given for both constellations.

Figure 5.5 Satellite Visible, Entering, Exiting a Coverage Area (1300 km radius)

The one drawback of such an implementation is the need to regularly change satellite

masks whereas WAAS satellite mask changes are infrequent.  The same model is used to

determine how often a new mask needs to be calculated and broadcast.  We examine how

many satellite enter or exit the coverage area within a given time interval.  A satellite that
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has just become visible or just entered may not have been included in the current mask

since it was not visible when the mask was generated.  An exiting satellite is a satellite that

has corrections provided but is no longer visible to users in the coverage area.  If there are

only a few exiting and entering satellites, the user should still have corrections for most

satellites visible.

Figure 5.5 shows that the mask change can occur roughly every hour for a coverage radius

of 1300 km.  This radius is used as an example since it is roughly the maximum coverage

radius of Loran.  The optimal 24 constellation was used and the satellite positions were

calculated every five minutes over a 24-hour period.  The top plot shows the number of

satellites visible to the area at a given time.  The middle plot shows the number of satellites

entering the area during the given five minute epoch.  The final plot shows the number of

satellites that have exited the area during the epoch.  The results indicate that generally less

than three new satellites enter into view every hour.  That means that a fast correction mask

can be changed once per hour without many visible satellites not being corrected,

especially if spare capacity for satellite correction exists.  If there is spare capacity,

corrections can be provided for satellites that are about to become visible but are not

currently visible.  Under WAAS, any mask change must be accompanied by three

transmissions of the new mask before any corrections using the new mask will be sent.

However, this additional transmission is negligible compared to the savings gained from

correcting a subset of satellites.  Furthermore, this form of content specific data reduction

should result in no significant performance loss since the corrections not transmitted are for

satellites that are not visible to the user.

The reduced satellite set also allows us to combine the information in two different

messages types to form a hybrid message.  For example, Message Type 10, degradation

parameters, contains 88 spare bits while a Message Type 7, fast correction degradation

factor, provides 4-bit fast correction degradation parameters for 51 satellites.  If the

geostationary satellite degradation factors are removed from Message Type 10, an

additional 29 spare bits are gained resulting in a total of 117 additional bits.  If 29 or fewer

satellites are corrected, the information in these two messages can be combined into one

250-bit message.
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5.3.3  REMAPPING THE UDRE & GIVE

The WAAS MOPS provides a look up table to convert the transmitted bits of the Grid

Ionosphere Vertical Error (GIVE) and the User Differential Range Error (UDRE) to actual

values.  These transmitted bits are the GIVE and UDRE indicators and are referred to as

GIVEI and UDREI, respectively.  The values in the GIVEI and UDREI look up table are

designed to achieve CAT I and GLS-PA and can be found in Chapter 2, Tables 2.3 and 2.4.

Many of these small values do not greatly aid an integrity signal designed for an approach

with a higher VAL and can be eliminated or replaced with another value.  Furthermore,

additional latency caused by the lower data rate and repackaging will mandate an increase

in the value of the GIVE and UDRE from the geostationary broadcast.  Hence, a remapping

of the UDREI and GIVEI to values of σUDRE and σGIVE is sensible.  The 167 bps LOGIC

mappings for UDRE and GIVE are shown in Tables 5.3 and 5.4, respectively.  The full

WAAS mappings were presented in Tables 2.3 and 2.4.  While they have not been

optimized for APV, they eliminate the smallest value of the WAAS UDRE and smallest

two values of the WAAS GIVE.  Larger values are added in their place.  This is sensible

since the low values will not be used due to repackaging.  In the case of the 167 bps, no

actual data reduction is gained in the remapping since we are just shifting values.

However, in the 108 bps system, this method will be used to reduce the number of bits

used.

UDREIi UDREIi,167  (Meters) σi,UDRE  (Meters) σ2
i,UDRE  (Meters2)

0 1.0 0.3040 0.0924
1 1.25 0.3799 0.1444
2 1.75 0.5319 0.2830
3 2.25 0.6839 0.4678
4 3.0 0.9119 0.8315
5 3.75 1.1398 1.2992
6 4.5 1.3678 1.8709
7 5.25 1.5957 2.5465
8 6.0 1.8237 3.3260
9 7.5 2.2796 5.1968

10 15.0 4.5593 20.7870
11 50.0 15.1976 230.9661
12 150.0 45.5927 2078.695
13 250.0 75.9878 5774.152
14 Not Monitored Not Monitored Not Monitored
15 Do Not Use Do Not Use Do Not Use

Table 5.3 Mapping of LOGIC (167 bps) UDREIi
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GIVEIi GIVEIi,167  (Meters) σi,GIVE  (Meters) σ2
i,GIVE  (Meters2)

0 0.9 0.2736 0.0749
1 1.2 0.3647 0.1331
2 1.5 0.4559 0.2079
3 1.8 0.5471 0.2994
4 2.1 0.6383 0.4075
5 2.4 0.7295 0.5322
6 2.7 0.8207 0.6735
7 3.0 0.9119 0.8315
8 3.6 1.0942 1.1974
9 4.5 1.3678 1.8709

10 6.0 1.8237 3.3260
11 15.0 4.5593 20.7870
12 30.0 9.1185 83.1478
13 45.0 13.6778 187.0826
14 60.0 18.2371 332.5912
15 Not Monitored Not Monitored Not Monitored

Table 5.4 Mapping of LOGIC (167 bps) GIVEIi

5.4  LOGIC MESSAGE DESIGN

The resulting overall message design is shown in Table 5.5.  The 167 bps LOGIC messages

are described in terms of the analogous WAAS message types.

As a result of the data reduction techniques mentioned earlier, 167 bps LOGIC is able to

provide APV integrity information using the 167 bps data channel.  Table 5.5 shows that

LOGIC only uses about 58.3% of the messages carried by a 250 bps full WAAS system

even though it has a bandwidth equal to 66.7% of WAAS.  In other words, the system only

uses around 87.5% (= 58.3/66.7) of its available bandwidth.  That means, over a long

period of time, the channel can transmit the LOGIC subset of WAAS information.

However, there may be short periods of time where WAAS will generate more LOGIC

messages than can be transmitted by the LOGIC channel.  A decision algorithm was

created to queue and prioritize such information.  The architecture of the message decision

algorithm and queues is detailed in the next section.
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Correction LOGIC Type -Analog
WAAS Message Type

Percentage of 250
bps bandwidth used

Percentage of 167
bps bandwidth used

Satellite Mask 1 0.83% 1.25%
Fast Corrections 2 16.67% 25.00%
Mixed Corrections 24 16.67% 25.00%
Degradation Parameters New Type 0.83% 1.25%
Ionosphere Mask 18 1.67% 2.50%
Ionosphere Corrections 26 21.67% 32.50%
Total 58.33% 87.50%

Table 5.5 LOGIC (167 bps) Bandwidth Usage as a Percentage of Available
Bandwidth

5.5  MESSAGE DECISION FOR LOGIC SYSTEMS

A decision algorithm is used to determine which message should be transmitted.  The

National Satellite Test Bed (NSTB) makes a decision at every epoch while WAAS plans to

use a more pre-determined pattern for message broadcast.  Each of these has advantages

and drawbacks.

The LOGIC system also requires a message decision algorithm.  With each of the message

designs, the data from the WAAS geostationary message needs to be reduced to fit on a

lower bandwidth message.  Furthermore, there is not a one to one correspondence in

messages.  As a result of this and the lower message transmission rate, there needs to be a

decision algorithm that determines which LOGIC message to send.  It is possible that a

WAAS message may supply enough information to merit more than one LOGIC message.

It is also possible that with LOGIC transmitting messages at a slower rate than WAAS, the

LOGIC ground station may decode two WAAS messages while only being able to transmit

one message.  This produces a situation where LOGIC has to decide which of several

messages to send.  Hence a message decision algorithm is an integral part of the LOGIC

design.

In the LOGIC implementation, there are three priority levels with the categorization being

determined by the criticality of the message.  For simplicity, these are termed high, medium

and low priority.  The messages to be transmitted are placed in three queues based on the

priority levels.  Figure 5.6 shows the message queues.  The most critical messages are
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placed in the top priority queue.  Only alarm messages are placed in this queue and only

after all messages in the top priority queue are transmitted are messages in lower priority

queues transmitted.

Figure 5.6 Flowchart for Using the Message Priority Queues

The medium priority queue contains highly time sensitive information that does not include

alarms.  Generally, fast corrections, mixed corrections and UDRE messages are placed in

the queue.  A fast correction message is placed in the queue once the threshold number of

new individual fast corrections for that fast correction message type is exceeded.  Hence, if

only one new fast correction is available for LOGIC Message Type 2 (the LOGIC analog

for WAAS Message Type 2), the message type will not be placed into the queue.

However, if there are ten new fast corrections available for Message Type 2, which exceeds

the threshold for a fast correction message type, Message Type 2 will be placed into the

queue.
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The low priority queue contains messages that are not as time critical.  These are messages

such as the WAAS degradation parameters, long-term corrections, ionosphere masks,

ionosphere corrections and satellite mask.  Note that while the ionosphere corrections are

generally low priority, they may go into the high priority queue if they contain an alarm.  A

satellite mask message that has a new mask is also defined as an alarm and thus the

message may also appear in the high priority queue.  Low priority queue messages are sent

only after the medium and high priority queues are empty.

5.6  MODELING THE FAST CORRECTION ERROR

Repackaging and retransmitting the corrections affects the integrity and error confidences

because of requantization and increased latency.  These changes have to be accounted

when the user calculates error confidences and so the LOGIC broadcast error bounds need

to be increased accordingly.  To guarantee safety, the LOGIC transmitter may need to

monitor the increase in user error.  The LOGIC station uses the broadcast WAAS messages

as its information source.  Thus, the fast corrections that it calculates are the same as those

calculated by a user of the geostationary WAAS broadcast.  Hence, the LOGIC station

experiences the same fast correction error that a WAAS user would experience.  This

section derives the equation governing the growth of this error.  The next section will use

the results of this derivation to determine the fast correction error experienced by a LOGIC

user.

A model of the growth of the fast correction error is useful in determining a bound on the

error.  The bound can be used to increment the UDRE properly to account for latency and

requantization errors introduced by LOGIC.  The first step is to derive the error on the fast

correction as seen by a WAAS user.  Figure 5.7 illustrates the error realized by a WAAS

and LOGIC user.  The derivation applies to the LOGIC station when it uses the 250 bit

WAAS message as its data source.  The derivation is made with general assumptions on

quantization and update rate and can also be used to determine the effect of changing the

fast corrections resolution and update rate on satellite error and error bound.
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WAAS Master
Station (WMS)

WAAS User
LOGIC

Transmitter

LOGIC User

WAAS Broadcast Fast Correction
Quantization Error eQ
Latency Error e(a,Q,N,t)
  - unmodeled acceleration (a)
  - error in estimated rate of change

LOGIC Broadcast Fast Correction
Requantization Error eQL
Additional Latency Error eL(a,Q,N,t)
  - unmodeled acceleration
  - error in estimated rate of change

WMS Estimated Fast Correction
Estimation Error due to Noise in

Measurements eN

Fast Corrections and Errors Introduced

fcWMS = fc + eN

fcWAAS = fc + eN+ eQ+e(a,Q,N,t)

fcLOGIC = fc + eN+
eQ+e(a,Q,N,t)+eQL+eL(a,Q,N,t)+

Figure 5.7 Fast Corrections & Error Introduced by WAAS & LOGIC

Equation (5.5) models a transmitted fast correction.  It is assumed that the broadcast fast

corrections ( f̂c ) differ from the fast correction calculated from noiseless measurements (fc)

due to two primary error sources: quantization error and measurement noise.  The

quantization error term, Qε , is dependent on the resolution of the correction and is

uniformly distributed from [Q/2,-Q/2] where Q is the resolution or quantization level of the

correction.  For WAAS, Q = 0.125 meters.  The measurement error term, Nε , is the error

due to measurement noise.  It is assumed to be normally distributed with zero mean and a

standard deviation of Nσ .  It derives from residual troposphere, multipath and receiver

clock errors.

( ) ( )ˆ
N Qfc t fc t ε ε= + +                                                    (5.5)
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For each satellite used in the position solution, the WAAS user must have at least two fast

corrections separated by at most 12 seconds for precision approaches and 18 seconds for

NPA.  The times correspond to the PA and NPA time-outs for the UDRE.  The two

corrections are used to estimate the rate of change for the correction and to extrapolate the

correction to the current time.  The error on the rate of change can be calculated using

kinematic equations where d represents the values of fast correction and v  represents the

rate of change of the correction.  The subscripts 1 and 2 indicate the initial or first and next

or second measurements, respectively.  The assumption is that the acceleration, a, is

constant over the interval (for WAAS, the maximum interval is 12 or 18 seconds).

2 1v v at= +                                                               (5.6)

( ) ( )21
2 1 2 1 2 1 12d v t t a t t d= − + − +                                        (5.7)

Assume that the first correction is received at time t1 and the next correction is received at

time t2.  Hence the subscripts 1 and 2 denote properties at time t1 and t2, respectively.  Let

2 1t t t∆ = −                                                        (5.8)

The equations can be reformulated to yield:

( ) 21
1 2 1 2v t d d a t∆ = − − ∆                                                  (5.9)

2 1 1
1 2

d d
v a t

t
−

= − ∆
∆

                                                    (5.10)

2 1 1
2 2

d d
v a t

t
−

= + ∆
∆

                                                    (5.11)

The true rate of change of the fast correction (Vfc) as well as the user estimated rate of

change ( ˆ
fcV ) and the error in the rate of change (verror = ˆ

fc fcV V− ) are derived using

Equation (5.11).  These values are given in Equations (5.12), (5.13), and (5.14),

respectively.
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( ) ( ) ( ) 1
2 1 2/fcV fc t fc t t a t= − ∆ + ∆                                        (5.12)

( ) ( ) ( )2 1
ˆ ˆˆ /fcV fc t fc t t = − ∆                                                (5.13)

( ) ( )2 2 1 1
1
2

0, , 0, ,2 2 2 2ˆ
N N

fc fc

Q Q Q QN U N U
V V a t

t

σ σ     + − − + −          − = − ∆
∆

(5.14)

The error on the user calculated fast correction then comes from three components: error on

the broadcast fast correction being used for the extrapolation (the latest fast correction), the

error on the rate of change, and the error due to unmodeled acceleration.  Assuming the

acceleration is constant,

( ) ( ) ( )2
2 2 2

1
* *

2error error errorfc v t t fc t a t t= − + + −                             (5.15)

Figure 5.8 illustrates the error sources shown in Equation (5.15).

Figure 5.8 WAAS Fast Correction Error
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Let ( )2t tτ = −

A conservative distribution for the error is
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              (5.17)

Each distribution of the measurement noise is assumed to be identical, independent and

normally distributed (iid).  The distribution then can be combined to form a normal

distribution with a variance dependent on the variance of each term.

( ) ( )1 20, 0, 1N NN N
t t

τ τ
σ σ  + + ∆ ∆ 

                                            (5.18)

Combining the distributions of Equation (5.18), we get the following distribution

22

0, 1N NN
t t

τ τ
σ σ

      + +     ∆ ∆     
                                            (5.19)

Equation (5.19) can be rewritten as



151

2

0, 2 2 1NN
t t

τ τ
σ

     + +    ∆ ∆    
                                                 (5.20)

The fast correction error, fcerror, is not composed of zero mean gaussian terms and hence

Equation (5.17) will not yield a strict gaussian distribution.  As a result, we want to

determine σfc which represents the standard deviation for a gaussian that overbounds the

distribution of fcerror.  An overbounding gaussian distribution has cummulative distribution

function (cdf) that overbounds for errors less than the mean.and underbounds for errors

greater than the mean.  The concept is presented in [DeCleene00].  By using the

overbound, the calculated probability for having a value exceed x, where x is greater than

the mean, is higher than the actual distribution.  Hence, the overbounding distribution

overbounds the extreme tail.  Deriving the overbound requires extensive proofs so instead

we derive a conservative approximation to the overbounding gaussian.  Equation (5.21)

provides this approximation and it expresses the standard deviation of the approximate

bound in terms of the three components: measurement noise, quantization noise and

acceleration.  In the equation, the maximum values of the quantization and acceleration

error are assumed and those values are added onto the variance of the measurement noise to

form a bound on the variance fast correction.

2 2 1
2 2 1 (1 ) ( )2 2

tQ a tfc Nt t t
τ τ

σ σ τ τ
 

  ≤ + + + + + + ∆  ∆ ∆ ∆  
 

                (5.21)

Equation (5.21) assumes the worst case for quantization and acceleration errors.  A tighter

bound can be derived.  For acceleration error, the one standard deviation bound should just

be 
1

( )
2 a tσ τ τ + ∆ .  For the quantization error, we have two independent uniform

distributions.

For Z = U[-Q/2, Q/2]

( )2
2 1

23z
Qσ =                                                                    (5.22)
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For X = U[-x,x], Y = U[-y,y] and X, Y independent, we can derive

( ) ( ){ } ( )4 3 32 1 1
2

24 3X Y y x x y x y x
xy y

σ + = + − − + −                          (5.23)

assuming, without loss of generality, that y > x.  Equation (5.23) is only true if x and y are

non zero positive real numbers ,x y +∈¡ .  The degenerate case of when x = y, yields the

expected result as seen in Equation (5.24).

( ){ }42 2
2

1 2
24 3X X x x x

x
σ + = + =                                             (5.24)

Hence the bound on the term

1 2, , 12 2 2 2
Q Q Q QZ U U

t t
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                                    (5.25)

can be expressed as
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1 14 24 32 162
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          (5.26)

Combining these two changes results in

2 1
2 2 1 ( )

2Z a tfc Nt t
τ τ

σ σ σ σ τ τ
 

  ≤ + + + + + ∆  ∆ ∆  
 

               (5.27)
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Figure 5.9 Comparison of Equations (5.21) and (5.27), 10 Second Update

Figure 5.9 compares Equations (5.21) and (5.27).  The acceleration term accounts for the

largest difference between the two equations.  While both equations represent the very

conservative estimates, neither equation would necessarily overbound the absolute worst

case.  In order to be used operationally, the equations would require extensive analytical

proofs showing that they overbound the worst case tails.  Furthermore, in an operational

system, the quantization error is known upon broadcast.  As a result, this value rather than

the distribution assumption as used in Equation (5.27) would be used by the LOGIC

broadcast for determining the increase to UDRE.

5.6.1  DETERMINING σN

The values of σfc are dependent on the following parameters: ,  ,  ,  ,  Nt Q aτ σ∆ .  Under

WAAS, the UDRE accounts for the noise dependent term while εrrc and εfc model the

quantization and acceleration error bounds.  The value of σN can be estimated from the

UDRE since it represents the fast correction error due to measurement noise.  The UDRE

represents the bound on the residual clock and ephemeris errors that have not already been

accounted.
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satellite error due to measurement noise + residual ephemeris errorUDREσ =      (5.28)

We can use the distribution for satellite error due to measurement noise derived in Equation

(5.20). This results in Equation (5.29) which relates σUDRE and σN.

max max
2

2 2 1   residual ephemeris errorUDRE Nt t
τ τ

σ σ
 

  = + + +  ∆ ∆  
 

   (5.29)

where ∆t = 6 seconds for WAAS and τmax is dependent on the UDRE time out period.  For

precision approach, the UDRE time out is 12 seconds from the end of the message.  Since

the end of the message is six seconds after the reception of the signal used to calculate the

information in the message, an estimate of τmax = 12+6 = 18 seconds.  From Equation

(5.29), we get Equations (5.30) and (5.31).

max max
2

2 2 1UDRE Nt t
τ τ

σ σ
 

  ≥ + +  ∆ ∆  
 

                           (5.30)

max max
2

2 2 1

UDRE
N

t t

σ
σ

τ τ
≤

 
  + +  ∆ ∆  

 

                                 (5.31)

The value of the UDRE can be determined from Figure 5.10, which shows the map of the

UDRE for the WAAS reference network as a function of satellite location.  This UDRE

map was created by Shau-Shiun Jan and Todd Walter using the current WAAS UDRE

Algorithm Description Document (ADD) and models the effects of residual troposphere,

multipath and receiver clock noise [Jan01].  Note that the value shown is the UDRE and

not σUDRE.  These two quantities differ by a factor of 3.29 with the factor representing a

99.9% confidence level.  From the map, the average UDRE of satellite locations visible in

the WAAS coverage area is 2.25 meters, so σUDRE equals approximately 0.68 meters.



155

3.29 UDREUDRE σ=                                                   (5.32)

Figure 5.10 WAAS UDRE Map as a Function of Satellite Location (Shau Shiun Jan)
DNU = Do Not Use, NM = Not Monitored

And so we can estimate 
( ) ( )

0.68
0.14

22 3 2 3 1

m
mNσ ≤ ≅

+ +
.  A more conservative estimate

of τmax yields a larger noise level.  A τmax of 12 seconds results in  0.19mNσ ≤ .

5.6.2  ASSESSING THE DERIVED BOUNDS

For the analysis, the acceleration, a , is assumed to be 5 mm/s2 for S/A on and 0.5 mm/s2

sofor S/A off and σN is assumed to be 0.15 meters.  These values are reasonable and

correspond to the findings from the examination of S/A.  Different values of t∆ and Q are

tested for a 500 second stretch of time.  The average, root mean squared (rms) and

maximum values of the overbound for each variation is then determined.  The analysis is

used to assess the bounds in a worst case scenario (constant acceleration in one direction).
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It can also be used to decide the combination of resolution level and update rate that

achieves a given level of pseudorange error while minimizing data used.
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Satellite clock errors are simulated to validate the model.  For the example shown in Figure

5.11, the clock error is a quadratic function since the acceleration of the clock error is held

constant.  This follows the examples in [Walter98] though slightly different models can and

are used to determine the clock error.  The solid line represents the actual value of the clock

error.  The circles represent the value of the WAAS correction seen by the user at the each

update period.  The WAAS correction is a forward extrapolated (by two seconds) value,

which is corrupted by quantization and measurement noise.  In the figure, the resolution is

0.125 m and Nσ  is 0.2 m.  The noise term provides the largest contribution to the fast

correction error bound.  Even in a case where we have a larger than normal clock

acceleration and a lower noise level, the noise error is strong.  For example,  with S/A on, a

ten second update rate and Nσ  equaling 0.1 m, the noise error is comparable to the

acceleration error.  Finally, the user takes those values and extrapolates the fast corrections

every second.  This is indicated by the dotted lines.  Figure 5.12 shows that the errors are

below the one standard deviation bound in over 95% of the instances.  At least 100 trials

are conducted for each case.  This would indicate that the bound is indeed conservative.
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5.7  OVERBOUNDING LOGIC FAST CORRECTION ERRORS DUE TO

QUANTIZATION & LATENCY

The previous section derived an error bound for the fast correction error experienced by a

LOGIC station.  Additional errors may be incurred depending on the data architecture of

LOGIC.  If LOGIC uses the geostationary WAAS broadcast as its data source, repackaging

will be necessary.  The result of repackaging is that errors are introduced due to delays

incurred from the repackaging and quantizing of the extrapolated results.  Figure 5.13

illustrates these errors.  The quantization errors result from using the quantized WAAS

corrections and extrapolating the corrections to the future.  The extrapolated correction

must be quantized again when sent by LOGIC some amount of time later.  In addition,

increased quantization errors also may be suffered if the LOGIC design uses lower

resolution for the correction.  Lower resolution requires fewer bits per correction at the

expense of reduced accuracy and the need for larger error bounds.  The error can be derived

from the basic equation for the error on the fast correction for a WAAS user as seen in

Equation (5.16).

Figure 5.13 LOGIC Fast Correction Errors
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Equations (5.33) through (5.39) derive the fast correction error bound for the LOGIC user.

n

LOGIC

t
fcε  represents the error of the fast correction at the LOGIC at the time of reception by

the user, tn.  As seen in Figure 5.13, this error results from multiple factors – error due to

unmodeled acceleration, WAAS error due to measurement noise and quantization by

WAAS, and error due to LOGIC quantization.  Equation (5.33) is essentially Equation

(5.16) with the addition of another quantization error term that accounts for the LOGIC

quantization.  As a result, the one standard deviation bound, given in Equation (5.34), is

just Equation (5.27) with the addition of a term for the LOGIC quantization.  The factor of
1

2 3  comes from the standard deviation of a uniform distribution (see Equation (5.22)).

The one standard deviation bound on the fast corrections transmitted by LOGIC needs to

be derived.  A LOGIC fast correction is derived from the two most recent WAAS fast

corrections.  The two corrections are used to extrapolate the current fast correction.  The

error in these corrections is seen in the first two lines of Equation (5.33).  First note the

following definitions:

V is the velocity of the fast correction

fc is the fast correction

Qw is the resolution of the WAAS fast correction (0.125 m)

QL is the resolution of the LOGIC fast correction

tLat,L1, tLat,L2, tLat,WAAS are the latency of LOGIC fast corrections at times tL1 & tL2 and
the latency of the WAAS correction, respectively

∆t is the WAAS fast correction update interval
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In addition, there are errors due to extra latency and requantization.  The last line of

Equation (5.33) gives this.  The standard deviation is then given in Equation (5.34).

Equation (5.35) gives the same error for the LOGIC transmitted correction at time tL2.
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(5.35)

The error on the LOGIC fast correction at tL1 and tL2 can be used to estimate the error in the

estimated rate of change of the fast corrections.  This is given in Equation (5.36).
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    (5.36)

, 1 , , 2 ,

1 2,Lat L Lat WAAS Lat L Lat WAASt t t t
t tt t+ +

∆ ∆= =                                                  (5.37)

Now we can derive the total error on a LOGIC user.  Using Equation (5.15), a bound on the

total error on a user LOGIC fast correction is given by Equation (5.39).
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Recombining terms from Equation (5.36) and the acceleration component, we get Equation

(5.40).
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(5.41)

A comparison of Equation (5.40) or (5.41) with the bound developed for WAAS show that

the bound must be increased as a result of additional latency and requantization.  Note that

requantization is necessary even if the resolution is the same as WAAS.  It is a

consequence of the forward extrapolation of the correction in time.  A comparison plot

showing Equations (5.27) and (5.41) is given in Figure 5.14 with the assumption of a

LOGIC latency of four seconds.  We are concerned with the difference between the

LOGIC and WAAS fast correction overbounds since this represents roughly the amount

that needs to be incremented.  For a latency of four seconds, the value is roughly 0.4 m.

For no latency, the two lines nearly match with the LOGIC bound being slightly larger and

the difference between the two confidence bounds is about 0.03 meters.
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Figure 5.14 Comparison of Equations (5.27) and (5.41)

Message latency (both WAAS and LOGIC) manifests itself in the analysis above.  There

are two components to latency as seen in Equation (5.42).  The first part is the increased

delay due to processing through the Loran station, denoted by ,latency systemt .  This is a known

quantity.  The second component is the latency incurred while information is waiting in the

queue, termed ,latency queuet .  The increased latency causes a delay in the arrival of the next set

of fast corrections which then forces the user to project the fast corrections further in time.

The effect of latency has its greatest effect on the fast corrections since these corrections

decorrelate with time faster than the other corrections.  The error shows up as the fast

correction acceleration error shown in Equation (2.16) and again in (5.43).  The WAAS

messaging system has several ways of accounting for latency.  It provides the user with a

system latency time that is used to increase the user calculated confidence bounds.  The

LOGIC user can account for some of the effect if latt , as seen in (5.43), is increased by

,latency systemt .  However, ,latency queuet is an unknown quantity that must be taken into account.

Tests of the system can give an empirical value for ,latency queuet .  The message decision and

prioritization algorithm will cause the value of ,latency queuet  to vary for each correction type.

An upper bound can be set and that can incorporated into the queuing algorithm.  Since the
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concern is mostly for the fast correction, the value determined for that correction should be

used.  Also, it is known that WAAS updates the fast corrections for any given satellite at

least once every six seconds.  Thus ,latency queuet  for the fast corrections is bounded by six

seconds.  If a fast correction resides in the queue for more than six seconds, it is replaced

by a more current fast correction.

, , ,lat latency total latency system latency queuet t t t≈ = +                                          (5.42)

2( ) 2fc u lata t t tε = − +                                                    (5.43)

Another way WAAS can manage latency is to increase the value of the UDRE.  It can

calculate the effect of latency and increase the UDRE accordingly.  LOGIC uses this

technique.  In fact, the Loran station transmits a UDRE that is increased from the received

UDRE.  It adds a calculated increment to the UDRE received from WAAS and then rounds

the value up to the smallest LOGIC UDRE value that is larger than the incremented UDRE

value.  Currently, the value is 0.5 meters since this is approximately the increase in the

calculated fast correction bound for a latency of five seconds.  The increased UDRE is used

to account for a consequence of repackaging and requantization.

5.8  EXPERIMENTAL VALIDATION

The 167 bps LOGIC system design can be experimentally validated using the Test bed

Master Station (TMS) software designed for the National Satellite Test Bed (NSTB).  The

software is operated in UNIX and runs on a Digital Equipment Corporation (DEC) Alpha

workstation.  The TMS software collects GPS observables such as pseudorange from

NSTB stations via ethernet connections and generates corrections and confidence bounds

for fast satellite, long-term satellite and ionosphere errors every second.  The information is

stored and a decision algorithm is used to determine the message that needs to be sent.  The

message is then formulated from the calculated quantities and packaged into the 250-bit

message with the necessary cyclic redundant code (CRC) and header added.  The TMS



163

tests the system performance by applying the message to a user, with a time delay added to

account for the transit time.  Since raw GPS measurements from the NSTB ground

reference stations are available, the corrected solution can be calculated for each ground

station.  This can be compared to the uncorrected solution and the known location.  A

demonstration of the performance can be shown by setting the corrected station to passive

so the data collected from the station is not being used to generate the corrections.  Figure

5.15 shows the functional block diagram for the TMS software.

The raw measurements received from the NSTB are stored for future use and analysis.

With the stored data, new WAAS algorithms can be tested on actual data and performance

comparisons of different algorithms can be made using the same baseline data.  This allows

us to determine and correct errors in the program as well as test and develop new

algorithms.  In this way LOGIC can be incorporated into the TMS software for testing.

Figure 5.15 TMS Functional Block Diagram

The TMS software was modified to test the LOGIC system.  Instead of using the TMS

software to apply the WAAS message to these stations, the content of the LOGIC message

is applied.  Figure 5.16 shows how the LOGIC software is added to the TMS software.  It
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takes the WAAS messages generated by the TMS code, repackages these messages and

applies the contents of the LOGIC message to the passive user code.  In the setup, the

Loran station receives and decodes the message in a manner similar to a user of the WAAS

geostationary message.  It is assumed that this portion of the data link is lossless though

losses will be added later to test their effects if such an examination is warranted.  The

station then saves the data from the transmitted message into a data structure.  The LOGIC

message decision code determines if a new message needs to be sent.  If it is finished

transmitting the previous message, the LOGIC code will examine its message queue to

determine which message to transmit next.  If a message needs to be transmitted, the

LOGIC code retrieves the information necessary for the message from its data structure.  In

the case of fast corrections, the corrections are forward extrapolated to the correct time

using the rate of change for the fast corrections derived using WAAS.  In addition, issue of

data (IOD) identifiers are added and confidence bounds such as UDRE and UIVE are

increased, if necessary.  Since the LOGIC station should be able to receive signals from

GPS satellites, the station is assumed to have a recent GPS almanac.  The almanac is used

to determine which satellites are visible to the coverage area and to prioritize satellites by

elevation angle.  This information is then used to generate the satellite correction mask.

Figure 5.16 LOGIC Addition to TMS
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As currently implemented, the message is not packaged with a header or CRC and the

information is just transferred from the data structure that represents the LOGIC station and

the data structure of the passive user.  The code ensures that only a specified number of bits

of data are transferred for each message type and the user cannot apply the corrections until

it has been shown that the user has received the message.  The restriction places the

necessary system latency on the corrections.

Message loss due to the Loran data link can be simulated.  If there is a lost message, the

data from that message is not transferred.  Different models and message loss rates can be

tested in this manner.  The user does not care that the data source is not the WAAS

geostationary satellite and he applies the corrections and bounds stored in his data structure

as if the data were from the WAAS geostationary satellite.  The results can be compared

with the true location and triangle charts (see Section 2.8) can be generated.

The LOGIC code includes many features that are specified in operational WAAS.  WAAS

requires specific actions when there are alarms or transitions to new masks.  While LOGIC

does not determine alarms, it still must forward alarm conditions from the TMS to the user.

LOGIC examines the data from the WAAS message to determine if an alarm condition

exists.

GPS satellite measurements taken from the NSTB from June 24 to June 27, 1998 were used

to analyze the message schemes.  From the data, the Stanford WAAS TMS generated the

WAAS correction used and additional code was written to simulate the transmission of the

data to the Middletown Loran station, the processing done by the station, and the

transmission to the user.  For the time being, the data link between the WAAS TMS and

the Loran station is presumed to be lossless.  Since the Loran transmitter must decode the

message from the geostationary satellite, there is at least one additional second of delay for

any piece of information.



166

Elko

Riverside

Stanford

Middletown

Denver

Arcata

Seattle

User Locations

Figure 5.17 Coverage Area of Experiment [Courtesy Megapulse]

As seen in Figure 5.17, the Middletown station is part of the Loran 9940 chain - a chain

that covers the U.S. West Coast.  Using the station location, the LOGIC code determines

which satellites it is going to correct and then it decides which message to send.  The

NSTB data contains measurements from the GPS satellites in view at various stations in the

test bed.  Figure 5.17 also shows the approximate coverage area of the 9940 chain and the

NSTB reference stations (designated by stars) for which a LOGIC and a WAAS solution

are calculated.  Denver is also examined, even though it is outside the coverage area, to test

the robustness of the system.

5.9  TEST RESULTS FOR 167 BPS LOGIC

The tests use the NSTB as the source of the WAAS message.  Since the NSTB algorithms

are far less conservative than those of operational WAAS, the calculated protection levels

(PLs) will be lower.   However, the concern is with the relative degradation of these PLs

when using 167 bps LOGIC rather than WAAS.
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5.9.1  VERTICAL ACCURACY & PROTECTION LEVELS

Figure 5.18 Vertical Protection Level Chart 167 bps LOGIC (Left) and NSTB
(Right) WAAS Performance on June 24-27, 1998 - No Message Loss (Stanford, CA)

The performance of the 167 bps LOGIC, in the absence of message loss, can be seen

Figure 5.18.  Figure 5.18 compares the Vertical Protection Level (VPL) triangle chart of a

user at Stanford, California using corrections generated at the Middletown Loran station to

that of the same user if he used the NSTB broadcast for the same time period.  In both

cases, the Stanford TMS used the same measurements gathered by the NSTB reference

network to generate the WAAS corrections and the corresponding LOGIC messages.  Only

the vertical performance is shown since this requirement is more difficult to achieve.

In a lossless channel, Approach with Vertical Guidance (APV) performance was available

99.995% of the time using LOGIC and over greater than 99.999% using the NSTB.  In

comparison to NSTB, the mean LOGIC VPL is about 50% or 3 meters higher.  This

increase occurs since LOGIC inflates confidence bounds to account for errors stemming

from latency and repackaging.  One would expect the incremental increase of 167 bps

LOGIC VPL over the WAAS VPL to be similar even though using operational WAAS

currently results in higher VPL.  This is because since the confidence bounds increases are

relatively constant regardless of the original (WAAS or NSTB) confidence bounds.  In fact,

since the position confidence is results from a root sum square of the error confidences, the
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LOGIC incremental VPL increase may be smaller when using WAAS.  The error

distribution however is very similar.

Figure 5.19 Vertical Protection Level Chart 167 bps LOGIC and NSTB (Right)
WAAS Performance on June 24-27, 1998 - No Message Loss (Seattle, WA)

Figure 5.20 Vertical Protection Level Chart 167 bps LOGIC (Left) and NSTB
(Right) WAAS Performance on June 24-27, 1998 - No Message Loss (Denver, CO)

Similar performance was achieved in Seattle, Washington and Riverside, California.  The

167 bps LOGIC and NSTB VPL charts for Seattle are seen in Figure 5.19.  LOGIC

performance at Denver, Colorado suffers somewhat as seen in Figure 5.20.  This is
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expected since it is outside the coverage area of the system and the lower availability is the

result of having fewer corrected satellites.

5.9.2  LATENCY

Another analysis conducted examines the average latency for each message.  A

determination of the queuing delay can be used for this analysis.  The queuing delay is the

time difference between when the system decides to transmit the message and the actual

time the message is transmitted.  The decision to transmit a given message is generally

made upon the arrival of the information from the WAAS message.  The exception to this

case is when the message involves a combination of information from multiple WAAS

messages such as fast and mixed corrections.  These are difficult cases to examine since the

decision to transmit these messages is made only when there is enough new information to

justify a transmission of a message of that type.  As stated previously, in the case of fast

corrections, the latest fast corrections are always used.  Since WAAS transmits a set of fast

correction every six seconds, the fast correction latency should not exceed roughly six

seconds.  For long-term corrections, the number of mixed messages sent is more than

adequate to cover the satellites being corrected.  Hence there is at most a small queue of

long-term corrections that need to be sent and these corrections are prioritized by the age of

the correction so that no given correction will be significantly older than any other.  As

discussed earlier, the decision algorithm prioritizes the messages.  Only in the case of lower

priority messages is the latency significant since these corrections must wait the longest in

the queue.

Table 5.6 shows the mean and maximum message delay time for these messages.  The

delay for the fast corrections requires some explanation since the LOGIC fast correction

message (Type 2) will generally contain corrections for a different set of satellites than a

given WAAS fast correction message.  The delay shown in the table is the difference

between receive time of the WAAS fast correction that caused the LOGIC decision

algorithm to determine that a LOGIC Type 2 message needed to be sent and the broadcast

time of the LOGIC message.  Some fast corrections in the message may have come from a
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previous WAAS fast correction message and so may be older.  However, the maximum age

is six seconds.

Message Average Delay
tLOGIC,latency (sec)

Average Differential
Delay tdiff (sec)

Maximum Delay
Max(tLOGIC,latency) (sec)

Satellite Mask 2.7429 3.2429 55
Fast Correction
Degradation Factors

2.9576 3.4576 91

Ionosphere Grid Mask 2.7143 3.2143 30
Ionosphere Correction 2.3038 2.8038 64
Long-term/Mixed 3.6241 4.1241 12
Fast Correction 1.4002 1.9002 8*
All Messages 2.1780 2.6780 91

Table 5.6 167 bps LOGIC Message Delay Time
*The fast corrections in the message itself should be at most 6 seconds old.

Figure 5.21 Comparison of WAAS LOGIC Transmission

, , ,diff LOGIC latency LOGIC decode WAAS decodet t t t= + −                                 (5.44)
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Figure 5.21 and Equation (5.44) show how the latency calculated relates to the difference in

latency between LOGIC and WAAS ( difft ).  The item labeled “all messages” represents the

delay time for all messages including the fast correction and mixed correction messages

and other medium and high priority messages.  Notice that the average delay is lower for

this number than for any of the low priority corrections.  The result, seen in Table 5.6,

shows that the increased latency in the fast corrections is less than three seconds on

average.

5.9.3  IMPACT OF MESSAGE LOSSES

Until this point, the results are derived from a lossless channel.  However, as seen in

Chapter 4, the data link will have losses.  The data channel model presented in that chapter

showed that data losses occur in bursts which are location dependent.  FEC mitigates the

loss due to these burst errors and the resulting message losses do not generally occur in

bursts.  A Loran data channel message loss history can be incorporated to model for

message loss.  However, the message loss pattern is time and location dependent so the

results may lose some validity at a different location.  Furthermore, many message loss

rates need to be tested.  As a result, a binomial error model is used as an approximate

means to test the performance of the system with message loss.  The results are shown in

Figure 5.22.  As shown, 167 bps LOGIC significantly degrades when the message loss rate

is above one percent.  The result corresponds with the performance of WAAS as seen in

[Fuller00].  Since is Denver outside the coverage area, it suffers since the satellite

corrections available from Middletown, California do not correct for all satellites visible to

a user in Colorado.  Hence, it has fewer corrected pseudoranges to use.  This corresponds to

Fuller's case with Sitka, Alaska since that station has fewer corrected pseudoranges due to

ionospheric coverage.  For lower loss rates, the system has greater than 99.99% availability

for APV for all test locations in the coverage area.
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Figure 5.22 LOGIC (167 bps) Performance with Message Loss

The results of the analysis become more significant and meaningful when combined with

the results from the data channel analysis.  The knee of the availability curve occurs at

0.5% while a one to two percent message loss rate is still capable of achieving 99.9%

availability.  In the absence of sky wave interference, this means that all areas except areas

of high cross rate interference are acceptable.  So the areas of unacceptable interference are

areas where the second strongest interfering signal is within roughly 3 dB of the desired

signal.  As seen in Figure 4.23, this represents only a small part of the United States.  In the

presence of sky wave, even areas where the second strongest interfering signal is 7 dB

below the desired signal may be unacceptable.  From Figure 4.25, we can see that this

significantly reduces the coverage area.  However, this still leaves much of the country with

99.9% APV availability since in most areas, the desired signal is at least 10 dB higher than

the second strongest interfering signal.
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5.10  CONCLUSIONS

This chapter introduced some of the basic modifications to the WAAS messaging strategy

used to reduce the data rate to a level suitable for Loran.  It also developed a 167 bps

LOGIC design that can be used at the cost of only a small incremental increase in VPLs

over a WAAS broadcast.  When tested using the NSTB as the source of WAAS data, the

system showed the accuracy and integrity necessary for APV with 99.9% availability even

with one percent message loss.  The NSTB algorithms are less conservatives and may not

be valid for an operational system.  However, it is expected that once operational WAAS

achieves similar performance, the 167 bps LOGIC presented can achieve the same

performance using the operational WAAS broadcast.



CHAPTER 6  A 108 BPS WAAS
MESSAGE SYSTEM FOR LORAN:
DESIGN AND ASSESSMENT

Equation Section 6

Chapter 5 developed and investigated a Loran GPS Integrity Channel (LOGIC) design for a

167 bps data channel.  The design was demonstrated to meet the availability, accuracy and

integrity requirements necessary for APV operations.  However, the modulation techniques

used to achieve 167 bps or higher data rates can be very complicated and entail high

message error rates, especially in high cross rate environments.  The 167 bps modulation

method induces more cross rate and sky wave interference since supernumerary pulses are

used.  Hence, this chapter presents a reduced data rate system based on Intrapulse

Frequency Modulation (IFM).  The data channel analysis shown in Chapter 4 demonstrates

that four level IFM is reasonably robust and provides good coverage throughout much of

the Loran coverage area.  This chapter will use many of the WAAS messaging system

modifications along with design features of the 167 bps LOGIC to create a 108 bps LOGIC

system capable of providing LNAV/VNAV.  This system provides the aviator with an

approach that has both vertical and horizontal guidance.

174
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6.1  LOGIC FOR LNAV/VNAV (108 BPS)

The simplicity of IFM is a primary reason why it has become the modulation of choice for

the Loran Data Channel (LDC).  Since the minimum number of group repetition intervals

(GRIs) per second is ten, four level IFM with six pulses modulated per GRI provides a

minimum raw data rate of 120 bps.  Assuming that half the raw bits are used for forward

error correction (FEC), four level IFM implemented on the worst case station results in a

data rate of 60 bps.  Section 2.10, using results from Appendix D, showed that the

minimum data rate necessary to transmit the information necessary to achieve

LNAV/VNAV is 40 bps.  If masks, degradation parameters, and issue of data (IOD)

identifiers are added, this data rate increases to roughly 55 bps.  Furthermore, the analysis

does not account for inefficiencies that result from packaging the information into

messages.  Since the Loran station repackages the receiving WAAS data, additional latency

and accuracy degradation are incurred.  As a result of these factors, the data requirement

for LNAV/VNAV will exceed 60 bps for our design.  Since the goal of the design is to

create a simple, easy to implement scheme for achieving LNAV/VNAV, it was decided to

use a design that could achieve a data rate of 108 bps.

There are many ways to use IFM to achieve a data rate exceeding 100 bps.  Assuming that

half the transmitted symbols are used for FEC, this translates to a raw data rate of over 200

bps.  Sixteen level IFM, discussed in Chapter 4, can produce such a data rate if at least nine

GRIs are modulated every second.  This is less than the minimum number of GRIs per

second and results in a raw data rate of 216 bps.  Another way of realizing this rate is to use

four level IFM on dual rate stations or stations with a GRI of 5556 or lower.  When using

four level IFM, eighteen GRIs need to be transmitted per second to achieve the data rate.

Modulation
Level

R-S Code (n, k) Shortened R-S
code (n, k)

R-S symbol

IFM 16 level (63, 45) (36, 18) 6 bits (1/4 GRI)
IFM 4 level (63, 45) (36, 18) 6 bits (1/2 GRI)

Table 6.1 Reed Solomon (R-S) Error Correction Format for 108 bps
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Two of the IFM modulations examined in Chapter 4, four and sixteen level, were

implemented and tested by the U.S. Coast Guard using some vacuum tube type transmitters

[Peterson01a].  With half of the raw data used for FEC, the data rate is then 108 bps.  The

Reed-Solomon (R-S) FEC code used is presented in Table 6.1.  More details about Reed-

Solomon codes are given in [Clark81].

The data rate is so low that a 250 bps WAAS-like message is not feasible.  The design of

the message structure attempts to maximize data efficiency by using as long a message as

possible.  Longer messages are more data efficient.  This is because message overhead,

such as headers and cyclic redundant code (CRC) is a fixed cost regardless of the message

length.  Hence, a longer message has a higher ratio of data bits to overhead bits.  Analysis

of the Loran data channel (Chapter 4) shows another advantage of longer messages.  If the

average symbol loss is less than the maximum correctable amount of symbol loss, longer

messages have lower message loss rates for a given probability of symbol loss [Section

4.10.4].  As a result, it was decided to use a two-second message with a new message

design.  Since the design does not follow the WAAS message format, the following

sections will be dedicated to describing and detailing the design.  Figure 6.1 and Table 6.2

show the layout of the basic message format.  Figure 6.1 also provides a comparison with

the WAAS message.  Different message types for the message format are created to

transmit various corrections and some of these types are presented in Figure 6.2.

Figure 6.1 LOGIC (108 bps) & WAAS Message Formats
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Figure 6.2 Example LOGIC (108 bps) Message Type Layouts

Correction Message type Details
Satellite Mask 1
Fast Corrections 2,3 11 satellites, 15 bit per satellite

(3 bit UDRE)
UDRE Update 6 3 bit UDRE
Fast Degradation
& Weight Factor,
UDRE Degradation

“17” Combines Type 7 & 10 for 19
satellites

Ionosphere Grid Mask 18 169 IGPs/Block
Mixed Corrections 24 4 Fast Corrections, 1-2 Long-

term Corrections
Long-term Correction 25 Up to 3 Long-term Corrections
Ionosphere Correction 26 15 8 bit Correction, 3 bit GIVE

Table 6.2 LOGIC (108 bps) Message Types

6.2  MODIFICATIONS TO WAAS

The message types for the new format are very similar to the WAAS message types.

Analysis from Section 2.9 indicated that ionosphere, fast corrections and a form of

ephemeris corrections were necessary for providing the accuracy and integrity needed to
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achieve LNAV/VNAV.  Even though it may be possible to achieve LNAV/VNAV

performance with scalar ephemeris corrections, the increased difficulty in protecting

integrity if scalar corrections are used leads to the selection of vector ephemeris

corrections.

While the clock, ephemeris and ionosphere corrections are necessary, the number of these

corrections can be decreased due to the smaller Loran coverage area.  Hence, the number of

satellites and ionosphere grid points (IGPs) corrected are reduced.  Furthermore, the system

does not need the same accuracy or protection levels as WAAS for APV or GLS-PA.  As a

result, the confidence bounds indicators, User Differential Range Error Indicator (UDREI)

and Grid Ionosphere Vertical Error Indicator (GIVEI), can be reduced in resolution and

number or remapped.  Another change is the elimination of WAAS information related to

the geostationary satellites.  These changes will be discussed next.

The above changes allow for the design of a 108 bps LOGIC system using 96% of the

bandwidth available.  Table 6.3 shows the bandwidth usage of the corrections as a function

of the total bandwidth available.

Correction LOGIC Message Type Percentage of bandwidth used
Fast Correction Mask 1 1.67%
Fast Corrections 2 33.33%
Mixed Corrections 24 33.33%
Degradation Parameters New Type 1.67%
Iono Mask 18 2.00%
Iono Corrections 26 24.00%
Total 96.00%

Table 6.3 LOGIC (108 bps) Bandwidth Usage as a Percentage of Available
Bandwidth

6.2.1  MESSAGE ELIMINATION (NO GEOSTATIONARY INFORMATION)

As stated in the previous chapter, messages that concern the geostationary satellite (Types 9

and 17) are eliminated because we assume that if the geostationary channel is not available

for communication then it is not available for ranging.  Furthermore, the geostationary

satellite degradation factors are also removed from WAAS Message Type 10.
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6.2.2  REDUCED SATELLITE SET (15 SATELLITES)

The analysis in Chapter 5 demonstrates that an average of 12 to 13 and a maximum of 16

satellites are visible for the area within 1000 km radius of the Loran station.  Since

corrections for at least 13 satellites should be provided, the system provides 15 satellite

corrections.  One fast correction and one mixed correction message are used to transmit a

set of fast corrections for all satellites in the mask.  If the 12 bit correction is retained, 15

satellite corrections can be transmitted.  If the resolution is decreased to 11 bits, 16 or

possibly 17 satellite corrections can be transmitted.  The 12 bit fast corrections are used

since the incremental gain in capacity from using 11 bit fast corrections is not necessary.

Since mixed correction messages need to be sent to form a complete set of fast corrections,

vector ephemeris corrections are naturally included.  With a complete set of fast corrections

sent every six seconds, 20 to 40 ephemeris corrections will be sent every two minutes

depending on whether the corrections also contain ephemeris velocity information. The

only instance when a set of fast corrections is not sent every six seconds is when the new

fast corrections are not necessary and the current UDREs are adequate to bound the errors.

In that case, only the UDRE message (Message Type 6) needs to be sent and will replace

the transmission of the two messages that are necessary to form a complete set of fast

corrections.  Hence, this will only provide additional bandwidth for the ephemeris

corrections.

As in the 167 bps design, the reduced satellite set and elimination of degradation

parameters for the geostationary satellite allows us to combine the information in Message

Type 10, degradation parameters, and Message Type 7, fast correction degradation factor.

The result is a new hybrid message type that contains the system time latency and the fast

correction degradation factors for 19 satellites from Message Type 7 and the degradation

parameters from Message Type 10.
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6.2.3  REDUCED IONOSPHERE CORRECTIONS

The amount of data bits available in the message also constrains the ionosphere corrections.

The structure of the ionosphere bands and grid points are retained so that ionosphere

corrections do not need to be significantly altered or divided at the Loran station.  Recall

that WAAS divides the ionosphere grid points (IGPs) into eight equally divided bands.

However, WAAS does not provide corrections for every IGP.  Instead it uses masks to

define which bands and IGPs within the bands have corrections.

The number of visible IGPs can be determined analytically using geometry.  Figure 6.3 and

Equations (6.1)-(6.3) show the calculation of the location of the IGP relative to a user when

the user sees a satellite at a 5-degree mask angle.  The 5-degree elevation mask represents

the minimum elevation of a useable satellite.  The calculation defines the limits to which

ionosphere corrections need to be provided.  The calculation is made at the boundary of the

coverage area and defines an extended area where the ionosphere is in the line of sight

(LOS) between a user in the coverage area and a GPS satellite. Equations (6.1)-(6.3)

determines the extent of the area and only IGPs within the area are necessary.

From Figure 6.3, we want to determine ϕ , the radial extension angle of the ionosphere

coverage region.  This angle is part of a triangle defined by ABC.  ϕ  can be determined by

finding the other two angles.  From the minimum mask angle, the elevation angle to the

satellite is 5 degrees.  Measuring the angle from a radial line from the center of earth, AC
adds an additional 90 degrees for a total of 95 degrees.  This is angle ACB.  θ  can be

found using the law of sines,

( )sin 95sin
Re Re Ih

θ
=

+
                                                          (6.1)

Solving for θ  yieldsϕ

( )1 Re
sin sin 95

Re Ih
θ −  

=  + 
                                              (6.2)
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180 95ϕ θ= − −                                                        (6.3)

Using nominal values for Re = 6378 km and hI = 350 km, we find ϕ = 14.2 degrees.

Figure 6.3 Calculating Maximum Ionosphere Footprint

The calculation indicates the maximum extent to which ionosphere correction need to be

provided.  The ionosphere area covered is the area enclosed by the extension of the

coverage area by ϕ degrees of arc in all directions.  Figure 6.4 shows both the boundary of

the coverage area and the extension of the coverage area for a transmitter located at 35 N, 0

W with a transmission radius of 1000 km.  IGPs within this area can be seen by the user.

The number of IGPs needed depends on the latitude of the transmitter for two reasons - the

distance between lines of longitude decreases at higher latitudes and there are fewer IGPs at

higher latitudes.  There is no dependence on longitude.  The IGPs are tallied from different

latitudes for different coverage radii and the results are presented in Figure 6.5.
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Figure 6.4 Coverage Area and IGPs Needed

Figure 6.5. Number of IGPs vs Coverage Radius

These results demonstrate an ideal minimum.  However, since the WAAS message is being

used as a basis for the LOGIC message, some compromises must be made to accommodate

the format of information transmitted.  The first change is to use the WAAS defined IGP

bands.  For Loran, analysis shows that only three bands are necessary to provide full
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ionosphere coverage for any satellite at an elevation angle of five degrees or higher.  From

Equations (6.1) – (6.3), it was determined that the user needs ionosphere corrections for

IGPs located up to 14.2 degrees away in any direction.  The coverage area of a Loran

station is roughly 1000 km in radius or approximately 18 degrees of arc of the great circle.

The total arc that needs to be covered is 14.2+18+14.2 or 46 degrees of arc.  This distance

is 46 degrees of longitude at the equator.  At a latitude of 65 degrees, roughly that of

Alaska, this translates to 108 degrees of longitude.  With each WAAS ionosphere band

containing IGPs for 40 degrees of latitude, three bands should suffice even for Alaska.

Since the location of the transmitting Loran station is known, it can be used to define the

center band with the other bands referenced from this band.  The bands are defined relative

to the central band, i.e., east of, west of or at the central band.  Thus only two bits are

necessary to define the bands used.

However, we still have two issues.  First, the number of data bits available, 179, restricts

the number of grid points per block to 179 or less.  This poses a problem since WAAS has

201 grid points per band.  Second, the system needs to avoid breaking up the corrections

contained in any given WAAS ionosphere correction message.  Otherwise latency will

increase.  The design of WAAS aids in solving these two problems.  The WAAS ground

reference system cannot provide IGP for lower southern latitudes because all of its

reference stations are in the Northern Hemisphere.  These IGPs are not visible by either

WAAS users or the current WAAS reference stations.  And so it should be reasonable that

these IGPs would be set to false in the mask.  In the 108 bps design, these southern most

IGPs would not even be included in the mask.  The idea is to use knowledge of the LOGIC

station location and SBAS coverage area to determine which IGPs to drop out of the mask

since the IGPs are not visible.  However, the user needs to know which IGPs are being

thrown out of the mask and a two bit flag can be used to indicate that information.  Since

the Loran transmitter is within the coverage area of the SBAS used, the technique will

allow the LOGIC user to have the same amount of visible IGPs as a user of the full WAAS

signal.  If the SBAS primarily covers the Northern Hemisphere, then the southernmost

IGPs are eliminated and if the SBAS primarily covers the Southern Hemisphere, then the

northernmost IGPs are eliminated.  If the SBAS is equatorial, then the deleted IGPs are



184

split evenly between the northernmost and southernmost points.  Symmetry and the amount

of data bits available dictate that 32 IGPs be eliminated and the reduced bandwidth

message therefore transmits a mask covering 169 IGPs per block.  To reduce latency, 15

IGP corrections are sent per ionosphere corrections.  Thus, if the 32 IGPs eliminated are

not used, as should be the case, then these corrections should have a one to one

correspondence with a WAAS ionosphere correction.  15 IGP corrections can be placed in

one message if the GIVEI and the IGP corrections are reduced by one bit each to three bits

and eight bits respectively.  The reduced resolution of the GIVEI is acceptable since the

tighter confidence bounds in the WAAS GIVEI are not necessary to achieve

LNAV/VNAV.  Similary, a reduction in the IGP corrections is acceptable since the error

should result in an increase of a few meters in position error if the least significant bit is lost

from resolution and a reduction in availability if the most significant bit is lost.  The layout

of the ionosphere mask and corrections are shown Table 6.4.

LOGIC (108 bps) Ionosphere Mask Bits LOGIC (108 bps) Ionosphere
Correction

Bits

IGP Mask 169 IGP Correction (15 x 8 bits) 120
Band ID 2 GIVEI (15 x 3 bits) 45
IODI (Issue of Data Ionosphere) 2 IODI (Issue of Data Ionosphere) 2
hemisphere flag 2 Block ID 4

Band ID 2
hemisphere flag 2

TOTAL 175 TOTAL 175
Table 6.4 Ionosphere Message Data Usage

6.2.4  REMAPPING THE UDRE & GIVE

The mapped values for GIVEI and UDREI are changed in the 108 bps design for three

reasons.  First, the GIVEI and UDREI look up tables for WAAS are designed to achieve

CAT I and GLS-PA and many of these values do not significantly aid a system designed

for LNAV/VNAV.  In fact, results from Section 2.9 show that σUDRE and σUIVE values less

than roughly 1.2 and 0.9 meters, respectively, are not necessary for LNAV/VNAV.

Second, since the resolution of ionosphere correction is decreased, the GIVE needs to be
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increased accordingly.  Finally, the number of bits dedicated to the GIVEI and UDREI is

decreased to three.

The 108 bps LOGIC mappings for UDRE and GIVE are shown in Table 6.5Table 6.6,

respectively.  While they represent an attempt to create a dedicated mapping for

LNAV/VNAV that conserves bandwidth, they do not represent an optimum setting.  These

mappings eliminate many of the smallest values of the WAAS UDRE and WAAS GIVE.

UDREIi UDREIi,108   (Meters) σi,UDRE  (Meters) σ2
i,UDRE  (Meters2)

0 3.75 1.1398 1.2992
1 6.0 1.8237 3.3260
2 7.5 2.2796 5.1968
3 15.0 4.5593 20.7870
4 50.0 15.1976 230.9661
5 150.0 45.5927 2078.695
6 Not Monitored Not Monitored Not Monitored
7 Do Not Use Do Not Use Do Not Use

Table 6.5 Mapping of LOGIC (108 bps) UDREIi

GIVEIi GIVEIi,108  (Meters) σi,GIVE  (Meters) σ2
i,GIVE  (Meters2)

0 2.1 0.6383 0.4075
1 2.7 0.8207 0.6735
2 3.6 1.0942 1.1974
3 4.5 1.3678 1.8709
4 6.0 1.8237 3.3260
5 15.0 4.5593 20.7870
6 45.0 13.6778 187.0826
7 Not Monitored Not Monitored Not Monitored

Table 6.6 Mapping of LOGIC (108 bps) GIVEIi

6.3  IMPACT OF REQUANTIZATION & LATENCY

The 108 bps LOGIC design, like the 167 bps design, requires monitoring to account for the

increased errors due to requantization and latency.  The equations developed in the

previous chapter also apply to the 108 bps design.  The only difference is that the 108 bps

LOGIC is subject to larger latency.  The increased error is accounted for by incrementally

increasing the WAAS UDRE to cover the error.  The result is then rounded up to the

smallest LOGIC (108 bps) UDRE value that is larger than the incremented WAAS UDRE

value.
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6.4  EVALUATING LOGIC 108 BPS

The experimental validation of the 108 bps system is conducted along the same lines as the

tests for the 167 bps.  The same set of National Satellite Test Bed (NSTB) data is used and

the Middletown Loran transmitter is assumed to be the source of the data.  Figure 5.16

shows the basic set up of the test and Figure 5.17 shows the positions of the LOGIC

transmitter and the user locations.  As with the tests conducted on 167 bps LOGIC design,

the NSTB, using the Stanford Testbed Master Station (TMS), is used as the source of

WAAS information.  While the results when using operational WAAS will be different

since it uses more conservative algorithms, the general trends, such as the incremental

increase in protection levels (PLs) when using LOGIC, should be very similar.

6.4.1  VERTICAL ERROR & PROTECTION LEVEL

First, the performance of the system in a data channel with no message loss is examined.

Only the vertical performance is shown since this requirement is more difficult to achieve.

Figure 6.6 shows the performances of the 108 bps LOGIC system and the NSTB for a user

at Stanford, California.  The average VPL is increased by roughly 10 meters when using

108 bps LOGIC instead of the NSTB.  And, unlike the 167 bps system, the error is

noticeably greater.  The maximum vertical error is 5 meters greater than that of the NSTB.

Figure 6.6 Vertical Protection Level Chart 108 bps LOGIC (Left) and NSTB (Right)
WAAS Performance on June 24-27, 1998 - No Message Loss
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These increases stem from the larger quantization errors for corrections and confidence

bounds of 108 bps LOGIC when compared to either the NSTB or 167 bps LOGIC.  Also it

has larger latency when compared to these other systems.  The PL and error increases are

expected to remain constant when operational WAAS is used as the source of WAAS

information.  Similar results are found in Seattle, Washington and Riverside, California.

6.4.2  LATENCY

In view of the constrained bandwidth of this system, the system latency should be

examined.  The latency analysis is conducted using the same methodology used for the 167

bps channel.  Since the 108 bps theoretically uses around 96% of its bandwidth while the

167 bps message uses 87% of its available bandwidth, it is not surprising that the latency

for the system, especially for the lower priority messages is higher for the 108 bps system.

The latency for higher priority messages such as the fast and mixed correction messages

should be increased as well.  The increase is due to both the longer messages and the

greater channel utilization.  While both factors are involved, higher priority messages are

less affected by the restricted bandwidth because they have priority for the bandwidth.

Table 6.7 shows the results of the analysis.  Equation (5.44), shown again in Equation (6.4),

is used to show how the total latency is calculated.  The average differential delay increases

from roughly 2.7 seconds for LOGIC (167 bps) to 6.7 seconds for LOGIC (108 bps).  The

increases in the average and maximum delays for the low priority messages are even more

dramatic.  The maximum delays for these messages increased by an order of magnitude.

The delays are the result of having a significant backlog of messages.  In the long run, the

backlog does resolve but large delays may be incurred in the meantime.  Since the delay is

very large, it can pose a problem.  The decision algorithm, in part, causes the problem.  A

better message decision algorithm can mitigate some of the delay.  However, the critical

concern is that 95% of the available bandwidth is already dedicated.  This leaves very little

spare bandwidth for the system to relieve the queue should messages start piling up.

, , ,diff LOGIC latency LOGIC decode WAAS decodet t t t= + −                                 (6.4)
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Message Average Delay
tLOGIC,latency (sec)

Average Differential
Delay tdiff (sec)

Maximum Delay
Max(tLOGIC,latency) (sec)

Satellite Mask 12.7801 13.7801 430
Fast Corrections
Degradation Factor

14.9042 15.9042 457

Ionosphere Grid Mask 13.0652 14.0652 533
Ionosphere Correction 9.2677 10.2677 402
Fast Correction 1.7550. 2.7550 11*
Long Corrections 3.5880 4.5880 15
All Messages 5.6815 6.6815 533

Table 6.7 108 bps LOGIC Message Delay Time
*The fast corrections in the message itself should be at most 6 seconds old.

6.4.3  IMPACT OF MESSAGE LOSSES

Figure 6.7 LOGIC (108 bps) Performance with Message Loss

As stated in the previous chapter, an independent message loss model is used to model the

data channel effects.  Incorporating the Loran data channel error history into the LOGIC
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code may provide additional validation.  This result would better incorporate the data

channel characteristics.  Since these characteristics are time and location dependent, the

gain is only marginal.  This dependency also makes it difficult to model different loss rates.

Hence a binomial message loss model is used.  It represents a compromise that provides a

standard for comparing different loss rates among all locations.  The performance with the

model is shown in Figure 6.7.  A user that is outside of the coverage area, Fairbanks,

Alaska, is also shown for comparison.  The plot shows the unavailability of the system with

respect to the message loss rate.  Again availability of the system does not significantly

degrade until the message loss rate is at least 1-2 %.

It is helpful to examine the results of the analysis in light of the results for the four level

IFM from the data channel analysis.  The knee of the availability curve occurs at one

percent while a one to two percent message loss rate is still acceptable in achieving 99.9%

LNAV/VNAV availability.  In the absence of sky wave interference, this means that all

areas are acceptable.  In the presence of sky wave, only areas of moderate to strong sky

wave interference (i.e., where the second strongest interfering signal is at most 3-5 dB

below the desired signal) are unacceptable.  Using the IFM four level modulation instead of

the PPM/IFM/SIM combination used in the 167 bps design increases the coverage area.  In

fact, with technology such as beam steering, 99.9% availability may be achievable

throughout CONUS and Alaska.  A Loran H-field antenna needs two orthogonal magnetic

field loops to obtain the signal.  Beam steering is a technique to weight the output of each

loop so that the overall gain pattern is strongest in the direction of the desired signal

[Peterson98].  This technique thus increases the signal to interference ratio (SIR).  Even

without such technology, the coverage is still significant.

6.5  CONCLUSIONS

This chapter developed a 108 bps LOGIC system is capable of transmitting WAAS

information on Loran.  The lower bandwidth results in lower performance both in terms

protection levels and errors when compared to 167 bps system and the NSTB.  However,
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the performance is still to provide significant utility.  When using the NSTB, the tests show

that 108 bps LOGIC can achieve 99.9% availability for LNAV/VNAV with a message loss

rate of one percent or more.  These results and results from Chapter 5 bode well for using

Loran as a reversionary source of WAAS information.



CHAPTER 7   CONCLUSIONS AND
FUTURE RESEARCH

This chapter will summarize the main results of the thesis and discuss directions for future

research.  In simple terms, this thesis demonstrated that Loran can be used to supplement

GPS navigation and the WAAS data broadcast.  The thesis developed and evaluated

different Loran modulation techniques to approach the 250 bps required for WAAS.  A

data channel model was developed to determine the actual performance of a system using

these modulation techniques.  While the 250 bps WAAS data rate can be achieved, it

cannot be done without significant impact on Loran legacy users.  Hence data rates that are

roughly 50-75% of the WAAS data rate are used.  As a result, this thesis also examined

methods to reduce the required WAAS data rate.  In doing so, means of modifying the

WAAS message strategy to reduce the required data rate were developed.  These methods,

in turn, were used to develop and design two low data rate systems for broadcasting WAAS

information on Loran.  The two system designs incur a cost of increased error due to

latency and reduced bandwidth.  This thesis also derived an error bound compensation for

these error increases.
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7.1  REDUCING DATA RATE & MAINTAINING INTEGRITY FOR A WAAS

BASED INTEGRITY SYSTEM [CHAPTERS 5 & 6]

The analysis of Loran modulation techniques showed that achieving the WAAS data rate is

possible but the changes necessary will have extensive impact on legacy Loran users.  Thus

Loran data rates of 100-170 bps are used since they provide more compatibility with this

user group.  So the thesis examined and implemented means to reduce the overall data

bandwidth required to broadcast WAAS information.  Even though the goal is data

reduction, the reduction cannot come at the expense of integrity.  Error bounds were

derived to account for the induced errors from latency and bandwidth reduction.

Implementation of two different data rate designs were created and tested.

7.1.1  REDUCED DATA BANDWIDTH DESIGNS FOR WAAS

Chapters 5 and 6 developed designs for a 167 bps and 108 bps reduced data rate WAAS

data link for Loran.  These Loran GPS Integrity Channel (LOGIC) designs utilize content

specific data reduction to reduce required bandwidth.  The modifications necessary to

reduce the original bandwidth to the desired bandwidth came from several sources:

• Message Elimination (No Geostationary Information)

• Reduced Satellite Set

• Reduced Ionosphere Grid Points (IGPs)

• Remapped UDRE and GIVE

Given the smaller coverage area of Loran, it is possible to make some of these reductions

without loss of performance.  Analyses presented in the thesis demonstrate the number of

satellites and IGPs necessary for a Loran broadcast to provide corrections for all satellites

or IGPs visible to its users.  The designs can be implemented in several ways.  If WAAS

information is derived from the geostationary broadcast, latency and requantization will be

incurred and the satellite error bounds need to account for the error increase.
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7.1.2  OVERBOUND ERRORS CREATED BY REDUCED BANDWIDTH

Noise, latency and quantization cause the fast correction calculated by the WAAS user to

differ from the true clock error.  Integrity is maintained since the residual error is bounded

by the UDRE.  An equation governing the WAAS user fast correction error and its growth

was derived to analyze variations in update rate, noise and resolution.  The LOGIC derived

fast correction incurred additional errors due to latency and bandwidth reduction (such as

requantization).  The thesis derived a bound for the LOGIC fast correction error due to

latency and different quantizations.  This bound provided a guideline for incrementing the

UDRE and maintaining integrity.

7.1.3  TEST OF REDUCED BANDWIDTH WAAS DESIGNS

The LOGIC system is comprised of the design and analysis of many components such as

the message, message decision algorithm, and the integrity protection algorithm.

Experimental validation was also conducted.  The two LOGIC system designs were

validated using a software implementation of the system.  Much of the validation was done

through simulation (“playback”) with real data.  National Satellite Test Bed (NSTB) data

was used to generate corrections and software created to perform the task of the Loran

transmitter was used to generate the LOGIC message.  Modified WAAS user code then

computed the solution and compared the results with truth.  Two data rates were initially

tested – 108 bps and 167 bps.  The results showed that the LOGIC systems perform as

expected with no integrity failures.  99.9% availability APV and LNAV/VNAV can be

achieved using the 167 bps and 108 bps LOGIC systems, respectively, even in the presence

of one percent or more message loss.

7.2  INCREASING THE DATA RATE ON LORAN [CHAPTER 4]

Loran was not originally designed to carry digital data.  Through the years, many groups

have developed means of placing data on the Loran signal.  However, these data rates are

relatively low with even the most current technique, Eurofix, only capable of providing 20-
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30 bps [vanWilligen89, 98].  The future utility of Loran lies in its ability to complement

GPS and it can do that by supplying GPS integrity information.  Loran is well suited for

WAAS corrections since the coverage area of Loran is reasonably large and the WAAS

data rate is low when compared to LAAS.  However, WAAS still requires 250 bps - an

order of magnitude above the current data rate of Loran.  Increasing the data rate of Loran

is a prerequisite to using Loran to broadcast WAAS information.  To this end, higher data

rate modulation techniques were created and analyzed.  Furthermore, a new Loran data

channel model was developed to test these techniques under real operating conditions.

7.2.1  DESIGN & ANALYSIS OF LORAN MODULATION TECHNIQUES

This research examined and developed three modulation techniques – pulse position

modulation (PPM), intrapulse frequency modulation (IFM) and supernumerary interpulse

modulation (SIM).  The methods were developed to have minimal impact on legacy users.

Analysis showed that the performance of these methods was good.  A one tenth percent

probability of symbol error can be achieved using four level IFM or three level balanced

PPM provided that the Loran SNR is about 7 dB.  Since most of the continental US can

receive Loran signals with SNR of 10 dB or higher, the result showed that these techniques

can be received reliably in the presence of noise.  While noise is a major and omnipresent

source of interference for Loran, other interference sources exist.  As a result, a Loran data

channel model was developed to better assess the performance of these techniques.

Another result is that IFM generally has the best performance for a given SNR.  Since four

level IFM has 2 bits per symbol while three level PPM has less than 1.2 bits per symbol,

the IFM technique has better error performance.  As a result, IFM is the preferred method

of data modulation and is being used in current and future tests of the Loran data channel

(LDC).

7.2.2  ANALYSIS OF LORAN DATA CHANNEL

Interference from other Loran signals represents the major source of interference for Loran.

Cross rate interference is interference from another Loran station transmitting at a different
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repetition rate.  Sky wave interference is interference from a Loran signal that has been

reflected by the ionosphere.  These two interference sources cannot be modeled as white

noise and are dependent on the properties of the transmitting Loran station.  Thus, the

interference cannot be easily modeled with standard communication tools designed for

assessing white noise.

The Loran data channel model was designed to incorporate the characteristics of the main

sources of interference for Loran.  It allows for the evaluation of modulation techniques

when the techniques are implemented on all Loran stations.  Since this task cannot be done

experimentally without affecting the current user base, the model is the only means of fully

testing the system.  The data channel model showed that many of the PPM and IFM

formats work with low error rates in much of the country.  These results hold to a lesser

extent if supernumerary (SIM) pulses are added.  With SIM, there was significant

degradation in areas with multiple strong cross rate signals or when there are multiple

strong sky wave interferers.  Even for the basic IFM and PPM methods, there were areas of

high cross rate interference where the results will not hold.  These areas are not large and

techniques such as antenna beam steering may allow PPM or IFM without supernumerary

pulses to perform adequately in these regions.

7.3  PERILS OF TRADITIONAL DATA COMPRESSION FOR WAAS

[APPENDIX A]

Traditional data compression involves using algorithms to reduce data necessary to

transmit information.  These algorithms do not require any knowledge of the content and

can be used generically as long as the information shares certain properties.  Rate distortion

theory, a branch of information theory, provides a means of determining the minimum

amount of data necessary to transmit a piece of information with a given error or distortion

level.  The value relies on certain properties of the information and is not dependent on

content.  These properties include interdependencies between each discrete piece of

information transmitted.  Analysis using rate distortion theory showed that while it is
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possible to achieve lower data rates for the GPS integrity information being transmitted, the

interdependency of information can exacerbate the effect of a lost message.  When using

data compression, even low message rates can result in unacceptably high acquisition times

and unacceptably low availability.

7.4  OTHER CONTRIBUTIONS [APPENDICES B, C, D & E]

Other contributions are described in the appendices since they are not directly related to the

development of the LOGIC system.  While not directly used in the development of LOGIC,

the results are important and worth mentioning.  The first is a study of other candidate data

channels for a redundant broadcast of WAAS.  The second is an analysis of the minimum

data rate necessary for WAAS to support a given flight operation.  Within the analysis is a

general examination of both a means to reduce the data bandwidth for WAAS and the

effect of S/A on the WAAS data rate.

7.4.1  OTHER DATA CHANNELS

Two other data channels were examined for their capability to provide additional

broadcasts of WAAS and potentially back up navigation services.  The analysis, presented

in Appendix B, showed that LAAS VHF data broadcast (VDB) has spare capacity of at

least 112 bps for additional data.  The Traffic Alert and Collision Avoidance System

(TCAS) uses the Mode S data link which has provisions for data transmission of 224 bps or

more.  The research developed a method to utilize TCAS to provide back up navigation.

The research indicated that these systems are not as attractive as Loran since their coverage

and back up navigation capabilities are more limited.  This is discussed later in greater

detail in the Section 7.5.1.

7.4.2  ANALYSIS OF MINIMUM DATA RATE FOR WAAS DERIVED SIGNAL

The determination of the minimum data rate of a WAAS derived integrity system to

support various flight operations required an understanding of what data can be reduced
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and how it can be reduced.  Since traditional data compression has significant adverse

effects, content specific data compression was examined.  Content specific data

compression seeks to use knowledge of the content and information to reduce data

requirements.  In essence, this is modifying the WAAS message strategy to reduce the

information to the minimum necessary to support the application.  The four components of

data rate were examined in Appendix C.  These were:

• Correction/Message Types used

• Number of Corrections/type (number of satellite corrections, ionosphere grid points)

• Bits per Correction/Data Resolution

• Update Rate

Some of the changes presented do not affect the performance of the system.  However,

others, such as changing the bits used for a correction and the update rate, do affect

correction performance and hence error bounds.  Error bounds are important since they

assure integrity.  Analysis of the performance of the fast corrections and fast correction

error bounds at different resolutions and update rates was made to provide an

understanding of the relation between data usage and error bound.  Analysis was also

conducted to examine the difference between using a scalar and vector ephemeris

correction for different coverage areas.

The ICAO performance specifications were converted into requirements on the error

bounds for the primary errors corrected by WAAS.  The analysis provided a trade off curve

for the maximum acceptable error bounds on satellite and ionosphere error.  The results

from analyzing different modifications to the WAAS message strategy were used to

determine possible combinations of corrections that can achieve an error bound less than

the maximum acceptable level for the operation.  The minimum data rate was determined

from the combination that utilized the least amount of data bandwidth while still meeting

the error bound requirements.

An analysis of S/A, presented in Appendix E, was conducted to examine its effect on the

fast corrections and to determine how to utilize S/A off to reduce data usage.  Without S/A,
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a given error bound can be achieved with less data.  For instance, the fast correction update

rate can be increased from 6 seconds (S/A on) to 30 seconds (S/A off) and still achieve the

same fast correction error bounds.  Furthermore, the dynamic range can be decreased when

there is no S/A.  Data collected using the NSTB showed that the dynamic range and

acceleration of the clock errors changed by at least one order of magnitude with the

absence of S/A.

7.5  CURRENT & FUTURE WORK

The developments in modernizing Loran for the National Air Space (NAS) have been

progressing rapidly in the years since the 1999 Federal Radionavigation Plan (FRP).  Much

work is currently in progress and even more development will be conducted in the near

future.  This section outlines some of the current and future work.

7.5.1  OTHER DATA CHANNELS

The WAAS message strategy modifications and minimum data rate analysis are generic to

any data link.  While the work is being applied to Loran, it is not Loran specific.  The

results and design ideas can be used to utilize any data channel for GPS integrity

information.  So one line of future work is to examine the use of existing radio broadcast

systems to provide additional data links for GPS integrity information.  Initial work on

using LAAS VHF Data Broadcast (VDB) and Mode S has been conducted though the

development has not reached the same maturity as the work using Loran.

LAAS VDB and TCAS/Mode S are discussed in Appendix B.  There is some advantage in

using VDB.  It is on protected frequencies and analysis shows that additional bandwidth is

available on LAAS VDB to provide at least a low bandwidth WAAS message.  It may

seem a bit strange to have WAAS information on the LAAS data link.  However, while all

aircraft have VHF antennas, they are not guaranteed to have LAAS equipment and the data

link may serve commuter jets or general aviation aircraft that are not equipped with LAAS.

The drawback to using VDB is that the signal’s range of utility only extends about 23
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nautical miles from the transmitter.  LAAS ground stations generally only serve the areas

around major airports, so many medium and small airports may not have coverage.  Some

work has been conducted on data channel models and error correction to extend the range.

A future task is to expand upon this effort.

Mode S has the capability of providing some navigation and data capabilities in the

regional area.  Since Mode S was designed as a digital data link, it is possible to transmit

the full WAAS message.  Appendix B and [Gebre99] show how Mode S can be used for

navigation.  The disadvantage of Mode S is similar to that of VDB with Mode S ground

surveillance radar only serving major airports and having relatively short range.  The

problem, at least for WAAS transmission, may be resolved by the addition of ground

transmitters.  Again more research on the data channel and the impact of adding the WAAS

message to Mode S is required.

Additional areas of future research include the use of other aviation VHF data links as well

as the Radio Data Service (RDS) for GPS integrity information.

7.5.2  GPS INTEGRITY SYSTEM DESIGN

The tools and methodology developed for the minimum data rate analysis are well suited

for GPS integrity system design.  The results from the analysis can assist the operational

WAAS with achieving APV or GLS-PA.  The minimum data rate analysis shows the need

to reduce measurement noise to achieve GLS-PA.  Measurement noise determines the

performance of the satellite and ionosphere corrections and better corrections result in the

lower error bounds necessary to achieve GLS-PA.  Improvements can be also achieved

with a better ionosphere model and another future effort can be incorporating new

ionosphere algorithms into the analysis.  This work can also be applied to new GPS

integrity signal designs such as the concepts discussed for the GPS Block III satellites.

The work analyzing S/A may be used to implement MOPS changes to WAAS that can take

more advantage of the absence of S/A.  The RTCA proposed to transmit Message Type 6,

the UDRE message, in lieu of the fast corrections when the UDRE still bounds the residual

errors using the last valid broadcast fast correction sets.  This is described in [Walter98].
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Analysis suggests that the fast correction could be transmitted once every 30 seconds with

a Type 6 message transmitted every 6 seconds.

7.5.3  CURRENT & FUTURE LOGIC WORK

The FAA evaluation of Loran for the NAS will require that the Loran research be flight

tested.  There is a significant amount of work that needs to be done to accomplish this task.

These tasks include tests of the modulation techniques, tests of receiver technologies,

analysis of the experimental performance of the LOGIC system and integration of

GPS/Loran for aviation.

7.5.4  ADDITIONAL VALIDATION OF LOGIC PERFORMANCE

While NSTB data was used for the LOGIC demonstration, there are two other cases that

are interesting to explore.  One case is to examine LOGIC performance when using

corrections from operational WAAS.  Archived WAAS corrections collected from the

geostationary satellite can be used for the analysis.  However, the test should be performed

using the WAAS broadcast once initial operating capability (IOC) has been declared.

Another interesting case is the operation of the system with S/A off.  One would expect the

system to perform more or less the same.  For the S/A off case, data from after May 2,

2000 can be used.

7.5.5  TEST OF MODULATION SCHEME

Another important future task is validating the modulation techniques using operational

Loran transmitters.  The task is not trivial since the operational Loran system utilizes a

variety of transmitter technologies to generate the Loran pulses.  A few still use vacuum

tube transmitters while most utilize some form of solid state technology.  Getting these

Loran transmitters to transmit modulated pulses will require some work.  Dr. Benjamin

Peterson and the US Coast Guard (USCG) Loran Support Unit (LSU) have already been

able to implement PPM and various forms of IFM at the Wildwood, NJ Loran station

[Peterson01a].  The vacuum tube based transmitters are used for the IFM modulation.

Wildwood operates both vacuum tube and solid state equipment and its purpose is to serve
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as a test facility for Loran technologies.  Future work includes refining the IFM waveform

to achieve better legacy support, compatibility with frequency requirements, and better

transmission characteristics.  Another task includes implementing IFM on the solid state

transmitters.

7.5.6  LORAN RECEIVER TESTS

Another critical task for the evaluation of LOGIC is the design and construction of a Loran

communication receiver.  In addition to being able to receive and decode digital data from

Loran, the receiver needs to have novel tracking to acquire data from Loran during flight.

Peterson and his associates have done much of the work for this and a basic Loran

communications receiver has been completed [Peterson01b].  The next step is to build a

receiver capable of using the communications signals for WAAS and navigation.  To test

such a receiver, a LOGIC test bed will have to be built.

Another task is to test the effect of the modulation on legacy receivers.  While there are

only a handful of commercial Loran receivers being produced, there are numerous

receivers still being used.  These receivers use a variety of techniques to track and acquire

Loran signals and so each type may have to be tested.  These receivers are no longer

produced and may be difficult to acquire.  A more fundamental study would be to

determine the number and current use of legacy Loran equipment.  It may be more cost

effective to provide replacement for these receivers and use a Loran data channel design

that is not legacy compatible than to a LDC design that is legacy compatible.

7.5.7  FIELDING LOGIC

Further development requires field-testing and evaluation of the LOGIC system.  The

construction of the receiver and implementation of the modulation on Loran transmitters

begins the tests.  However, software and hardware must be created and installed at the

Loran transmitter to generate the LOGIC message and complete the test set up.

The first part of the task was achieved in the summer of 2001.  The LDC performance tests

collected data from both moving and static users at many different locations in Alaska.  The
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tests provided an indication of the range of the system.  The results from static tests were

compared with a truth reference.  The flight tests demonstrated performance in a dynamic

environment.

However, this is only the first step.  Only one station, Tok (in Alaska), transmitted the LDC

signal.  Only when many stations are transmitting the signal will the cross rate and sky

wave interference approximate the interference levels seen in a full implementation.

Furthermore, transmissions from multiple stations are necessary to test the navigational

capabilities of the LDC signal.  Hence, the next step is to build and operate a LOGIC test

bed chain.  The test bed will be used to demonstrate Loran navigation with the LDC signal

and provide a platform for development of Loran receivers capable of using the LDC

signal.

The results of these tests can be used to create a better channel model to assess the system

should it be implemented on all US Loran transmitters.

7.5.8  HYPOTHETICAL GPS-LORAN SYSTEM

Another future task is the integration of Loran and GPS into one unit.  As mentioned in

Chapter 1, this task involves integrating the two receivers into one unit with aviation safety

in mind.  The idea is to develop a system that is less susceptible to single points of failure.

It will be a system where the loss of either GPS or Loran will only result in a marginal

rather than catastrophic degradation of performance and capability.  Figure 7.1 shows a

flowchart of a potential implementation of integrated GPS/Loran.  Future tasks involve

researching, constructing and evaluating this system.  One implementation may involve

running two separate and independent WAAS processes – one with WAAS from the

geostationary satellite, the other with WAAS from Loran.  The failure of one WAAS data

link will not affect the other process due to independence of the implementation.  In

addition, the solutions can be used to cross check each other.  Also, the solutions may be

used to generate accurate additional secondary factor (ASF) maps for more accurate Loran

positioning.
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Figure 7.1  Flowchart for Hypothetical GPS/Loran Architecture for Aviation

7.6  CONCLUSIONS

This thesis developed and analyzed necessary components to enable Loran to transmit

useful WAAS information while maintaining compatibility with legacy Loran users.  These

components involved higher data rate techniques for Loran, a Loran data channel model,

designs of low data rate WAAS (167 bps and 108 bps) and an implementation of these

designs.  This thesis also develops general methodology for determining the minimum data

requirements for a desired operation and comprehensive examination of means for

reducing required data rate on WAAS.  The methodology can be used for other low

bandwidth data channels.  This thesis showed that it is possible to use Loran to broadcast

WAAS information while maintaining navigation capabilities for current Loran users.



CHAPTER 8  EPILOGUE

Equation Section 8

The concepts and designs presented in this thesis provided an impetus for further

development of the Loran Data Channel (LDC).  In the first half of 2001, significant

resources were devoted to researching as well as developing the ability and equipment to

transmit full WAAS on 250 bps LDC [Peterson01a,b].  The lower data rate Loran GPS

Integrity Channel (LOGIC) designs provided additional alternatives if 250 bps could not be

achieved effectively.  User equipment and modulation hardware were designed and

developed to evaluate and demonstrate the 250 bps LDC.  A high dynamic LDC receiver

was also developed.  The research involved cooperation from a diverse group of

participants such as Peterson Integrated Geopositioning (PIG), Stanford University, Ohio

University, Federeal Aviation Administration Technical Center (FAATC), U.S. Coast

Guard Academy  (USCGA) and the Loran Support Unit (LSU).  Tests in the summer of

2001 demonstrated that it was possible to transmit and receive the 250 bps WAAS message

on Loran using 16 level Intrapulse Frequency Modulation (IFM).  Details about the

development and testing are presented in [Peterson01a,b].  This epilogue focuses on the

results of the Alaska field tests which represent the culmination of the research and

development efforts of 2001.  The discussion also clarifies the direction of future research

efforts.

204
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8.1  TRANSMITTER & RECEIVER SET UP

The Loran transmitter at Tok, Alaska was used to provide the LDC signal.  This is the first

operational Loran station to transmit the signal and the use of this station required taking

the entire 7960 chain off line.  Tok serves as the master station for this chain and is an

attractive option since it provides reasonable signals to areas of interest – Fairbanks,

Anchorage, and Juneau.  Furthermore, its equipment is compatible with the LDC

modulator developed by PIG.

The geostationary satellite broadcast of WAAS provided the WAAS message to the LDC

modulator.  A Novatel OEM 4 GPS/WAAS receiver and a GPS patch antenna were used to

receive the broadcast.  Since Tok is located at 63 N, the geostationary satellite is at a very

low elevation in the sky (approximately 12 degrees) and thus, the placement of the GPS

antenna used to receive the WAAS signal was critical.  The antenna was originally

positioned on the roof of the Tok Loran station as seen in Figure 8.1.  This set up resulted

in a carrier to noise ratio (C/No) of 33 dB-Hz, which is only narrowly acceptable.  Next, the

antenna was placed on the ground pointed towards the estimated location of the

geostationary satellite.  A higher-grade cable was also used.  The changes provided

significant gain with the result being a C/No of 45 dB-Hz. This became the final

configuration and is seen in Figure 8.1.

The LDC modulator takes the WAAS message output from the OEM 4 receiver and uses

Reed-Solomon (R-S) error correcting code to provide forward error correction (FEC) for

the LDC.  The modulator then takes the symbols and determines the set of waveforms that

form the desired symbols.  These waveforms are then used to drive the Loran transmitter.

The 16 level IFM used is legacy compatible though some signal strength degradation will

be experienced by those users.  Achieving 250 bps while supporting legacy users requires

that every station transmit 21 GRIs per second.  The implication is that all stations must

become dual rated.  The drawback is that this will result in greater cross rate interference.

The station was operated at a GRI of 48300 microseconds.  At this rate, one 250 bit WAAS

message could be transmitted every second.  The data transmission rate actually is slightly

greater than 250 bps resulting in enough extra bandwidth to send an additional message
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every 29 to 30 messages.  Since the additional bandwidth is not needed, it was decided to

repeat the previous message.  A more detailed description of the design is given in

[Peterson2001b].

The set up adds latency to the system since the modulator has to wait for the entire WAAS

message to be received from the geostationary satellite before applying Reed-Solomon

FEC, determining the waveforms and transmitting those waveforms.  Connecting the Loran

station to a WAAS master station (WMS) that generates the messages with a high speed

landline would eliminate the additional latency.  However, the method used is more

practical, cost effective and more than adequate for evaluation since the latency can be

removed in post processing.

Figure 8.1 Initial & Final GPS/WAAS Antenna Set Ups

Four data collection units were built for the flight trials - one ground unit and three portable

units.  The ground and portable units are seen in Figure 8.2.  Each unit consists of a Loran

communications receiver, a Novatel OEM 4 Millenium GPS/WAAS receiver and a Linux

based data processing and collection computer.  The Loran communications receiver

software is operated on an Intel based personal computer (PC) using Windows operating

system.  The LDC signal brought into the PC via an analog to digital converter.  It outputs

the forward error correction (FEC) decoded WAAS messages to the data collection
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computer.  It also stores raw LDC observables on its hard disk.  Additional details on the

receiver architecture are provided in [Peterson01a].  The Novatel OEM 4 receiver, while

not a certified aviation receiver, is capable of receiving both the GPS and WAAS signals.

It is capable of outputting a WAAS solution though only raw GPS observables and the

decoded WAAS messages are used.  The data collection computer operates a modified

version of the Stanford WAAS user code.  It takes outputs from both the Loran and the

Novatel receivers and processes a WAAS solution using the WAAS messages received

from either source.  It stores data from both receivers.  Four distinct binary files are

generated.

Figure 8.2 Set Up of WAAS User and Data Collection Equipment

A modified grid ionosphere vertical error (GIVE) algorithm was used to process the

calculated WAAS solutions.  The modified algorithm simulates the performance that would

be achieved using the design specified in the new GIVE algorithm description document

(ADD) [Walter00].  These changes were implemented in operational WAAS in 2002.  The

change made for the flight trials allows the current broadcast ionosphere corrections to be

used by setting a nominal large value of the GIVE for Alaska.  Without this change, the

broadcast GIVE would not allow the use of the ionosphere corrections thus causing

significant performance degradation.
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8.2  FIELD TEST SITES

The Alaska flight trials were conducted on August 23-24, 2001.  Two aircraft  – a Ohio

University Beechcraft King Air and an FAA Technical Center Convair 550 – were

operated from Merrill Field in Anchorage.  Both aircraft were equipped with a Loran

receiver, GPS/WAAS Novatel OEM 4 receiver and data collection unit along with an H-

field antenna.  Technical issues with the H-field antenna on the King Air led to the use of

an E-field antenna on the second day.

The August 23 tests involved the Convair flying a roundtrip from Anchorage to Prudhoe

Bay and the King Air flying a roundtrip from Anchorage to Juneau.  Both Juneau and

Prudhoe Bay represent theoretical limits of the LDC transmission from Tok.  On the 24th,

the King Air flew from Anchorage to Homer, then headed northwest before returning back

to Anchorage.  The LDC signal was expected to have a high symbol error rate at Homer

due to cross rate interference from the Narrow Cape Loran station.  The Convair flew a

high altitude course from Anchorage to Juneau and back.  A map of Alaska indicating these

areas is presented in Figure 8.3.

Figure 8.3 Alaska Flight Test
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In addition to the flight test, a static site at Merrill Field was operated.  The static site was

previously surveyed allowing for a truth reference.  It also collected GPS/WAAS and

Loran data for future analysis.  A preliminary test was conducted on August 17 to verify

that the LDC transmission from Tok was operating within desired parameters.  Static data

was logged during this test.

8.3  STATIC TEST SUMMARY

The static ground site, located at Merrill Field, provided a reference location for monitoring

the LDC and geostationary signals as well as a truth reference.  The performance of the

geostationary WAAS (GEO WAAS) broadcast and the Loran Data Channel WAAS (LDC

WAAS) are presented in Figure 8.4.  This figure presents a side by side comparison of the

vertical protection level (VPL) chart of each system.  It shows that the availability of GEO

WAAS for APV approaches is almost 95% while the availability for LNAV/VNAV

approaches is greater than 99.999%.  Just as important is that integrity is maintained with

all points above the 45-degree line.  The geostationary satellite is at roughly 15 degrees in

elevation and the WAAS signal received from the geostationary satellite was very reliable.

No losses from the GEO WAAS were recorded.

The LDC WAAS signal performed nearly as well.  The few missing messages on the LDC

resulted from the Tok station not broadcasting them.  The Tok transmitter did not have

those messages because the GPS/WAAS antenna was occasionally blocked.  As seen from

Figure 8.1, the GPS/WAAS antenna is placed close to the ground and so personnel walking

close by can easily obscure the geostationary signal.  This issue was rectified for the

August 23-24 test with the use of traffic cones.  Tests were also conducted for various

transmission power levels.  The LDC WAAS message losses tallied 368 losses out of

11477 on August 17th and 1131 losses out of 23280 on the 23rd.  The losses are attributable

to problems at the transmitter and are not due to the data channel.
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Figure 8.4 VPL at Merrill Field, Alaska Using GEO (Left) & LDC (Right) WAAS
(Anchorage, 8/17/01)

Figure 8.5 LDC WAAS Latency

A primary difference between LDC WAAS and GEO WAAS is latency.  The WAAS

message must be received by Loran station Tok, and then retransmitted by the station.  This

process causes a delay in the message versus one received directly from the geostationary

satellite and is seen in Figure 8.5.  The varying latency is due to an extra message every 29-

30 messages.  The additional message latency causes a degradation of the VPL calculated
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by the user.  The VPL is then larger than that of the one calculated using the GEO WAAS

messages.  There are a few points that are significantly larger (nearly 50 meters).  From an

accuracy standpoint, the system does not differ significantly from that of the GEO WAAS

signal.

Similar results were obtained on August 23 and 24.  Power issues at the Tok station on

August 23 resulted in many intervals where the Tok transmitter was not broadcasting.

8.4  FLIGHT TEST SUMMARY

The flight tests can be summarized by examining the results of the two flights of August

24.  These flights are presented since the transmitter power issues of August 23 make it

difficult to discern the actual performance of the channel.  Furthermore, the flights of the

24th have the Convair employing an H-field antenna and the King Air employing an E-

field antenna.  While the flight tracks were different, the set up allows for some qualitative

comparison between the performance of the two antennas.

Since there are no truth references for the WAAS solution, the performance analysis

conducted uses comparisons of the results of each system for assessment.  In post

processing, the latency of the LDC WAAS can be removed and a combined WAAS

solution using the WAAS message from either channel can be formed.  As seen later, the

message losses on the two data channels are independent and the combined WAAS has

much fewer message dropouts.  In both flight tests, the combined solution had no dropouts

excluding the initial acquisition period.  This can be used as the reference performance

standard and a comparison is made using VPL from the GEO, LDC and Combined WAAS

signals.

High-grade inertial navigation systems (INS) were not carried aboard either aircraft and so

the bank angle was not measured.  Since bank angle is not known, it is estimated.  The

bank angle and the angle of the antenna relative to the geostationary satellite are estimated
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by assuming perfect banking [3].  This method is seen in Figure 8.6 and will also be used

here.  The turn rate is estimated using the change of the velocity vector.

Example: 2 min. turn at 250 knots
250 kts = 129 m/s (.514 m/s = 1 kt)

bank angle = atan{(2p /120) * 129/9.8}
= 34.6 degrees

Gravity

Angular velocity * linear velocity

bank angle (q) = atan(Angular velocity *
linear velocity/Gravity)

q

Figure 8.6 Estimating Bank Angle [Peterson01b]

8.4.1  CONVAIR 550 (08/24/2001)

Figure 8.7 Flight History of the Convair with Message Loss History (August 24,
2001)
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The August 24th flight path of the Convair 550 traversed a course from Anchorage to

Juneau and back.  Much of the flight occurred at an altitude of roughly 20,000 feet.  Figure

8.7 shows a color coded flight history of the Convair along with a time history of the

WAAS message losses for both GEO and LDC WAAS.  The LDC channel experienced

845 lost messages while the GEO channel experienced 462 lost messages.  The message

availabilities of GEO and LDC WAAS were 96.95% and 94.41%, respectively.  The

majority of LDC lost messages occurred at the full extent of the predicted Tok LDC

coverage area.

These LDC losses are related to the losses on the GEO channel.  The message losses on the

GEO broadcast were correlated with bank turns that obscured the line of sight of the

geostationary satellite as seen in Figure 8.8.  Extended periods where the line of sight of the

satellite is blocked lead to loss of lock, which forces the Novatel GPS receiver to reacquire

the signal.  If the receiver does lose lock, the Novatel has a tendency of losing a minimum

of three messages.  Again, this is because the Novatel was not specifically designed for

flight.

Figure 8.8 Estimated Bank Angle & GEO WAAS Drop Out



214

The combined WAAS solution was determined by post processing the collected data and

removing the LDC latency.  For each epoch, the combined solution used either the LDC or

GEO WAAS message.  These messages are the same since the latency was removed.

Message loss is only declared if both channels do not have a WAAS message.  With the

exception of initial acquisition, there were only two instances of this during the flight.

Figure 8.9 VPL of the GEO, LDC and COMBINED WAAS Solutions for Convair
(August 24, 2001)

A comparison of the VPL of the GEO, LDC and Combined WAAS solution is shown in

Figure 8.9.  As seen from the plot, the combined solution has 14815 out of 14816 epochs

having a precision approach (PA) solution with none of these PA solutions having a VPL

exceeding the LNAV/VNAV VAL of 50 metesr.  Provided that there were no cases of

HMI, i.e., where true vertical error exceeded the VPL, this means that the combined
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solution had greater than 99.99% availability for LNAV/VNAV.  Since we did not use a

position reference better than WAAS, a measure of the true error cannot be known.

However, the WAAS specification is that HMI is very rare with a probability less than one

in ten million [ICAO98].  Hence, it is reasonable to assume that there were no HMIs.  As a

result of message losses, the GEO solution has PA solutions in 14399 out of 14820 epochs

and the LDC solution has PA solutions in 13877 out of 14860 epochs.  In these PA solution

epochs, the GEO solution has 21 instances where the VPL exceeds 50 meters while the

LDC solution has 53 such instances.  Hence, the total number of GEO and LDC epochs

with VPLs less than 50 meters is 14378 and 13824, respectively.  This results in an

LNAV/VNAV availability of 97.02% and 93.03%, respectively.

8.4.2  BEECHCRAFT KING AIR (08/24/2001)

Figure 8.10 Flight History of the King Air with Message Loss History (August 24,
2001)
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The King Air flight path is shown in Figure 8.10.  The King Air utilized an E-field antenna,

which experienced a significantly higher rate of message loss when compared to the H field

antenna on the Convair.  Some of the loss occurred near Homer where interference from

Loran station Narrow Cape is significant.  The other source of message loss is probably

precipitation static (P-static) related.

This idea is given some support by Figure 8.11, which shows a plot of the LDC message

loss as a function of altitude and time.  The first large set of losses occurs near Homer as

the aircraft is ascending in altitude through several cloud layers.  The second occurs on the

eastward flight back to Anchorage, with most of the message drop outs occurring as the

aircraft descends in altitude and through clouds.  The message availability of LDC WAAS

was 77.17%.

Figure 8.11 King Air Altitude & Message Loss

The losses on GEO WAAS are again due to blockage of the line of sight and are seen in

Figure 8.12.  With fewer steep banks and a higher elevation angle of the geostationary
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satellite, the GEO WAAS message losses are less than that of the Convair.  The message

availability of GEO WAAS was 99.48%.

The data was post processed to remove the LDC latency.  A combined solution was

calculated.  The combined solution had six instances where there was no WAAS message

available resulting in a message availability of 99.92%.

Figure 8.12 Estimated Bank Angle & GEO WAAS Drop Out

The VPL of the GEO, LDC and Combined WAAS solutions are calculated and compared.

The comparison is shown in Figure 8.13.  With only six messages lost for the combined

solution, the LNAV/VNAV availability is greater than 99.9999% with no VPL exceeding

50 meters and every epoch having a PA solution.  With lower GEO WAAS message losses

than the Convair, the LNAV/VNAV availability is greater at 99.58%.  The greater LDC

WAAS loss rate results in an LNAV/VNAV availability of 66.02%.
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Figure 8.13 VPL of the GEO, LDC and COMBINED WAAS Solutions for King Air
(August 24, 2001)

8.5  CONCLUSIONS

Some characteristics of GEO WAAS can be seen from our results.  The low elevation of

the geostationary satellite was generally not a problem with the exception of severe banks.

GEO WAAS was received with few message losses even in the northernmost reaches of

our flight path (Prudhoe Bay).  GEO WAAS message losses only occurred in several banks

where the aircraft turns away from the geostationary satellite.  Such banks are not expected

to occur on final approach, which is the phase of flight that requires the most accuracy.

However, they may occur during missed approaches and go-arounds.  The low elevation of

the geostationary satellite definitely had an effect on the ground and we experienced

significant difficulty tracking and receiving GEO WAAS on a test drive near Tok, Alaska

with the receiver equipment mounted on a car.  In this situation, WAAS solutions were

available less than 20% of the time.  Foliage and other natural features that obscured the
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line of sight are suspected to have attenuated signal from the low elevation geostationary

satellite resulting in these difficulties.

The trials indicated the potential of the LDC.  While the LDC did not provide

LNAV/VNAV with 99.9% availability, the channel certainly showed that it could provide

some back up capability to WAAS.  It demonstrated significant LNAV/VNAV availability.

Improvements should make the future LDC more reliable.  The combined solution

demonstrated the utility of Loran as a redundant data link.  The independence of GEO and

LDC WAAS losses makes the two systems highly complementary.  Probabilistically we

can quantify the likelihood of having a WAAS message in a combined system (Pmsgavail)

using the following equations.

( )1
msgavail GEOmsg GEOmsg LDCmsg

P P P P= + −                             (8.1)

msgavail GEOmsg LDCmsg GEOmsg LDCmsg
P P P P P= + −                           (8.2)

or in terms of message loss rate

msgloss GEOloss LDCloss
P P P=                                             (8.3)

With GEO WAAS having an average message loss rate of 2.19% and LDC WAAS having

an average rate of 11.47%, the message loss rate of the combined solution, calculated using

Equation (8.3), is expected to be 0.25%.  The post process results had a lower loss rate.

The LDC average should show definite improvement if the King Air flight were able to use

an H-field antenna.  However, the expected message rate of the combined system, while

quite reasonable, does not meet the WAAS Minimum Operational Performance Standards

(WAAS MOPS) [RTCA01] which specify that a 0.1% message loss rate must be tolerated.

LDC WAAS shows good promise in providing a backup data link for WAAS and a

combined system could greatly improve message availability as well as LNAV/VNAV

availability.  The tests show LDC WAAS could also prove to be especially useful for
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Alaskan terrestrial or marine users since the GEO WAAS may be difficult to acquire when

there is foliage and terrain attenuating the signal.  The demonstration of a legacy

compatible LOGIC system capable of providing the full WAAS message does indeed

provide benefit to GPS/WAAS.



APPENDIX A  THEORETICAL AND
PRACTICAL APPLICATION OF RATE
DISTORTION THEORY ON WAAS
CORRECTIONS

Equation Section  1

Data compression is often used to alleviate some of the problems of having a data

constrained channel.  Data compression could increase the amount of information

transmitted and may enable the transmission of the full Wide Area Augmentation System

(WAAS) message using less bandwidth than the current 250 bps requirement.  Even if that

is not possible, an increase in the amount of data transmitted would increase performance.

This appendix examines the use of data compression for a safety of life message such as

WAAS.  The first two sections will use rate distortion theory to determine the theoretical

limits of compression and determine how to achieve data compression on WAAS.  The

following sections will discuss and utilize some common data compression methods and

examine the effect of data compression on a safety of life message.

A.1  RATE DISTORTION THEORY

Rate distortion theory is a mathematical construct that describes the limits of data

compression.  The theory determines the lower data bound necessary for the transmission

221
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of the specified information given a specified error level.  A basic understanding of

information theory is necessary to describe rate distortion theory.  Information theorist

often measure the average amount of information as the entropy, denoted by H(x).  The

entropy derives from the probability distribution of the transmitted information.  For

illustration purposes, a finite discrete distribution will be assumed and the probability

distribution will be denoted by P( ) such that:

( )
1

0

1
M

j

P j
−

=

=∑                                                                     (A.1)

The H(x) entropy function is then defined as

( ) ( )
1

0

( ) log
M

j

H x P j P j
−

=

= −∑                                                       (A.2)

For example, if we assume each of the 12 bit fast corrections is equally probable, H(x) = 12

bits.  If a gaussian distribution with a standard deviation of 20 m is assumed, then the

entropy becomes 9.114 bits.

It is known from coding theory that if the channel capacity, C, does not exceed H, then any

communication system that uses that channel must suffer a loss of information of at least

H-C.  If perfect reproduction is not necessary, it is possible for the output to be reproduced

with some distortion, D.  Rate distortion theory can be used to determine R(D), the

minimum amount of bits necessary to reproduce the source information with distortion D.

R(D) is known as the rate distortion function and D(R), the inverse of R(D), the distortion

rate function.  Details of the theory can be found in texts such as [Berger71] or

[Gallager68].

The term distortion is a measure of the cost of an error.  Common distortion metrics are

difference distortion measures.  In difference distortion, the distortion is dependent only on

the difference between actual (x) and transmitted quantity (y).  Examples of this metric are

the mean squared error (MSE) loss function, given by
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( ) ( )2,d x y x y= −                                                         (A.3)

and the magnitude error loss function, given by

( ),d x y x y= −                                                      (A.4)

The MSE loss function is often used because it represents the cost of the error and it is

mathematically tractable.

A.2  RATE DISTORTION FUNCTIONS

The derivation of the rate distortion function for a data source depends on the statistics of

that source.  A basic assumption is that the data source is stationary.  The correlation matrix

of any n successive components of a stationary sequence from the source can be

represented as:
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−

 
 
 
 Φ =
 
 
  

L
L M
L M

M M M
L L

                                              (A.5)

If an MSE distortion function is used, a generalized theorem describing the value of the rate

distortion function can be derived.

THEOREM 4.5.3 (from [Berger71] page 112)

Let { }tX , 0, 1,...,t = ± be a time discrete stationary gaussian source with

spectral density function
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( ) jk
k

k

e ϖϖ φ
∞

−

=−∞

Φ = ∑                                   (A.6)

Then the mean squared error (MSE) distortion function of { }tX has the

parametric representation

 ( )1
2D min , ,d

π

θ π π
θ ϖ ϖ

−
= Φ  ∫                             (A.7)

and

( ) ( )1
4R D max 0, log .d

π

θ π π

ϖ
ϖ

θ−

Φ 
=  

 
∫                    (A.8)

The nonzero portion of the R(D) curve is generated as the parameter θ

traverses the interval

( )0 =ess sup θ ϖ≤ ≤ ∆ Φ

The theorem can then be applied to sources with different statistical properties.  For

memoryless sources, the rate distortion function can be derived as

( )
2

1
2 logR D

D
σ 

=  
 

                                                   (A.9)

Data from a first order Markov source is characterized by an exponentially decaying

correlation [Berger71]

2 ,  1 1k
k r rφ σ= − < <                                   (A.10)

Without loss of generalization, 2  = 1σ
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For larger values of D, the equations for R(D) are given in parametric

form.

Typically, selective availability (S/A) has been modeled by a second order Markov process.

The theorem can be used to approximate the rate distortion function for a second order

Markov process [Matchett85].
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First the values of kφ  are determined.  Next the discrete spectral density function of the

source can be found using Equation (A.6) for various values of w.  It is assumed that there

is a kLIMIT such that for all k  > kLIMIT, kφ  and 
1LIMIT

jk
k

k k

e ϖφ
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−

= +
∑ is negligible.
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Then Dθ  and ( )R Dθ  can be determined through numerical integration using Equations

(A.7) and (A.8).

We examined S/A since the WAAS fast corrections, which are designed to correct for S/A,

required the nearly 50% of the WAAS bandwidth.  Since the fast corrections are designed

to model S/A, it is assumed that they have similar values and can be used as proxies for

each other.  WAAS transmits fast corrections with a resolution of 0.125 m.  The

quantization error is assumed to be uniformly distributed from [0.0625 m, -0.0625 m], and

hence the MSE distortion on the fast correction is:

( )
.0625 .0625

2 2

.0625 .0625

1
.0013020825 .0013

.125
D p x x dx x dx

− −

= = = ≈∫ ∫            (A.17)

The standard deviation of the error on the WAAS fast corrections needs to be determined.

The typical standard deviation of the fast correction is 20 m (Appendix E).  Table A.1

shows the number of bits necessary to achieve the MSE distortion of 0.0013 given this

standard deviation for S/A and model for the error correlation.  Equation (A.9) is used for

the uncorrelated model and Equation (A.12) is used for the 2nd order Markov model.

Standard Deviation
of S/A in Model

Uncorrelated 2nd order Markov
[Matchett85]

20 m 9.114 bits 3.337 bits
40 m 10.114 bits 4.337 bits

Table A.1 Data Bits Required per Fast Correction (2 Models)

A.3  ACHIEVING RATE DISTORTION MINIMUMS

While rate distortion theory can be used to determine the minimum data requirements for a

given error level, it does not provide a means of achieving those minimums.  Fortunately,

data compression is a field that has been widely researched and many data compression

algorithms have been developed.  Some of these algorithms approach the minimums

described by the theory.  These algorithms come in two forms – variable length and fixed

length.  An example of each type will be presented.
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A.3.1  HUFFMAN CODING (VARIABLE LENGTH CODING)

Huffman coding is a variable length data-encoding algorithm.  It is data efficient because it

transmits the most common messages using fewer bits.  The technique is termed variable

length because it makes some messages shorter than others.  In Huffman coding, the

messages are unique so that a longer message cannot be mistaken for a combination of

shorter ones.  Hence, it is clear when a given message terminates.

( ) ( ) 1H X R H X≤ ≤ +                                            (A.18)

If we combine n corrections,

( ) ( ) 1n n
nH X R H X≤ ≤ +                                          (A.19)

( ) ( ) 1
nH X R H X≤ ≤ +                                           (A.20)

Figure A.1 Distribution of Fast Correction Data Lengths (One Satellite, σ = 40 m)

Figure A.1 shows the probability distribution function (pdf) of the number of bits used by

Huffman coding for a fast correction which is gaussian with a variance of (40 m)2.
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A.3.2  DELTA MODULATION (FIXED LENGTH CODING)

A delta modulation coding is used as an efficient fixed length code.  There is correlation

from one fast correction to the next due to the time constant on S/A.  The knowledge can be

used to reduce data bandwidth.  With delta modulation, only the difference between the last

and current correction is transmitted.  Occasionally, a full correction needs to be

transmitted to initialize the system for new users.  Measurements of the fast correction are

taken to determine the variation and growth of the error.  The delta modulation coding can

be used in conjunction with knowledge of S/A growth.  The user can implement the model

and with this additional knowledge, additional bandwidth can be saved.  The difference

between the fast corrections and the predictions of an accepted S/A model is used to

determine the statistics and properties of the quantity.  This can be seen in Figure A.2.  It

shows the maximum deviation of the fast correction from the predicted error using the

Matchett S/A model.  The time difference between corrections is generally 6 seconds with

maximum being 20 seconds.  As seen in the figure, the error is less than 2 meters.

Figure A.2 Difference Between Fast (S/A) Correction and Predicted Correction
Using the Model from [Matchett85]
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From rate distortion theory, it was determined that it is possible to send the fast correction

information using as few as 5 bits (whereas WAAS requires 12 bits) and still maintain the

same accuracy level.  Using delta modulation and a second order Markov model for S/A

and clock drift, a 5-6 bit fast correction having the same performance as the 12 bit WAAS

fast correction was achieved.  Since delta modulation only updates on differences between

past messages, the correction being sent is, in essence, a clock drift rate.

Without a model, the result shows that one can expect to use at least 8 bits.  The lower

number is achieved if full (12 bit) corrections are transmitted infrequently.  The more often

full corrections are sent, the more the system is like WAAS.  As seen in Figure A.2, the

absolute difference between the model and the actual correction can be less than 2 meters

even when the last correction was sent 20 seconds ago.  If the user employs the model, then

only this difference, the “delta correction,” needs to be sent.  Assuming that the dynamic

range for the delta correction is 2 meters (5 bits), when using the model and a standard 6

second update rate, we can determine the average data used as a function of the full

correction transmission frequency.

(12 *5)
1

N
r bits

N
+

=
+

                                                   (A.21)

where N is the number of delta corrections between every full 12 bit correction.  A full

correction needs to be sent to initialize the user.  A new user cannot determine the fast

correction without first receiving a full correction.  Thus, a low rate of transmission for the

full correction leads to longer acquisition times.

A.4  SAFTEY OF LIFE SYSTEMS

The WAAS system is expected to perform with 99.9 % availability even in the presence of

0.1% message loss.  The system must be robust since it is a safety of life system.  The data

efficient techniques described are well suited for applications where loss of some data or

time latency is not critical.  Hence, they operate well in lossless channels.  Latency and
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availability are critical issues for WAAS.  However, since Huffman coding is variable

length, the data necessary to transmit WAAS fast correction messages is not known a

priori and may be occasionally larger than the current data allocated to that message.  This

can pose a problem if the length of the message impedes the transmission of the next

message.  If the following message is an alarm message, it may not meet the time to alarm

specifications if the fast correction message is too long.  The probability of such an event

happening is very low when considering the combination of 13 fast corrections.  Even for σ

=40 m, the probability of the sum of 13 corrections exceeding 156 bits (13 satellites at 12

bits each) is 4.6x10-38.  This is should be acceptable but the additional complexity and cost

of employing Huffman coding does not compensate for the marginal data rate

improvement.

Coding techniques that rely on correlation or interdependency between the current message

and previous messages also pose a problem for safety of life applications such as WAAS.

The high dependency of one message with the previous messge can severely hinder

availability and time to first fix when there is message loss.  Each “delta” fast correction

message requires previous message information to be useful.  The loss of one “delta” fast

correction message results in the lost of all knowledge of future fast corrections until the

next full fast correction is transmitted.  The lack of availability of the fast correction

translates to the system unavailability.  This can be determined as a function of the rate of

message loss and full fast correction transmission.  Figure A.3 illustrates the effect.  Since

the rate of full fast correction transmission translates directly to required data rate for fast

correction, the availability can be shown as a function of data rate.
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Figure A.3 System Unavailability as a Function of Bit Rate (Delta Corrections)

Figure A.4 Acquisition Time as a Function of Bit Rate (Delta Corrections)

Furthermore acquisition time is also affected.  As seen in Equation (A.21), full fast

correction update rate is inversely proportional to the data rate.  However, a lower rate of
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full fast correction transmission results in a longer average acquisition time since the user

needs to have a full fast correction to initialize the system.  The result is seen in Figure A.4.

Message interdependency already exists in WAAS.  However, the dependency is relatively

low and the loss of one message does not make future messages useless.  The loss of a fast

correction message generally does not significantly affect the user.  Generally, the user can

lose one out of every three fast corrections and still be able to determine a useable fast

correction rate.  The master station monitors all possible combinations of fast corrections

that can be used to generate fast correction rates and such monitoring is not

computationally intensive.

A.5  CONCLUSIONS

Efficient data packaging methods can provide significant bandwidth savings for WAAS.

Data compression can reduce the bandwidth required for fast corrections by 50% or more.

Since the fast corrections account for up to 50% of the data sent by WAAS, the bandwidth

savings is significant.  However, the use of data compression requires knowing the

properties of data being transmitted.  The system may become unusable if the knowledge is

in error or if the properties change.  For example, property changes may cause the model to

be in error by a larger amount than originally determined.  Hence the dynamic range of the

delta corrections may not be adequate to correct for the larger error.  Furthermore, the

greater interdependency of information for data efficient techniques makes these schemes

susceptible to message loss.  Message loss can result in loss of availability or longer

acquisition times.  As a result, the benefits of data compression is overshadowed by the

detrimental effects it has on a safety of life system when there is message loss.



APPENDIX B  USE OF OTHER DATA
CONSTRAINED LINKS FOR WAAS

Equation Section  2

This thesis focused predominately on using Loran as an alternate data link for Wide Area

Augmentation System (WAAS).  Indeed, Loran serves as an example for the application

and validation of utilizing low bandwidth.  However, much of the analysis presented in this

thesis does not specifically require the use of the Loran data channel (LDC).  The design

and analysis are generic and can be applied to any data channel.  Other data channels may

be suitable as alternate data links for WAAS.  VORTAC, a Distance Measuring Equipment

(DME) collocated with a Tactical Air Control and Navigation (TACAN) system, transmits

amplitude modulated (AM) signals at 135 Hz.  Other aviation assets can also serve as data

channels.  Two such channels are VHF Data Broadcast (VDB) which is used by the Local

Area Augmentation System (LAAS) to transmit information and the Traffic Alert and

Collision Avoidance System (TCAS) which uses a Mode S transponder.  Non-aviation

assets such as Radio Data System (RDS) also provide useful data channels but cannot be

seriously considered since they are not in a protected bandwidth.

233
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B.1  VHF DATA BROADCAST

The VDB data link is a differential 8 phase shift keying (D8PSK) system that transmits

10500 symbols per second.  Since each symbol can be one of eight phases, a symbol

represents 3 bits and hence the raw data rate is 31.5 Kbps.  The VDB transmission is

divided into two frames per second and within each frame, it is further multiplexed into 8

slots using time division multiple access (TDMA).  The result is that each slot transmits

over 62.5 milliseconds with 222 bytes dedicated specifically to the message.  Figure B.1

shows the LAAS message structure.  The message block contains the message block

header, the message data and the message CRC.  The break down of the message data

usage is shown in Table B.1.

Figure B.1 LAAS Transmission & Timing Structure [LAASICD99, Figure 3-2]

B.1.1  USING VDB FOR WAAS

The most common LAAS message transmitted is LAAS Message Type 1, differential

corrections, which is transmitted at 2 Hz.  Analysis shows that a maximum of 18

corrections can be sent in this message with each correction taking 11 bytes.  An additional
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seven bytes are used for message overhead.  Since a total of 212 bytes are available for the

message, 7 bytes (56 bits) remain unused per message. As a result, the LAAS VDB

transmission format should have at least 112 bps unused and available.

Message Block Segment Bits Bytes
Message Block Header 48 6
Message Up to 1696 Up to 212
Message CRC 32 4
Total 1776 (max) 222 (max)

Table B.1 LAAS Message Format

While 112 bps is not adequate for the full WAAS message, it is suitable for some of the

reduced data rate WAAS designs developed in this thesis.  The 108 bps design shown in

Chapter 6 is one possibility.  However, this is not the only option with LAAS VDB.  Since

VDB has a relatively large bandwidth and a small coverage area, it is unlikely that all 18

corrections will be necessary.  It is designed to cover out to roughly 23 nautical miles.  In

fact, the analysis shown in Figure 5.4, shows that the number of satellites visible should

never exceed 13 even with a 28 satellite constellation.  With the upper bound of 13

satellites, a total of 62 bytes (496 bits) of data are available per differential correction

message.  Consequently, it should be possible to dedicate enough bandwidth on VDB to

transmit the full WAAS message and to provide forward error correction (FEC) to extend

the range of the WAAS broadcast.

The drawback of the VDB is that it has a relatively small coverage area due to the

transmission power.  Since VDB is transmitted at roughly 100 MHz, it is line of sight,

which means that the signal may be significantly degraded at low altitudes – especially

towards the edge of the coverage area.  The signal power issue can be mitigated by use of

coding to increase the effective range of the data transmission.
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B.1.2  VHF FADING

One concern about using VHF data links is the issue of fading.  Fading is a result of

destructive interference from diffracted or reflected signals.  VHF propagation models can

help illuminate the phenomena.  Several methods for modeling VHF propagation over a

smooth spherical earth are described in [Meeks82].  Using these models, the characteristics

of the signal strength degradation can be predicted.  Figure B.2 shows a plot of measured

signal strength from a 330 MHz signal at a power level of one Watt.  The receiver is

assumed to be aboard an aircraft that is 2050 feet above the ground while the transmitter is

located 36 feet above the ground.  These figures are chosen with forethought and model an

experiment conducted in [Cameron85].  The results match up well with the flight test

discussed in that paper.  One difference is that the nulls from our model are deeper.  Since

their experiment utilized wide band signals ranging from 260 to 400 MHz, the signal has a

broader spectrum than in our model and hence the nulls are not as deep.  The main point of

this discussion is that the model developed in [Meeks82] can be used to effectively model

some of the effects of VHF fading.

Figure B.2 Predicted Signal Power from Flight Test from [Cameron85]
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B.1.3  CONCLUSIONS FOR USING VDB

There are many ways VDB can be used to provide an alternate data link for WAAS.  It is

possible to use VDB to transmit the full WAAS message.  An aircraft would require a VHF

receiver and software to decode the VDB message.  However there are some drawbacks to

using VDB.  The coverage area of VDB is limited though it is available around most major

airports.  Also, because VDB is already used to provide LAAS data, an aircraft equipped

with LAAS may not realize any significant system redundancy.  There is also the issue of

providing WAAS data to the VDB transmitter.  Finally, unlike Loran, VDB does not

provide redundant navigation.  There is great potential for VDB as a data link for WAAS

however when compared to Loran, it offers fewer advantages.

B.2  TRAFFIC ALERT & COLLISION AVOIDANCE SYSTEM (TCAS)

The second aviation data link examined is based on TCAS (Traffic Alert and Collision

Avoidance System) II.  TCAS II already possesses a data link feature and it may be

possible to use the system for navigation.  Hence, using TCAS poses technical issues which

are reverse from those of Loran.  TCAS already incorporates a data link but its use for

navigation is not developed while Loran is a navigation system whose data transmission

capabilities require development.  A feature of TCAS is its ability to locate nearby aircraft.

In principal, the same instruments can find the relative location of a known fixed ground

transponder.  Thus, TCAS positioning can be done by having TCAS perform as a

ρ−θ system.  In a ρ−θ system, one can determine ones position relative to a known location

since one knows the distance and angle to that known location.  In addition, TCAS II

equipment on board aircraft includes Mode S (Select) transponders.  Mode S transponders

enable both ground and air data transmission.  This data link can be used to provide WAAS

signals to the aircraft.

TCAS has a large installed commercial user base and readily available commercial

equipment because it is required on many passenger carrying civil aircraft [FAA89].  The
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large user base of TCAS II is a major attribute.   Another important attribute is that the

addition of navigational capabilities using TCAS II may only require changes to software

thereby eliminating the cost incurred by new equipment and its associated maintenance.

B.2.1  TCAS FUNDAMENTALS

TCAS is a system of hardware and software used to detect and alert pilots to the presence

of local traffic (traffic advisory).  TCAS II has equipment that interrogates secondary

surveillance radar (SSR) transponders to detect local traffic.  Transponders reply to these

interrogations thus allowing the interrogating aircraft to locate the replying aircraft.  Since

nearly all aircraft carry one of these transponders, TCAS can detect most traffic. TCAS

interrogates using the 1030 MHz channel and replies from the transponder are transmitted

on 1090 MHz.

SSR works on the same principal as DME.  An interrogator transmits a signal to a desired

target.  The target’s transponder replies upon reception of the transmitter’s signal.  The total

time between the issue of the interrogation and the arrival of the reply at the interrogator

determines the range.  Successive measurements yield the range rate.  TCAS II uses

directional antennas to get a bearing measurement to the detected aircraft.  Newer

transponders such as Mode S can transmit barometric altitude information.  The

information is used by TCAS software to determine which aircraft are threats.  More

threatening aircraft are interrogated at a higher rate - up to 1 Hz.  TCAS transmission

power is variable and is decreased in areas of high aircraft density to reduce interference.

Its surveillance radius can range from 5 to 30 nautical miles.  It is designed to work in

traffic densities of up to 0.3 aircraft/nm2.  For a more detailed treatment on how TCAS II

operates, the reader is referred to [Gazit96], [RTCA97], and [Walsh91].

Mode S is a surveillance and communications system that operates using a specific data

link protocol [RTCA92]. Mode S provides a data link by encoding information onto the

interrogation and reply signals.  All Mode S interrogations are differential phase shift keyed

(DPSK) and transmitted on 1030 MHz.  The throughput rate is 4 Mbps.  All replies are

pulse position modulated (PPM) and transmitted on 1090 MHz carrier at an effective rate
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of 1 Mbps.  Mode S formats provide for directed interrogations and replies with the

inclusion of a 24 bit unique aircraft identifier.

B.2.2  DIFFERENTIAL GPS CORRECTIONS USING TCAS

TCAS can provide a data link for WAAS or differential GPS corrections through the Mode

S transponder.  Mode S can be used to uplink data.  Formats 20 and 21 are 112 bit

messages that use 56 bits for surveillance and 56 bits for data link.  It is possible to string

up to 4 long interrogations together to generate 224 bits.  In addition, Format 24 gives

roughly 80 bits of data and it is possible to link up to 16 Format 24 messages to get 1280

bits of data [Granville98].  Since Mode S interrogations have an effective data rate of 4

Mbps, the addition of the 250 bps WAAS message should not greatly impact current TCAS

operations.  The operation of the Mode S datalink only requires a Mode S transponder to

receive data.  It does not require other TCAS equipment such as the interrogation

equipment used for aircraft surveillance.

B.2.3  POSITIONING USING TCAS

TCAS II equipment can be used to determine aircraft position several ways.  One method is

to use knowledge available from ground surveillance.  Using the Mode S data link, an

aircraft can have its position as determined by ground-based surveillance radar transmitted

to the aircraft.  The concept is like ADS-B (Automatic Dependent Surveillance –

Broadcast) with the change that the broadcast is made by the ground rather than each

individual aircraft.  Another method is to use fixed Mode S ground sites and ground based

transponders to provide a reference for TCAS equipped aircraft.  TCAS equipment

includes transmitting equipment that can interrogate various transponders such as Mode S

transponders.  This is the method that will be discussed in greater detail.
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In areas where ground surveillance and established Mode S sites are unavailable, one can

install fixed Mode S ground based transponder units and use them as a ρ−θ positioning

system for a TCAS equipped aircraft.  The airborne TCAS II unit determines a range and

bearing to the ground unit.  The ground units only need respond to TCAS II interrogations

and occasionally broadcast their presence.  This system will be denoted in this appendix as

Navigational TCAS.

In the proposed Navigational TCAS, aircraft in the area are alerted to the presence of the

ground transponder by squitter (spontaneous transmission) from the ground unit.  Aircraft

that hear the squitter can interrogate the ground unit and receive a directed response.  The

aircraft then determines range and relative bearing to the ground unit.  With these

measurements and knowledge of the ground unit’s position, the aircraft’s absolute position

can be determined.  If ground units are given unique identifications using the 24 bit unique

identifier given to all TCAS equipped aircraft, the aircraft can use a look up table to obtain

the ground site location.  Another means is to have the ground station transmit its location.

Implicit within the position determination is knowledge of aircraft heading.  Aircraft

heading errors are normally less than a few degrees and hence the major error source in this

positioning scheme is the TCAS II bearing measurement error, which is required to have

root mean squared (rms) value of 9 degrees or less [RTCA97].

B.2.4  EXPECTED POSITIONING PERFORMANCE

With Navigational TCAS, positioning can be obtained with only one ground transmitter.

Since bearing errors are large, however, good positioning cannot be expected when using

only one station located over 20 nautical miles away due to the 9 degree rms error on

bearing.  Greater accuracy can be attained with more accurate range and bearing

measurements.  Increased accuracy in measurements requires new equipment, such as

better directional antennas for increased bearing accuracy, and may be not be cost effective.

Another alternative is coverage by more than one ground station.  The position estimates

obtained from a weighted least squares solution using measurements from two or more
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stations can greatly improve accuracy.  The analysis results shown in Figure B.3

demonstrate this fact.

Figure B.3 One σ Error for Coverage with Three Stations

With measurements from multiple ground stations and good geometry, the weighted least

squares solution places less weight on the bearing measurements.  This result implies that

any aircraft that can obtain range measurements using Mode S transponders can get a

similar performance provided the aircraft can interrogate multiple stations and these

stations are not co-linear (or nearly co-linear) with the aircraft.  This improved accuracy

comes at a cost.  First, multiple measurements means nearly simultaneous interrogations (~

one second) of multiple stations and hence increased communication traffic.  Second,

multiple station coverage means increasing the number of ground stations or increasing the

coverage radius of the existing ground stations.  The issue of coverage is examined in the

next section.
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Figure B.4 GPS/WAAS vs. TCAS Positioning on Flight Test.

Figure B.4 shows the results of simulations designed to assess the performance of a TCAS

II based positioning system.  The input data for the simulations is from accurate attitude,

velocity and position data recorded during flight trials involving a series of simulated

instrument approaches flown into Moffet Field, Mountain View, CA.  Accurate position

and velocity data are provided by GPS augmented with WAAS from the National Satellite

Test Bed (NSTB).  Range and bearing measurements are calculated from known Mode S

sites at Moffet and San Francisco International Airport (SFO).  These measurements are

corrupted by a gaussian source to simulate measurement noise.  The measurement noise

has σ of 100 m and 9 degrees for range and bearing, respectively.  In Figure B.4 the WAAS

derived ground track (solid line) represents our truth measure while the dots are

Navigational TCAS positions.  Figure B.5 plots the horizontal error of the system using

WAAS as the truth reference.  Simultaneous measurements made every five seconds are

used to generate the Navigational TCAS positions.  Positioning errors are generally less
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than 750 meters.  When the plane and stations are nearly co-linear resulting in bad

geometry, the errors are around 1500 meters.

Figure B.5 Actual and One σ Position Error Bound on Flight Test

B.2.5  COVERAGE

System costs and performance depend on the number of existing ground stations operating

in the system.  By the end of 1997, there were 88 installed Mode S sites.  Eventually, there

should be 144 installed Mode S sites in the United States at locations shown in Figure B.6.

These Mode S sites are generally located within an airport beacon interrogation system.

Using these Mode S sites as part of the TCAS based reversionary system for GPS/WAAS

can provide some limited coverage.  It is envisioned that these can also serve as Mode S

ground transponder sites.  The previous section demonstrated that coverage by multiple

ground transponders is preferred.
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The number of additional required ground stations depends on the coverage radius of each

station and the desired positioning performance. One would like as large a radius as

possible.  However, as the coverage radius is increased, the ground station will have to

serve more traffic thereby increasing the probability of interference.  Increased interference

results in a lower probability of acquiring a position solution.  A starting point is to use the

144 planned and installed Mode S sites.  If the Mode S sites are modified to also perform as

Mode S transponders with each site providing a coverage radius of 30 nautical miles,

Figure B.6 shows that CONUS coverage cannot be achieved.  The same plot could be made

for the ground broadcast system with similar results.

Figure B.6. Coverage Using 144 Established Mode S Sites (1 σ Position Error)

The figure of 30 nautical miles as a coverage radius currently is derived from the TCAS

MOPS [RTCA97].  Minimum trigger level (MTL) and TCAS transmitter power limits

aircraft transmissions to 30 nautical miles.  The conclusion is that the system will need
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additional ground coverage to provide navigational supplement for CONUS.  However, the

current ground system does provide coverage around most major airports.

B.2.6  AVAILABILITY OF TCAS NAVIGATION

A desired feature of the system is the ability to get position solutions at a reasonable rate.

We will define this as the availability of Navigational TCAS.  The availability is

determined by the amount of air traffic in the area and hence aircraft density and coverage

area are determinants of navigational TCAS availability.

One can get a basic sense of the trade off between coverage area and availability using a 2-

dimensional model.  Monte Carlo simulations and analytic models were used to develop

the coverage radius versus availability curves. The aircraft density is limited to a maximum

of 0.3 aircraft/nm2.  Since the number of replies from each aircraft is random, one has to

estimate this number.  For the analytic model, the estimate is chosen conservatively.  Hence

it will underestimate the Monte Carlo simulations.  The following section will show the

derivation of the analytic solution.

B.2.6.1  DERIVATION OF AN ANALYTIC AVAILABILITY SOLUTION

The availability of the system is the probability of interfering with the communications

with ground transponder.  An analytic model is created using statistical analysis.  This is a

two step process – interrogation (query) and reply.  Each aircraft attempts to interrogate or

query other nearby aircraft to determine their relative positions.  The aircraft may also be

interrogating the ground to get position information.  The signals may be of different

powers so the probabilities that a given aircraft’s air and ground interrogation are within

range of another aircraft are different and given by Equations (B.1) and (B.2).  All

interrogations may interfere with each other since they are on the same frequency.  The

second part is the reply.  When an aircraft receives a direct query, it will reply in a specified

amount of time.  Similarly, the ground station will reply to a query directed to the station.

These replies will not interfere with queries since replies use a different frequency.  The
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replies will, however, interfere with each other.  Let Pac be the probability of an aircraft

within the aircraft query area defined by the radius, Rac, from the interrogating aircraft and

Pg be the probability of an aircraft within the ground query area defined by the radius, Rg,

from the interrogating aircraft.  The model is seen in Figure B.7.
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Figure B.7 TCAS Availability Model Set Up

B.2.6.2  AIRCRAFT INTERROGATIONS

First examine each aircraft’s interrogations.  Assume that each aircraft makes Nair

interrogations to other aircraft.  Let Ao denote the aircraft whose Navigational TCAS

availability is being determined.  As a result, up to Nair interrogations per frame per aircraft

can interfere with the transmitted ground interrogation of Ao.

Denote Pi.0.a as the probability of that at least one of the first i aircraft interrogation signals

has interfered with Ao’s ground interrogation.  Pi.0.a is the sum of the probability that at least
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one of the previous i-1 aircraft interrogations interfered with Ao’s ground interrogation and

the probability of the ith aircraft interrogation interfering with Ao’s ground interrogation

given that the previous i-1 aircraft interrogations have not interfered with Ao’s ground

interrogation.  Denote tmq as the time interval of a query message and tf as the time interval

of an interrogation transmission frame or slot.  Figure B.8 shows the interference model

and Equations (B.3)(B.4)are the resulting equations for Pi.0,a and PAQ, the probability that

an aircraft within the aircraft interrogation range of the ground site interferes with Ao’s

ground interrogation.

Figure B.8 Interrogation and Reply Interference Model
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All aircraft in range of the ground unit will also make Ngnd interrogations to the ground.

These interrogations form part of the Nair interrogations sent.  It is assumed that the

transmission power of the ground query can be greater than the transmission power for

aircraft query.  Therefore, these signals are assumed to have range greater than the range

for aircraft interrogations.  Hence an aircraft’s ground interrogations may cause

interference even if its aircraft interrogations does not.  Next we calculate the probability of
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interference from aircraft that are out of aircraft interrogation range but are still within the

range of the ground interrogations signals.  Hence, only the ground interrogation signals of

these aircraft can cause interference.  This is denoted as PGQ.

Denote Pi,0,g as the probability that at least one of the first i ground interrogation signals has

interfered with Ao’s ground interrogation.  Pi,0,g is the sum of the probability that the

previous i-1 ground interrogations interfered with Ao’s ground interrogation and the

probability of the ith ground interrogation interfering with Ao’s ground interrogation given

that the previous i-1 ground interrogations have not interfered with Ao’s ground

interrogation.
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( ) , ,,
GQ gndg ag g ac i N gP P P R R P=                                             (B.6)

where Pag is the probability that the aircraft is in range of the ground transmission and its

signal can also be heard by aircraft Ao.  This probability depends on the transmission range

of the ground (Rg) and air interrogations (Rac).  An integrated average for Pag is used for

each given ground transmission range.  Next, we calculate Pint, the probability of

interference by any given aircraft in the area, and PNIQ, the total probability that there is no

interference on the ground query.

( )int 1ac AQ ac GQP P P P P= + −                                                   (B.7)

( ) 1
int1 acn

NIQP P −= −                                                       (B.8)

B.2.6.2  AIRCRAFT REPLIES

Interference can also occur on the ground reply.  This is a little more difficult to determine

because the number of replies cannot be determined a priori.  First, the number of replies

needs to be estimated.
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( )reply Q airN floor P N=                                                        (B.9)

( ),reply total Q air acN floor P N N=                                              (B.10)

The replies are distributed evenly so that most aircraft will transmit Nreply replies with the

remaining aircraft transmitting Nreply-1 replies.  The number of aircraft transmitting Nreply

and Nreply-1 replies is determined from the following equations

( )_ ,max , 1reply ac reply total reply acN N N N= − −                                     (B.11)

( )_ ,min _ ,maxreply ac ac reply acN N N= −                                          (B.12)

Denote Pi,0,r as the probability that at least one of the first i replies has interfered with the

ground reply to Ao’s interrogation.

( ),0, 1,0, 1,0,
2

1
( 1)

r
i r i r i r

f r

t
P P P

t i t− −

 
= + −   − − 

                                    (B.13)

( ) _ ,min _ ,max

1,0, ,0,1 1 1
reply ac reply ac

reply reply

N N

NIR gi ac N r ac N rP P P P P P−
   = − − −                (B.14)

NIRP  is the probability that there is no interference on the reply.  The replies are evenly

distributed to all aircraft so that aircraft transmit either a minimum of Nreply replies or a

maximum of Nreply+1 replies.  The number of aircraft transmitting Nreply is denoted as

Nac,min and the number of aircraft transmitting Nreply+1 is denoted as Nac,max.  The results

from the reply analysis can be combined with the results from the query analysis and a

probability of getting a correct position solution can be calculated.

correct NIQ NIRP P P=                                                    (B.15)

Note that the model treats the signal simply.  It does not account for the change in received

signal power when the aircraft moves farther away.  It only uses a distance threshold to
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determine if the signal will or will not cause interference.  A more complex model may

incorporate signal propagation into its design.

Figure B.9. Probability of Obtaining Position with One Interrogation

Figure B.9 shows that the analytic model corresponds well with the Monte Carlo

simulation.  The analytic model can then be used to quickly analyze various traffic

situations.  Parameters that need to be examined are interrogation rates, positioning

interrogation rates, and coverage radius.  Figure B.9 shows a situation that uses a 100 km

by 100 km area (60 nm by 60 nm).  All aircraft in the area are TCAS equipped.  They

survey other aircraft to a range of 10 nm.  They make twelve Mode S short interrogations

per second and if they are within the coverage radius of the ground station, they can make

two interrogations of it per second.  Replies are transmitted using a long format.

Figure B.9 shows the probability as a function of coverage radius, of each position

interrogation resulting in position determination.  In the worst case aircraft density
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situation, 0.3 ac/nm2, the aircraft has a 77% chance of determining its position per ground

interrogation.  That means that the aircraft has a 99.9999% chance of acquiring a position

during a 5 second interval.  Simulations and analysis on a couple of different situations

demonstrate a high probability (> 75% per interrogation or 99.9% per 5 seconds) that a

ground interrogation will result in positioning.  The current analysis used TCAS

interrogation rates of 10-12 Hz for aircraft.  The TCAS MOPS implies that for a small

survey radius (5 nautical miles), the rate can be as high as 24 Hz.  Again, these results are

only as good as the assumptions on competing traffic.

However, TCAS surveillance does not have exclusive use of its interrogation and reply

channels.  The military and air traffic control also use these channels. So the model has to

be modified to examine additional transmissions on the interrogation and reply channels.

Another issue is the impact of Navigational TCAS on normal TCAS operations.  The effect

of Navigational TCAS on normal TCAS is dependent on coverage radius.  Preliminary

studies indicate that the impact is small but not always insignificant.

B.2.7  CONCLUSIONS ON USING TCAS

Analysis and simulations show that navigating with TCAS is a feasible concept.

Performance is close to NPA requirements provided that there is adequate coverage. In

addition, Mode S can also provide full WAAS correction signals.  One of the major users

of WAAS, regional jets, is required to carry TCAS II.  However, the system has drawbacks

similar to VDB.  Coverage is generally limited to major airports.  Increased coverage

would require a significant increase in infrastructure.  Secondly, TCAS II is a very

expensive unit (around $100,000 per unit) and the use of the system would exclude much

of the general aviation community.  Again, there are many advantages to using TCAS II.

However, when compared to Loran, its greater cost and reduced coverage area makes the

system less attractive.



APPENDIX C  MODIFYING THE
WAAS MESSAGING STRATEGY

Equation Section  3

In this thesis, we presented two designs for transmitting WAAS generated integrity

information at data rates less than the WAAS data rate.  These two Loran GPS Integrity

Channel (LOGIC) designs, 108 bps and 167 bps, enabled users to attain performance

suitable for LNAV/VNAV and APV operations, respectively.  These designs allow Loran

to serve as a reversionary data link for WAAS while still preserving navigation capability

for legacy Loran users.  This appendix examines the modifications of the WAAS

messaging system and validates some of the design choices made for the 108 and 167 bps

data channels.

C.1  MODIFYING THE WAAS MESSAGING STRATEGY

There are many modifications that can be made to the WAAS messaging structure to

reduce the data rate. Equation (C.1), helps illustrate some of the changes.  The equation

presents the components that form the WAAS data rate and states that the overall data rate

is the sum of the required data rate for each correction type.  The required data rate for each

type of correction is dependent on the corrections necessary to form a full set (N), the

number of bits per each instance or data resolution (B), and the update rate (R).
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( ) ( )( )
  

Data Rate = 

 = Number of Corrections Sent for a Full Set (Corrections/Set)
 = Bits per Correction (bits/Correction)
 = Rate of Transmission for a Full Set (Sets/sec)

All Correction Types

N B R

N
B
R

∑

                   (C.1)

As illustrated by the equation, data rate can be modified by changes in four areas:

• Correction Types Used (Section C.2)

• Number of Corrections/Type (number of satellite corrections, ionosphere grid points)
(Section C.3)

• Bits per Correction/Data Range & Resolution (Section C.4)

• Update Rate (Section C.5)

Each of these four areas will be discussed and analyzed for performance and usefulness.

One topic that will not be discussed is traditional data compression.  Appendix A

demonstrates that data compression schemes can have an adverse affect on a safety of life

message.  Data compression, because of the co-dependency of information, exacerbates the

effect of a lost message.

C.2  MODIFYING THE MESSAGE & CORRECTION TYPES USED

There are two basic modifications that can be made to the original WAAS message type to

reduce the data rate.  First, the given message type can be eliminated if the information is

not necessary for the desired operation.  Second, the information in a given message type

can be combined with information from another message type to form a hybrid type.  For

example, if only 29 or fewer satellites are corrected, the contents of Message Type 7, fast

correction degradation factor, can be placed in the degradation parameters message,

Message Type 10, which contains 88 spare bits.  Either modification may be appropriate

and the option selected depends on how much information loss and degradation is



254

acceptable.  That then determines how much data reduction can be achieved.  First,

examine eliminating corrections.

C.2.1  SENSITIVITY OF WAAS ACCURACY TO ELIMINATING

INDIVIDUAL CORRECTIONS

The performance of WAAS is directly related to the corrections generated by the system.

However, the effect of each type of correction is different and the absence of one correction

type may have much greater impact on accuracy than the loss of another type.  Using

NSTB data, we examine and compare the accuracy of WAAS when the fast, long-term or

ionosphere corrections are not sent or used.  The examination of such losses allows us to

determine the relative importance of each correction type when related directly to accuracy.
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Figure C.1 Vertical Error Statistics with Eliminated Correction Messages (S/A Off,
1 Day of Data)

Figures C.1 and C.2 show the vertical error statistics for different correction combinations.

The influence of the three basic WAAS corrections is demonstrated in these plots and the

correction type indicates which corrections are used.  The results show that the fast

corrections are the most important corrections in terms of reduction of error.  Next follows

the ionospheric corrections and then the long-term or ephemeris corrections.  The result
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holds for both in the presence or absence of Selective Availability (S/A) although the

ionosphere corrections are almost as influential as fast corrections in an S/A off

environment.  Since the plots are generated from one to two days of data, one should not

make too many generalizations concerning the ionosphere.  As for the ephemeris or long-

term corrections, these corrections have the least influence over the range errors and the

absence of these corrections contributes to an overall increase of about 0.5 m in the

standard deviation of the vertical position errors.  So, if a half meter increase in the

standard deviation of the vertical error is acceptable, the long-term corrections can be

eliminated.  However, combining the long-term corrections with the fast (clock error)

corrections into one satellite correction can provide better performance with the same data

reduction.  The combination will be discussed in the next section.

Vertical Error - Selective Message WAAS (S/A on)
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Figure C.2 Vertical Error Statistics with Eliminated Correction Messages (S/A On,
1 Day of Data)

The results suggest that while all corrections are important, we may be able eliminate

corrections and maintain near WAAS accuracy.  However, for integrity, we must provide

an overbounding confidence to account for the additional error.

The simplest case is one where a basic alarm message alone is sufficient to meet

requirements.  Since the accuracy of GPS is far greater than necessary for NPA, the GPS
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Integrity Channel (GIC) [Braff85] concept was proposed to provide GPS with the integrity

necessary for NPA.  The GIC would be basically a message with a one-bit flag for each

satellite indicating whether the satellite is usable for NPA operations.  The GIC concept has

since been subsumed by the concept of the Satellite Based Augmentation System (SBAS).

C.2.2  COMBINING CORRECTIONS

Combining corrections can provide better performance than correction elimination for a

given amount of data reduction.  One method is to make the long-term (satellite ephemeris)

corrections scalar and combine them with the fast (satellite clock) corrections.  The idea is

to combine vector satellite corrections into a single scalar correction.  The long-term or

ephemeris correction is a three dimensional vector, the scalar value used by a user is

determined by projecting the vector onto the user line of sight.  For any satellite, each user

will have different line of sight and hence a different projected (scalar) ephemeris

correction.  However, if users are not too far apart, the line of sight and hence the projected

correction will only vary slightly.  It is possible to use one scalar ephemeris correction for

all users within a region with only a small error.  The scalar satellite ephemeris correction

can then be added to the scalar satellite clock correction to form one scalar satellite

correction.  The size of the coverage area determines the average size of the error and

hence the effectiveness of the modification.  This relationship will be examined next.

Note that for a very small area, it may be possible to also combine the ionosphere

correction.  However it has been shown that the ionosphere can vary greatly even for users

located within 10-20 miles [Datta-Barua] and so the utility of a using a common scalar

ionosphere correction for all users within a region is limited.  Thus, this modification is not

examined.

An examination of two regimes of interest, a Loran and a SBAS coverage area, is used to

test the effect of combining the long-term and fast corrections.  For the analysis, NSTB

data and long-term corrections are used.  The projected (scalar) ephemeris correction is

calculated for locations in the coverage area using the NSTB long-term corrections.  The

users in a coverage area all use one common scalar value for the ephemeris correction.  We
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examined using either a central location or an average for calculating the transmitted value.

For each location, the difference between the value from either of these two techniques and

the actual value from using vector ephemeris is calculated.  This difference represents the

increase in error from using a scalar rather than a vector ephemeris correction.

The locations and coverage areas used for the ground wave (Loran) and geostationary

satellite data link (SBAS) cases are shown in Figures C.3 and C.4, respectively.  Table C.1

shows the statistics on the resulting increase in errors from using a scalar projection.  Using

the average value instead of the central value resulted in lower variance error.

Figure C.3 Nominal Loran (Ground Wave) Coverage Area

Figure C.4 Nominal SBAS Coverage Area
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1 σ Error
(overall)

1 σ Error (with scalar
correction from using
center point)

1 σ Error (with scalar
correction from using
average value)

Loran Area 1.903 m .0994 m .085 m
SBAS Area 1.45 m .4 m .22 m

Table C.1 Ephemeris Errors for Nominal Loran & SBAS Coverage Area

This accuracy analysis supports the claim that projected ephemeris corrections can be

used even for a reasonably large coverage area with a small amount of degradation.

However, using a scalar projection increases the user error and error uncertainty.  If a scalar

projection is used for the ephemeris errors, the User Differential Range Error (UDRE)

needs to be increased to account for the increased error.  The increased UDRE, even for the

ground wave coverage case, is probably too large for applications such as GLS-PA though

it may be acceptable for LNAV/VNAV.  This can be seen from a quick calculation.  Using

4.5 as an averaged vertical dilution of position (VDOP) and 0.1 m as the increase in

pseudorange uncertainty due to the scalar projection, the increase in VPL is given by

Equation (C.2).  For the position solution to be useable for a given operation, the VPL must

be less than the Vertical Alert Limit (VAL) for that operation.  The VAL for GLS-PA is 12

m, the 2.4 m increase in VPL implies that the WAAS should nominally achieve VPLs of

9.6 meters or better with 99.9% availability when using the vector ephemeris corrections.

WAAS has not shown the ability to achieve this level of performance.

* * 5.33*4.5*0.1 2.4v prVPL K VDOP m mσ∆ = ∆ = =                     (C.2)

C.3  CHANGING THE NUMBER OF CORRECTED SATELLITES &

IONOSPHERE GRID POINTS

The minimum number of corrected satellites or ionosphere grid points (IGPs) necessary to

service all users of a data link depends on the coverage area of the system.  Since the

coverage area determines the number of satellites visible to any user, it has a direct

relationship to the number of satellite corrections required.  Similarly, the coverage area
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also defines the ionosphere region visible to any user and so it determines the number of

IGPs that need to be corrected.  The analyses in Sections 5.3.2 and 6.23 determine the

number of satellites visible and the visible ionosphere grid, respectively, as a function of

the coverage area.  Figures 6.4 and 6.5 summarize the results of the analysis of visible

IGPs.  It shows that the number of necessary IGPs is almost linear with respect to the

coverage radius.  For latitudes of 0 to 40 degrees, the linear fit, shown in Equation (C.3),

has coefficients a ranging from 0.05 to 0.062 IGPs/km and b ranging from 10 to 22 IGPs.

There is a weak dependence on latitude but none on longitude.  Figures 5.4 and 5.5

summarize the results of the analysis of visible satellites.  The minimum, maximum, and

mean number of satellites visible are concave functions that increase with increasing

coverage radius.

* ( )IGPs a radius km b= +                                        (C.3)

C.4  DATA REQUIREMENTS FOR WAAS CORRECTIONS & BOUNDS:

RANGE & RESOLUTION

Two factors are important in determining the number of bits necessary for the corrections:

dynamic range and resolution.  Given the minimum resolution, the dynamic range of the

correction defines the maximum and minimum value of the correction.  For example, the

dynamic range for clock corrections is reduced when there is no S/A.  Resolution is the

fineness of the quantization of the correction.  There is a level of resolution beyond which

additional bits dedicated to the correction will be useless since that level is dominated by

other errors.  Resolution, coupled with dynamic range, determine the number of bits used

for a correction.  For uniformly spaced values, the relationship is shown in (C.4).  So, if the

accuracy is not needed, one can reduced the number of bits dedicated to a given correction

with no loss in capability by reducing resolution.  Each of these two factors is important,

especially when examining the fast corrections.

 
 1

Dynamic Range
bits required

resolution
= +                                            (C.4)
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C.4.1  DATA REQUIREMENTS FOR IONOSPHERE CORRECTIONS & GIVE

An individual WAAS ionosphere correction can be modified by changing resolution or

combining it with another correction to form one single correction.  However, the neither of

these options will be examined.

The data used for the Grid Ionosphere Vertical Error (GIVE) can be changed by either

altering the assigned value for each GIVEI or by changing the number of different GIVEI.

Sections 5.3.3 and 6.2.4 discuss using these methods to reduce data usage and to make

GIVE values more useful for different desired operations.  The combination of the two

methods can achieve data reduction while minimizing performance loss.  The confidence

bounds transmitted by WAAS were selected specifically to achieve GLS-PA or CAT I and

are not uniformly spaced.  Hence, if the integrity message were being designed for another

approach, it would be beneficial to change the mapping of the GIVEI.

Since the GIVE has to be quantized for transmission, the user will likely use a GIVE value

that is larger than the true GIVE determined at the WMS.  Fewer bits used for the GIVEI

mean that the average difference will be larger.  Some increase can be accommodated.  In

the design of WAAS, it was determined that a four bit GIVE is adequate for GLS-PA or

CAT I.  In fact, many of the bits are dedicated specifically to attaining GLS-PA.  For less

rigorous applications, the low-end values of GIVE may not be necessary.

C.4.2  DATA REQUIREMENTS FOR EPHEMERIS CORRECTIONS

The WAAS long-term correction is a vector consisting of 9 bit corrections for each of three

directions defined in Earth-centered-Earth-fixed (ECEF) coordinates.  The dynamic range

of each direction is +32 to –32 meters with a resolution of 0.125 meters.  In addition to the

correction, a rate of change of the correction in each direction may be sent.  Since nothing

has fundamentally changed with satellite ephemeris errors since the design of WAAS, the

resolution and dynamic range should probably be left the same.  As GPS matures, longer
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records of the GPS ephemeris will be available and may motivate a reduction of the

dynamic range.

While the resolution and dynamic range should not be altered, there are other means of

lowering the data requirements for a long-term correction.  For some applications, full

vector corrections along with correction rates are necessary resulting in requiring 106 bits

per satellite.  Some data reduction may be gained if correction rates are not necessary for

the desired application.  In this case, 54 bits (106 for set of two, 2 bits are redundant) are

required.  Other applications may only require a scalar correction that can be incorporated

into the fast corrections.  And so no bits are required since the term is incorporated into

another correction.  The analysis from Section C.2.2 can be used to determine whether the

incremental increase in error from using a scalar value is acceptable.

C.4.3  DATA REQUIREMENTS FOR FAST CORRECTIONS

WAAS clock error or fast corrections utilize a significant portion of the bandwidth.  In

order to reduce the data requirements, the dynamic range and resolution are examined.  The

dynamic range of the WAAS fast corrections comes from the GPS Standard Positioning

Service (SPS) Signal Specifications.  It is stated that the range error has "never to exceed"

(NTE) value of 150 meters or less under nominal conditions [GPS SPS SS].  Hence, the

dynamic range of the WAAS fast corrections is from 255.875 to –256 meters.  These

specifications were written for an era where S/A dominated the signal errors.  S/A has been

turned off, and so these conditions are no longer true.  The effects of S/A being off are not

examined for the other corrections since S/A has minimal effect on those corrections.  The

fast corrections were designed mostly to correct the effects of S/A.  As shown in the

discussion of S/A in Appendix E, the dynamic range and variance of the clock error has

been reduced by an order of magnitude.



262

Figure C.5 Relationship Between Fast Correction Bits and Resolution

Vertical Error - Requantized Fast Corrections (S/A on)
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Figure C.6 Effects of Changing Fast Correction Resolution on Vertical Error (S/A
on)

Changing the resolution of the corrections may reduce the data required for the fast

corrections.  The relationship between the bits used and the resolution is given in Figure

C.5.  The change comes at the cost of accuracy, which we now analyze.  Using NSTB data

from June 24-27, 1998, position solutions were calculated using different resolutions of fast

corrections.  Figure C.6 shows the results.  The position accuracy starts to degrade

significantly when the resolution is changed to 1 m from the original 0.125 m.  This

indicates that one could potentially reduce the number of bits dedicated to the fast
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corrections to 10 or 11 bits without significant accuracy loss.  The estimate of the residual

error confidence bounds is also dependent on the resolution.  Hence we derived the effect

of different resolutions on a gaussian that overbounds the residual errors in Section 5.6.

C.4.4  DATA REQUIREMENTS FOR UDRE

Determining the number of bits necessary for the UDRE is similar to determining the bits

necessary for the GIVE.  Since the UDRE has to be quantized for transmission, the user

will likely use a UDRE value that is larger than the true UDRE.  Fewer bits mean more

quantization error.  For WAAS, a four bit UDRE is adequate for the GLS-PA or CAT I.

For other applications, fewer bits can be used for the transmission of the UDRE since more

quantization error may be acceptable.

C.5  UPDATE RATE

Changing the update rate is another method that can be used to reduce data bandwidth.

Updating the ionosphere and ephemeris less frequently results in increased uncertainty and

errors.  However, changes in the fast correction update rate has greater and effectiveness

effect.

C.5.1  UPDATE RATE OF IONOSPHERE & EPHEMERIS CORRECTIONS

While it is desirable to decrease the update rate of the ionosphere corrections, there are two

reasons why this is not done.  First, our increased understanding of ionospheric delay has

shown that the ionosphere can change significantly over periods of minutes.  Second, even

if the update rate was decreased by 100%, the overall bandwidth reduction is only 4%.  On

the other hand, the same savings can be achieved by decreasing the fast corrections update

rate by less than 10%.  Hence, a change in the update rate will have little effect and

therefore the WAAS update rates for both the ionospheric delay and the GIVE were

retained in the LOGIC designs.
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The ephemeris errors are relatively slow and do not need to be updated as often as the fast

corrections.  The WAAS MOPS specifies an update rate of 120 seconds for ephemeris

corrections.  The growth rate is relatively slow and the growth of the errors from update to

update is incorporated within the UDRE and the ltcε  term.  It may be possible to reduce data

requirements by examining the error growth and determining a lower update rate.

However, saving a few bits per satellite over the relatively long update period has a small

effect on total data rate.

C.5.2  UPDATE RATE OF FAST CORRECTIONS

Modifying the update rate of the fast corrections has two effects.  A longer update period

results in a better estimate of the fast correction velocity due to averaging the same level of

noise over a longer period.  However, longer update periods allow other errors such as the

unmodeled acceleration to propagate over a longer period of time.  These changes, coupled

with changing the resolution, will alter the fast correction confidence bounds.  Section 5.6

delves more into the effects of these changes.

C.6  CONCLUSIONS

This appendix illustrates various means of reducing the data rate.  These methods are useful

in designing realizable GPS integrity systems for data constrained channels.  These ideas

can be used to design low bandwidth WAAS messaging systems such as the Loran designs

discussed in Chapters 5 and 6.



APPENDIX D  MINIMUM DATA RATE

Equation Section  4

The full 250 bps Wide Area Augmentation System (WAAS) message was designed to

support GLS-PA or CAT I approach.  This chapter illustrates a general analysis of the data

rate necessary to support various aircraft operations given the use of WAAS information.

The results not only provide the minimum required data rate but also demonstrate how to

achieve that level of performance.  The analysis begins by using the results of the analysis

of the required satellite and ionosphere confidence bounds for various flight operations

presented in Section 2.9.  Figure D.1 shows the outline of for the analysis in this appendix.

Figure D.1 Appendix D Outline
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D.1  BASIC ASSUMPTIONS

A few assumptions are made for the analysis.  These assumptions are not intended to be

very limiting.  However, guidelines need to be set for the user receiver, ground architecture

and safety algorithm.  The user receiver is assumed to follow the guidelines detailed in the

WAAS Minimum Operational Performance Standards (WAAS MOPS).  The receiver uses

only L1 and the GPS solution is a code phase based solution.  While the analysis is carried

out for WAAS, the assumptions made concerning the ground architecture are not restricted

to WAAS.  The analysis methodology is valid for any corrections generated from

information gathered by DGPS reference stations.  The portion of the analysis that is most

WAAS or National Satellite Test Bed (NSTB) specific is the safety algorithm.  While the

algorithms of the current WAAS system can be taken as the basis, WAAS is only in Phase

I of operations and utilizes more conservative algorithms.  Conservative algorithms are

easier to certify and allow the system to become operational earlier.  This analysis takes a

more forward-looking approach and uses a model that more closely resembles fully

operational WAAS.  The algorithms used by the NSTB are more aggressive and should

closely represent the full potential of WAAS as it matures.  As a result of this and our

experience with the NSTB, the analysis will be based heavily on the NSTB.

For the minimum data rate analysis, it is assumed that only corrections and their

corresponding error bounds are necessary.  A message also needs a header and cyclic

redundant code (CRC) for error detection.  Hence, the basic broadcast consists only of

corrections such as the WAAS fast, long-term and ionosphere correction, the corresponding

masks for the satellite and ionosphere correction, and confidence indicators such as the

WAAS user differential range error (UDRE) and grid ionosphere vertical error (GIVE)

indicators.  Other data such as degradation parameters may be necessary.  These parameters

only require at most five bps for WAAS – two 250 bit WAAS messages every 120 seconds

- and should require an even lower data rate for the minimum required system.  As a result,

they are not included in the final calculation.  The addition of one to five bps should cover

these parameters.
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Even though this appendix analyzes the minimum data rate, traditional data compression is

not discussed.  This is because the analysis presented in Appendix A shows that significant

data compression is not feasible for use on WAAS since data compression causes

unacceptably high acquistion times and low availability in the presence of low (1% or less)

message loss.

D.2  COVERAGE MODEL CONCLUSIONS

For a navigation system to be used for any given flight operation, the system must meet the

performance requirements specified for that operation.  The International Civil Aviation

Organization (ICAO) established requirements for Global Navigation Satellite System

(GNSS).  These requirements are found in the ICAO GNSS Standard and Recommended

Practices (SARPs) [ICAO98].  The coverage area model uses the basic SARPs

requirements on integrity and availability to derive the requirements on WAAS error

confidences, specifically the UDRE and User Ionosphere Vertical Error (UIVE).  For

WAAS solution to be available for an approach, the calculated Vertical and Horizontal

Protection Levels (VPL, HPL) must be less than the Vertical and Horizontal Alert Limit

(VAL, HAL) set in the SARPs.  The VAL and HAL values depend on specified approach.

Table D.1 and Figure D.2 summarizes the results of the model presented in Section 2.9.

Table D.1 summarizes the maximum levels for these bounds while Figure D.2 shows the

maximum acceptable average σUDRE-σUIVE curve for each operation.  In the analysis, it was

assumed that the minimum achieveable σUIVE is 0.4 meters.  It shows that GLS-PA cannot

be achieved with 99.9% availability at the worst case location with this σUIVE limit.

Operation σUIVE (Set 1) σUDRE (Set 1) σUIVE (Set 2) σUDRE (Set 2)
NPA 15.0 m 37.0869 m 27.7892 m 15.0 m
LNAV/VNAV 0.4 m 2.0453 m 1.4681 m 0.4 m
APV 0.4 m 0.5815 m 0.5352 m 0.3 m
GLS-PA 0.15 m 0.2972 m 0.2533 m 0.15 m

Table D.1 Requirements for UIVE, UDRE
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Figure D.2 Contour Plot of Satellite and Ionosphere Error Bound Trade Off

Note that the analysis does not assume anything about S/A or even how the corrections are

implemented.  As long as the specified bounds on ionosphere and satellite errors

(σUIVE, σUDRE) can be achieved, then the system can adequately support the operation.

D.3  MINIMIZING DATA REQUIRED FOR CORRECTIONS AND ERROR

BOUNDS

Determining the minimum data requirements for a flight operation requires assessing the

minimum correction performance necessary to achieve the required WAAS error bounds,

i.e., UDRE and UIVE.  The coverage model analysis determines the minimum UDRE and

UIVE for different flight operations.  Next, we determine how changing the amount of data

used for each correction affects these WAAS error bounds.
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For each correction type, fast, long-term or ionosphere, one of four changes may occur.

First, the type may not be needed.  For example, ephemeris corrections may not be

necessary for certain applications.  Second the number of corrections of that type may be

reduced.  For example, a reduced satellite set can be used for smaller coverage areas

without any loss of performance since fewer satellites are visible to the coverage area.  The

reduced satellite set means fewer fast and long-term corrections are necessary and hence a

lower data rate.  Similarly, a reduced number of ionosphere grid points (IGP) may be used

without performance loss.  The minimum required number of satellites or IGPs as a

function of area is determined by analyses presented in Chapters 5 and 6, respectively.

Third, the accuracy of the type can be changed.  This could be the result of using a different

resolution or dynamic range for the correction.  For example, the WAAS fast correction has

a resolution of 0.125 meters.  However, for some applications, one may be able to use

higher resolutions.  Another method is to change the form of the correction.  For example,

the use of a scalar long-term or ephemeris correction instead of a vector correction may be

possible if the resulting increase in error is acceptable.  If an accuracy reduction from that

of WAAS is acceptable, it is possible to use fewer bits for the UDRE and GIVE as well.

Finally, the update rate of the corrections may be changed.

D.4  DERIVING THE RELATIONSHIP BETWEEN FAST CORRECTION

RESOLUTION & UPDATE RATE AND CONFIDENCE BOUNDS

Many of the changes discussed do not alter the content of transmitted correction from the

original WAAS correction.  As a result, their effect has been analyzed and taken into

account by the WAAS UDRE and GIVE.  However, two of the changes discussed, using

scalar ephemeris corrections and using different resolutions and update rates for the fast

corrections, will affect the error confidence bound.  These changes are directly related to

data necessary for these corrections.  Section 5.6 derives the relationship between fast

correction resolution and update rate and the fast correction error bound.  The relationship

is presented in Equation (D.1).  This equation relates a bound on σfc, the standard deviation
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for a gaussian that overbounds the distribution of the fast correction error, to the update

interval, ∆t, and resolution or quantization level of the correction, Q.

2 1
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τ is the time since the last update, σN is the standard deviation of the measurement noise

and σ|a| is the standard deviation of the clock error acceleration.  The value of σN is

determined to be approximately 0.15 meters from an examination of the UDRE.

D.5  OVERALL & MINIMUM SATELLITE ERROR CONFIDENCE BOUND

The derivation discussed above allows us to determine the overall satellite confidence

bound.  Section D.2 showed the minimum satellite confidence bound (or UDRE) necessary

to support a given flight operation.  These two analyses allow for the determination the

minimum amount of satellite corrections and hence minimum data rate for satellite

corrections needed to support different flight operations.  Recall Equation (2.15).

( )
( )

2

UDRE2

2 2 2 2 2
UDRE

,  if RSS 0

,  if RSS 1

UDRE fc rrc ltc er
flt

UDRE fc rrc ltc er

σ ε ε ε ε
σ

σ ε ε ε ε

 + + + + == 
+ + + + =

                        (D.3)

where RSSUDRE is the root sum square (RSS) flag given in Message Type 10
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σfc, derived previously, represents a bound on the root sum square of the noise, range rate,

and quantization error.  Hence, it is analogous to 2 2 2
UDRE fc rrcσ ε ε+ + .  Under nominal

conditions, assume that εer is zero.  Recall that εer is the additional degradation term for en

route through NPA and is non-zero only when fast or long-term corrections have timed out

for precision approach.  Then we can rewrite Equation (D.3) as

( )
( )

2

2

2 2

,  if no RSS

,  if RSS

fc ltc
flt

fc ltc

σ ε
σ

σ ε

 += 
+

                                         (D.4)

The values of the ephemeris correction calculated in Section C.2.2 can be used as a proxy

for the ephemeris error or residual ephemeris error, ltcε .  Three different value of ltcε  will be

tested for each coverage area.  They will represents the residual errors after the application

of vector, scalar, and no ephemeris correction, respectively.  The values shown in Table

D.2, taken from the results of Section C.2.2, are used for the determination of the minimum

data rate for satellite corrections.  The analysis results are seen in Figures D.3 and D.4.

Ephemeris
Bound (εer) -1 σ
bound (m)

Error bound
(overall)

Error bound (with scalar
correction from using
center point)

Error bound (with scalar
correction from using
average value)

LORAN Area 2.00 m 0.12 m 0.10 m
WAAS Area 2.00 m 0.5 m 0.25 m

Table D.2 Values of Ephemeris Bound Used for Analysis

The combination of the components of satellite errors then can be used to find which sets

of modifications for each component are feasible for each aircraft operation.  Figures D.3

and D.4 show sample error bound bar charts for S/A on and S/A off respectively.

Given the operating environment (S/A on or off, coverage area, RSS), there are basic

parameters that determine the error bound levels seen in the chart.  These parameters are

the resolution level and update rate of the fast corrections and the form (vector, scalar,

none) of the ephemeris corrections.  Each plot fixes the condition (S/A, coverage area,

RSS) along with the update rate.  Each bar represents different combinations of ephemeris
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corrections for a given fast correction resolution.  The maximum acceptable values for the

operations of APV and LNAV/VNAV from Table D.2 is shown for reference.

SA, 6 second update rate, RSS, SBAS Area
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Figure D.3 Satellite Error Budget for S/A on & 6 Second Fast Correction Update
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Figure D.4 Satellite Error Budget for S/A off & 30 Second Fast Correction Update
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Results from using and not using RSS are shown.  RSS provides better performance and its

use is justified because the errors are independent.  Under current WAAS, the use of RSS

still requires certification.  Since our research here is to be forward-looking, RSS values

will provide the guideline for the minimum data rate analysis.  A non-RSS solution can

also be derived.  The required of the satellite error bound (Section 2.9) provide guidelines

for determining the required data rate.

D.6  EFFECTS OF MESSAGE PACKAGING & TIME TO ALARM

Message overhead and time to alarm need to be examined before calculating the minimum

data rate.  In order to help the user determine message start and message format, some bits

for message overhead is required.  Since this is a safety of life system, there needs to be an

assurance that the probability of using an erroneously decoded message is small.  A 24 bit

error checking code or a cyclic redundancy code (CRC) is used for WAAS to achieves a 2-

24 or 5.96 x 10-8 probability of error.  This is below the required 10-7 probability of using an

erroneously decoded message.  Hence an assumption of the analysis is that a 24 bit CRC

must be used for any of the GPS integrity message designed.  The overhead is relatively

constant per message.  Table D.3 shows the additional data and bits that must be added on

to package the message.  Because the overhead is more or less the same for any size

message, longer messages have higher ratios of information to message overhead data and

hence make more efficient use of the bandwidth.  However, the message cannot be too long

because of the time to alarm (TTA) requirement.

Overhead Data Required
Preamble Roughly 8 bits per message
Message Identifier 3-6 bits
Cyclic Redundant Code (CRC) At least 24 bits

Table D.3 Overhead Data
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Time to alarm sets a limit on the maximum time for each message.  For a six-second TTA,

the message must be approximately one second long.  For a ten-second TTA, the message

can be at most three seconds long.  See Figure 5.2.

D.7  MINIMUM DATA RATES

Now we can use the various modifications to the WAAS messaging system and our

analysis of their effects on the WAAS error beounds to determine the amount of data

necessary to achieve these desired bounds on WAAS error.  The satellite error analysis

(Section D.6) shows various means and the data rate necessary to achieve a certain error

bound.  The ionosphere error is treated more simply for reasons since it is more variable.

After corrections, the residual ionosphere error is assumed to have a standard deviation

bound is 0.4 meters.  A spreadsheet is used to analyze combinations of corrections.

Correction Bits
(Lower
Bound)

Bits
(Upper
Bound)

Min
Update
Interval
(sec)

Max
Update
Interval
(sec)

Min Data
Rate
(bps)

Max Data
Rate
(bps)

Data
Rate

Fast Corr
(bit/sat)

12 12 6 6 48 48 Max
(bps)

Long-term 0 53 120 120 0.00 10.60 103.75

Iono
(bit/IGP)

9 9 300 300 15.84 15.84 Min
(bps)

UDRE 3 4 10 10 7.20 9.60 88.99

GIVE 3 4 300 300 5.28 7.04

Header 38 38 3 3 12.67 12.67

Table D.4 Sample Calculation for APV S/A On, Using 0.15 m σN

Table D.4 shows an example from the spreadsheet.  It shows the calculation of the range

for the APV minimum data rate given S/A on and Nσ  = 0.15 meters.  Recall Nσ  is the

measurement noise on the pseudorange.  Column One of the table indicates the information

to be transmitted.  Columns Two and Three represent the lower and upper bound of the

minimum bits necessary per instance of the information, respectively.  Columns Four and
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Five present the lower and upper bound on the update interval (in seconds), respectively.

The number of instances of that correction multiplied by the bits necessary per correction

and divided by the update interval yields the data rate for the correction.  A lower and

upper bound on the data rate is given in Column Six and Seven.  Finally, the data rates are

sum over all corrections and used to derive the data rate.  A lower and upper figure for the

minimum data rate is shown.  For the baseline analysis, the assumption is that Nσ  is 0.15

meters and a SBAS coverage area.  Afterwards, these assumptions will be changed to

examine requirements for a Loran based system and system sensitivities.  Discussions of

the calculation of each minimum data rate for each flight operation is provided in Section

2.10 (page 58) and will only be briefly discussed here.

D.7.1  EN-ROUTE & NON PRECISION APPROACH (HAL = 556 m, No VAL)

A GPS integrity signal need only provide a GIC or "use/don't use" message for each

satellite to meet the NPA HAL requirement, regardless of the presence of S/A.  The ten

second time to alarm requirement result in a maximum message of three seconds.  Even

with the assumption that the integrity flag for each satellite needs to be provided every ten

seconds, the majority of the data is dedicated to the message overhead.  Hence the resulting

data rate should be relatively invariant to S/A and coverage area effects.  Table D.5 shows

the range of data and data rate for the combinations used to achieve a 556 meter HAL.

Corrections/Overhead Data Used Update Rate (sec)
Use/Don’t Use Flag 1-2 bit/satellite 10
Overhead 30 bits/correction 3

Table D.5 Minimum Data Necessary for 556 HAL

D.7.2  LNAV/VNAV (HAL = 556 m, VAL = 50 m), APV 1.5 (HAL = 40 m, VAL =

50 m)

An analysis of the VPL shows that meeting the vertical requirement will require ionosphere

corrections.  It was assumed that the full nine bit WAAS ionosphere correction is used

though the GIVE may be reduced to three bits.  Various combinations of fast and
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ephemeris corrections can be derived in the manner seen in Section D.5.  Since the full

ionosphere corrections is used, it is assumed that UDREσ  has to be below the maximum

value of 2.08 meters derived from the coverage model (Section D.2 or 2.9).  We can use the

results from Section D.5.  For the case with S/A, a half-meter resolution fast correction

with a 20 second update rate should achieve the required performance.  Scalar ephemeris is

used and will require 4-13 bits as explained in Section 2.10.2 (page 59).  For the S/A off

case, a 0.125 meter resolution, scalar ephemeris and 80-second update can be used.  For

S/A off, 0.125 meter resolution for the fast corrections requires only nine bits per satellite

due to the reduced dynamic range of the error.  Table D.6 shows the range of data and data

rate for the combinations used to achieve a 50 meter VAL.

Corrections/Overhead Data Used Update Rate (sec)
Ionosphere 9 bits/IGP 300
GIVE 3-4 bits/IGP 300
Fast Corrections 9-12 bits 20
Long-term 4-13 bits 120
UDRE 3 bits/satellite 10
Overhead 34 bits/correction 3

Table D.6 Minimum Data Necessary for 50 VAL

D.7.3  APV  (HAL = 556 m, VAL = 20 m)

For APV, the full nine bit ionosphere correction is used and along with a three or four bit

GIVE.  Using analysis similar to that given in Section D.5, we determine the requirements

on the satellite corrections.  Fast corrections will require a 0.125 meter resolution and a six

second update rate.  Vector ephemeris corrections will likely be needed.  Table D.7 shows

the range of data and data rate for the combinations used to achieve a 20 meter VAL.

Corrections/Overhead Data Used Update Rate (sec)
Ionosphere 9 bits/IGP 300
GIVE 3-4 bits/IGP 300
Fast Corrections 9-12 bits 6
Long-term 4-51 bits 120
UDRE 3-4 bits/satellite 10
Overhead 34 bits/correction 3

Table D.7 Minimum Data Necessary for 20 VAL
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Minimum Data Rates (S/A on & off), SBAS Area

0 20 40 60 80 100 120
Data Rate (bps)

NPA
556 m HAL

LNAV/
VNAV
50 m VAL

APV
20 m VAL

S/A on
S/A off

Figure D.5 Minimum Data Rate for Various Landing Applications (WAAS
Coverage Area, σN = 0.15 m)

Minimum Data Rates (S/A on & off), SBAS Area
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Figure D.6 Minimum Data Rate for Various Landing Applications (WAAS
Coverage Area, σN = 0.4 m)
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Minimum Data Rates (S/A on & off), Loran Area
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Figure D.7 Minimum Data Rate for Various Landing Applications (Loran Coverage
Area, σN = 0.15 m)

Figures D.5, D.6 and D.7 show the result of the analysis for a few cases.  These cases are

important illustrate some trends.  All figures show the minimum data rate for both S/A on

and off.  In most cases, there is a noticeable data rate difference between the S/A active and

off with S/A off data rates lower than the S/A on rates.  The reduction in data rate comes

from the reduced update rate necessary for the clock error corrections as well as the

reduced range of these corrections.  Only in NPA is there no difference.  This is because

NPA needs no corrections.

Figures D.5 and D.7 show the minimum data rate for a WAAS and Loran coverage area

respectively.  The determination for the WAAS coverage area corrections assumes 24

satellites and 528 IGPs are corrected.  The Loran coverage area assumes 15 satellites and

110 IGPs are used.  These two factors, number of satellites and IGPs corrected, account for

the majority of the difference between the two data rate requirements.  Another factor that

comes into effect for APV is the use of scalar ephemeris corrections (incorporated into the

clock error corrections) for a smaller coverage area.

Finally, Figure D.6 shows the results for a WAAS sized coverage area if Nσ  is assumed to

be 0.4 meters.  This represents a system of WAAS Reference Station (WRS) with worse
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ground equipment.  Comparing Figure D.6 with Figure D.5, illustrates the importance of

this measurement noise.  The higher Nσ  results in higher required data and increased

performance.  The data rate is lowered because the error growth on the fast correction is

slower due to more accurate fast corrections.  With the higher Nσ , APV is not achievable.

D.7.4  RESULTS OF MINIMUM DATA RATE ANALYSIS

Given the assumptions of the analysis, particularly the limiting values of the UIVE and

UDRE (roughly 0.4 meters), it is not feasible to support operations that have a VAL much

lower than 20 meters with 99.9 % percent availability in the worst case location.  As seen

from the analysis above, the measurement noise has some impact on the correction

capability.  An approach with a VAL of 12 meters will require improvements in reducing

measurement noise and better estimation and bounding of the ionosphere error.  This is

necessary for improving satellite and ionosphere corrections and achieving lower values of

UDRE and UIVE.  Table 2.10 summarizes the results of minimum data rate analysis.

Flight Operation/
Coverage Area

NPA LNAV/VNAV APV

Loran Area (S/A) 13-15 bps 36-39 bps 73-85 bps

Loran Area (no S/A ) 13-15 bps 26-28 bps 32-44 bps

SBAS (S/A) 13-15 bps 53-57 bps 90-103 bps

SBAS (no S/A) 13-15 bps 43-45 bps 49-63 bps

Table D.8 Summary of Minimum Data Rate Analysis

D.8  CONCLUSIONS

The minimum data rate provides a useful tool for sizing and designing data constrained

GPS integrity channels.  It is derived from the basic ICAO GNSS SARPS requirements.  It

can be used to determine the performance achievable and the best methods to achieve the

desired performance.  Hence, it is useful a tool for sizing, designing and improving a

message system for the available bandwidth.



APPENDIX E  THE EFFECTS OF S/A
OFF ON WAAS

EQUATION SECTION  5

E.1  INTRODUCTION TO S/A

Selective availability (S/A), the deliberate degradation of GPS clock, represented the

largest error source on GPS before it was turned off on May 2, 2000.  Since S/A was

present when the Wide Area Augmentation System (WAAS) conceived, WAAS was

designed to correct for S/A.  The magnitude and rate of change of the S/A induced error

required that WAAS devote significant bandwidth to correcting this error.  This appendix

analyzes the effects of S/A - both in terms of magnitude and rate of change.  It also

demonstrates some means of utilizing the bandwidth resources previously devoted to S/A.

E.2  ANALYZING THE EFFECTS OF THE PRESENCE & ABSENCE OF S/A

The clock error, often denoted dB, and effect of S/A can be analyzed by examining the fast

correction.  The fast corrections can be treated as a proxy for the satellite clock error since

it is modeled after this error.  The National Satellite Test Bed (NSTB) also estimates the

velocity and acceleration error of the clock.  Figure E.1 shows the fast correction, the

velocity of the fast correction, and the acceleration of the fast correction.  The data was

280
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taken using the NSTB on May 2, 2000 as GPS was transitioning from S/A on to S/A off.

All terms are estimated by the NSTB though the acceleration is also filtered using a 60

second moving average.

As seen in Figure E.1, the pseudorange error due to S/A is approximately zero mean and

has a standard deviation of 20 m.  Pseudorange errors of 100 m or more have been

observed.  Once S/A was turned off, the clock error decreased significantly – the standard

deviation is approximately 1 meter (σfc = 1).  With S/A on, accelerations on the order of 5

mm/s2 were common while S/A off typically had values less than 0.5 mm/s2.  Table E.1

presents the statistics of the fast correction for various satellites in the presence and absence

of S/A.  The S/A off data was taken from a two-day period from May 2-3, 2000 while the

S/A on data is from a two-day period from June 24-25, 1998.  The table shows the

reduction of the standard deviation from roughly 20 m to 1 m and the reduction of the

maximum error from 100 m to 10 m when S/A is not present.

Figure E.1 Fast Correction, Velocity, Acceleration (Transition to S/A Off)
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Data Type PRN Mean (m) Std Deviation (m) Max (m) Data Epochs
S/A off 15 -0.6406 1.2958 7.6115 45068
From 5/2/00 21 -1.1634 1.5517 10.1375 36576
To 5/3/00 25 -1.1129 0.7341 3.5437 53694

29 -1.8455 0.8699 7.4185 43970
31 -0.9094 1.3339 3.726 52364

S/A on 5 0.9139 23.9984 98.0102 149239
From 6/24/98 9 0.3503 24.1103 88.6496 146885
To 6/25/98 16 0.6239 26.3521 71.7188 146307

17 -0.6045 23.3645 91.1472 149425
18 -0.9324 24.157 94.6427 149219
25 1.2281 24.7433 91.69 157708

Table E.1  Fast Correction Statistics for S/A On and Off

Discussions are ongoing as to how WAAS can take advantage of S/A off.  The absence of

S/A allows for the transmission of fast corrections at a lower rate.  One suggestion is to

send the UDRE message (Type 6) every six seconds to validate the old fast corrections

until new fast corrections are necessary.  Even if the UDRE does not change in six seconds,

the UDRE update is necessary to for time to alarm (TTA) requirements.  In essence, one

UDRE message can replace up to three fast correction messages in each six-second period.

This is a bandwidth reduction of up to two messages every six seconds [Walter99a].  The

method frees up more bandwidth for other messages.  This method can be used for our

reduced data rate message.  However, more reduction can be achieved since the reduced

data rate message can be designed around the new S/A off environment.  Another method

is to reduce the dynamic range.

The fast correction or clock error bounds, Equations (E.1) and (E.2), derived in Chapter 5,

can be used to show that with the reduced clock error acceleration, a clock correction can

be used for much longer using the same bound.  It can also be used to determine the most

data efficient combination of update rate and resolution for an S/A off environment.

2 1
2 2 1 ( )

2Z a tfc Nt t
τ τ

σ σ σ σ τ τ
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               (E.1)
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Thus, the absence of S/A results in a reduced data requirement for WAAS.  The next

section will detail a way of using the additional bandwidth to reduce signal power

requirements.

E.3  USING S/A OFF TO REDUCE ENERGY REQUIREMENTS

The additional bandwidth can be used to reduce the energy requirements for the WAAS

geostationary satellite.  The energy reduction can be done in two ways.  One way is to

increase the period of each symbol so that each symbol has more effective energy.  The

other way is to dedicate more symbols to forward error correction (FEC).  WAAS, which

currently only requires 70% of the current bandwidth, may require less than 50% of its

bandwidth with the procedure mentioned above.  As an example, the first method can be

implemented with 250 symbols per second instead of 500 symbols per second – this would

imply that messages are transmitted every two seconds.  With a lower symbol rate, a

symbol takes twice as much time to transmit and so has twice as much energy.  The result

of the increased energy on message loss is seen in Figure E.2.  For a given carrier to noise

(C/No) level, the lower symbol rate signal has a lower probability of loss.  In other words,

for a desired probability of message loss, a lower symbol rate will result in a lower required

C/No.  This means that if the lower symbol rate is used, the satellite can transmit at a lower

power level and achieve the same message loss probability.  Alternatively, we could expect

better geostationary satellite coverage in challenging environments.

The second method would use a rate 1/3 or 1/4 convolutional code instead of the current

rate 1/2 code.  A rate 1/3 convolutional code means that for every 1 data bit received, the

transmitter needs to transmit 3 symbols.  Using a rate 1/3 code with the same symbol rate

would mean that it takes 50% more time to transmit one data bit.  However having more
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symbols dedicated to error correction reduces the probability of error for a given C/No as

seen in Figure E.3.  The reduced probability is greater than would be realized if the symbol

rate was decreased to 333.33 symbols per second, thus increasing the energy per symbol by

50%, while still using a rate 1/2 convolution code.  Again, the conclusion is the same – a

lower power level can be used to achieve the same message loss probability.

Figure E.2 Energy Gain from Lowering Symbol Rate
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Figure E.3 Gain from 1/3 Rate Convolution Code

E.4  CONCLUSIONS FROM THE ANALYIS OF S/A

Analysis of NSTB data showed that S/A increased the standard deviation and acceleration

rate of the clock error from 1 m and 0.5 mm/s2 to 20 m and 5 mm/s2 respectively.  The

model for clock error shown in Chapter 5 can be used to show that as a result of the

reduced acceleration, clock corrections are valid for significantly longer periods when S/A

is not present.  The reduced bandwidth requirement can be used to reduce the energy

requirement of the WAAS signal.  Thus, as a result of the order of magnitude decrease of

GPS clock errors and error rates from the absence of S/A, additional bandwidth is available

and can be used to reduce energy requirements or increase the robustness of the WAAS

broadcast.



APPENDIX F  RADIONAVIGATION

The thesis focuses on developing and modifying radionavigation aids to complement and

supplement GPS/WAAS for aircraft navigation.  Much of the thesis examines the use of

existing radionavigation aids.  This appendix gives a brief background and history of

radionavigation for aviation.  It is meant to provide some additional insight to the

uninitiated reader and help give a basic idea of capabilities and development of these

systems.  For more detailed information concerning radionavigation development, the

reader is directed to [Enge95a].  Also recommended is [Forssell91] which also offers

detailed analysis and descriptions of the operation of these systems.

Navigation is the science of determining how get from one location to another.  The

determination has been accomplished using many means and instruments such as dead

reckoning, magnetic compass, astronomical observations, chronometers, and radio

beacons.  As the science of navigation developed, improvement and advancements lead to

more precise and accurate means of navigating.  The increased accuracy generally goes

hand in hand with increased safety.  Safety is an inherent concern of good navigation and

this concern has driven the development of the science.   A lack of appreciation of the level

of safety provided by the navigation system can result in disaster.  In 1707, Admiral Sir

Clowdisley Shovell's fleet of ships wrecked off the shoals of Scilly Isles after failing to

recognize that their longitude calculation could have been greatly in error.  The loss of

almost all hands aboard three warships prompted Britain to embark on the search for an
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"accurate and practical" means of determining longitude [Sobel95].  An equally famous

incident in 1943 also illustrates the point.  The “Lady Be Good,” an American B-24

Liberator, crashed in the middle of the Libyan desert due to poor understanding and use of

a navigational aide known as a Non-Directional Beacon (NDB).  The NDB was not

defective; rather, it was a misunderstanding of the potential ambiguities in reading NDB

measurements that caused the pilot to think his aircraft was north of the airbase when it was

in fact south of the airbase.  The result was the death of the entire crew, most of whom died

after trying to cross the desert to reach the Allied airbase.

F.1  INTRODUCTION TO RADIONAVIGATION FOR AVIATION

On December 17, 1903, Orville Wright, aboard “The Wright Flyer,” made the first

controlled flight of a powered heavier than air aircraft, thus inaugurating the era of flight.

Initially, the navigation was based solely on dead reckoning and travel routes were not

based on predetermined courses.  As aviation matured, so did aviation navigation.  With the

use of only a compass, altimeter, and altitude sensor, James Doolittle made the first “blind”

(under the hood/instruments only) flight in an airplane on September 24, 1929.  Soon these

instruments along with others like the airspeed indicator would become standard on

aircraft.  While such instruments are useful for determining orientation and dead reckoning,

they lack the accuracy necessary for cross-country flight.

F.2  NON-DIRECTIONAL BEACON (NDB) & DIRECTION FINDER (DF)

Radio navigation aids became the solution for the problem.  The first of these aids were

direction finders (D/F) and Non-Directional Beacons (NDB).  The idea of using radio

signals for direction finding was one of the first applications of the technology.  NDBs

provide the aviator with locations where they can establish a position fix.  They also act as

homing points for the aviator.  Aircraft with automatic direction finders (ADF) can

determine the relative bearing between the aircraft's heading and the true bearing to the
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station.  The establishment and use of fixed ground radio navigation aids encouraged pilots

to fly routes that would pass over these aids rather than fly the most direct route.  This is

particularly true for long distance flights.

DF and NDB were the primary radionavigation aids before the Second World War.  With

the coming of that war, much research and development was devoted to developing

improved radionavigation aids.

F.3  DISTANCE MEASURING EQUIPMENT (DME)

World War II spawned the development of distance measuring equipment (DME).  While

it took many years for a DME standard to be finally accepted, once accepted, airlines and

general aviation (GA) quickly adopted the system.  In the first three years after its

introduction, airlines and GA bought 10,000 airborne DME interrogators.   DME works on

a principle very similar to radar, specifically a radar system known as secondary

surveillance radar (SSR).  The DME interrogator on board an aircraft transmits a sequence

of pulses to the DME transponder or ground station.  After a known delay, the DME station

responds to the interrogation pulse sequence with another set of pulses.  Range from the

DME station is determined from the net time between the interrogation and the receipt of

the reply.  Since the DME station must play an active role for DME ranging to work, the

DME station has capacity limits.  Furthermore, DME signals are transmitted on VHF

carriers in the 962-1214 MHz range with transmitted power between 50 to 1000 W.  This

limits the range of the DME to about 120 km at altitude.

F.4  VERY HIGH FREQUENCY (VHF) OMNI-DIRECTIONAL RANGE (VOR)

VHF (Very High Frequency) Omni-directional Range (VOR) is a radio navigation aid that

provides heading information.  Also developed in the 1940s, VORs operate by sending two

30 Hz signals - a reference signal and a signal that is phase shifted from the reference
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signal.  One signal is amplitude modulated and the other is frequency modulated on a 9960

Hz tone.  The phase shift determines the angular distance or azimuth between the aircraft

and the VOR transmitter.  VORs transmit on 108 - 117.95 MHz.  VORs also can be

modulated with a voice signal to provide ground to air communications.  It is commonly

collocated with a DME transmitter since the DME can provide distance to the transmitter

and the VOR can provide a heading to or from the transmitter.  With the combined

VOR/DME system, reasonably precise positioning became possible and this combination

has become the primary en route aircraft navigation aid.

F.5  TACTICAL AIR NAVIGATION (TACAN)

The military, desiring the service of a navigation aid such as VOR/DME, decided that the

civilian VOR/DME was not adequate for their needs.  As a result, tactical air navigation or

TACAN was developed.  TACAN operates in a manner similar to VOR/DME though the

equipment and principles used to achieve the range and bearing measurements differ from

VOR/DME.  Hence, TACAN initially represented a competing standard.  However, this is

no longer the case and the FAA has been integrating TACAN into the VOR/DME

infrastructure.  Integrated VOR TACAN systems are known as VORTACs.

F.6  DECCA

Another system introduced during the war was DECCA.  DECCA is a hyperbolic terrestrial

navigation system that uses the phase difference of signals from various stations to

determine location.  In hyperbolic position, distance differences are used to determine

position.  Each distance difference traces out a hyperbola, hence the name.  In DECCA,

sets of stations are arranged into chains with one master and two to three slaves.  The

signals from these stations are transmitted at different frequencies that are known multiples

of a base frequency and difference in phase between the master and each slave is used to

determine distance differences.  Each DECCA chain utilizes a different base frequency.
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Hence DECCA employs frequency division multiple access (FDMA) within the chain and

between chains.  DECCA operates in the frequency range of 70-129 kHz.

F.7  INSTRUMENT LANDING SYSTEM (ILS)

The Instrument Landing System (ILS) is another common aircraft navigation aid that first

made its appearance in World War II.  Based on work started in 1919, the system was

adopted by the United States in 1941.  ILS works by transmitting two signals - a localizer

that provides lateral guidance and a glide slope that provides vertical guidance. For the

localizer, two tones are modulated on a VHF carrier.  From the viewpoint of a landing

aircraft, a 150 Hz modulated tone is prevalent on the right side while a 90 Hz tone is

prevalent on the left.  They are balanced at the centerline.  From the difference in depth of

modulation, a user can determine deviation.  The glide slope works similarly but at UHF

with the region below the center dominated by a 150 Hz tone and the region above

dominated by a 90 Hz tone.

Improvements in the system, including off site monitoring, made the system more reliable

and safe.  ILS can provide landing in the most limited visibility conditions.  A Category

IIIc (CAT III C) ILS allows aircraft to land in conditions where visibility is zero and

runway visual range is 2400 feet.  Chapter 1 discusses these various approach operations.

F.8  OMEGA

OMEGA, another terrestrial very low frequency (VLF) hyperbolic navigation system was

also developed during World War II.  OMEGA operates at 10-14 kHz and uses phase

difference measurements.  However the deployment of the system did not begin until the

mid-1960s and stations slowly became operational with the last being completed in 1982.

With only eight stations, OMEGA was able to provide global coverage.  However, with the

advent of GPS and other more modern navigation systems, OMEGA was deemed obsolete.
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The US officially terminated OMEGA on 30 September 1997.  As a side note, the Soviet

Union developed a similar VLF navigation system.  However, it is not compatible with

Omega.

F.9  LONG RANGE NAVIGATION (LORAN)

The post War era also saw the development of Loran (Long Range Navigation).  Loran is

another LF (100 kHz) system and the system became operational in 1958.  Details of this

system are provided in Chapter 3.

F.10  GLOBAL POSITIONING SYSTEM (GPS)

It is assumed that the user has a reasonable understanding of the system.  Further references

include [Misrap01], [Kaplan96], [Parkinson97].  This section will provide a brief history of

GPS.  Three satellite projects, Transit, Timation, and 621B, influenced the development of

GPS.  Users of Transit employed doppler measurements from its satellites to determine

location.  This was first achieved in January 1964.  The Timation program examined using

precise clocks on satellites to provied precise time and time transfer.  The Air Force 621B

examined using pseudo random noise (PRN) to robustly place data on navigation satellites.

The concepts demonstrated in these programs were incorporated into GPS.  By 1978, the

GPS program had lauched the first GPS Block I.  Eventually 11 Block I satellites would

become operational.  Block II satellites entered service in 1989.  GPS Initial and Full

Operational Capability (IOC, FOC) were declared in 1993 and 1994, respectively.  Today

GPS usage has become ubiquitous.  As the user base of GPS increases, it is being used

more and more applications.  For these applications, GPS is being augmented by

differential GPS (DGPS) to improve accuracy or the Wide and Local Area Augmentations

Systems (WAAS, LAAS) to provide integrity.
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