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Abstract

Gives and overview of a joint research program between Boeing and the FAA to develop certain key
requirements for Ground Based Augmentation Systems to support approach and landing operations in
Category Il and III conditions. The research program addressed two main areas: 1) An investigation of
airframe and ground bounce multipath on carrier smoothed code phase error and 2) Vertical Alert Limit
(VAL) requirements for a level service that is appropriate for GBAS to support CAT II/IIl operations.
The program included extensive Electromagnetics modeling of airframe and ground bounce multipath as
well at the collection of thousands of hours of GPS measurements during flight testing in order to validate
the modeling. The program also included an analytical study of the relationship of the VAL to
operational performance of autoland systems. This analytical study was validated by an extensive

autoland simulation study.

Page 6 of 61 D6-83447-1 REV NEW



BOEING

1 Introduction

This report concerns research related to the Ground Based Augmentation System (GBAS). GBAS is a
system which augments the Global Navigation Satellite System (GNSS) in order to provide higher
accuracy, integrity and continuity of service and thereby enables satellite navigation systems to be used
for airplane approach and landing systems. The research was conducted by the Boeing Company under
contract to the Federal Aviation Administration. The primary focus of the research was on developing
certain key requirements for a GBAS system in order to provide a level of service sufficient to support

approach and landing operations in CAT II/III conditions.

1.1  Scope

This document describes a joint research program conducted by Boeing and the US Federal Aviation
Administration (FAA) to investigate certain key requirements for GBAS to support approach and landing
operations in CAT II/III conditions. This research was conducted between the 2" Quarter 2003 and the
2" Quarter of 2005. Boeing’s efforts in this activity were funded under FAA contract DTFAWA-04-C-
00030. Some of the work described in this document was funded by Boeing Internal Research and
Development (IR&D). For example, much of the GBAS signal model work was done by Boeing und
IR&D prior to the start of this contract.

1.2 Background

One of most demanding aviation applications for differential GNSS is low visibility approach and
landing. The most demanding of these precision approach and landing operations in the US are called
"Category [" (CAT I), "Category II" (CAT II) and "Category III" (CAT III). During a CAT I operation, a
pilot may continue a descent to land, with a runway visual range (RVR) as low as 1800 ft, until the
aircraft is only 200 ft above the runway surface. At this time if he decides there are inadequate visual cues
to safely land the aircraft, he aborts the landing attempt. During a CAT II operation, a pilot may continue,
with a RVR as low as 1200 ft, until only 100 ft above the surface. During a demanding CAT III operation,
a pilot may land with an RVR of only 150 ft. For perspective, consider that a typical landing speed is on
the order of 200 ft/sec (and 10 ft/sec descent rate). Once the aircraft's wheels contact the ground, the
aircraft is maintained in the center of the runway and decelerated to a safe taxi speed before exiting the

runway. Highly reliable and accurate positioning and navigation are required throughout these operations.

Today ILS (instrument landing system) is capable of supporting all of these operations. The Ground
Based Augmentation System (GBAS) for GNSS is being developed and standardized as a future

alternative radio navigation aid. The standards for GBAS to support CAT I, as well as a positioning
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service (PS) for aircraft use within a region around a GBAS ground facility, have been completed. Work
for standards for GBAS to support the more challenging approach, landing and rollout in CAT II/IIT

conditions is underway.

GBAS code-phase architectures are currently envisioned which use the PRN codes transmitted by the
satellites to form a pseudorange. Ground corrections are applied to the airborne receiver’s corresponding
pseudorange measurements to eliminate common-mode errors, such as major portions of the errors caused
by delays induced by the ionosphere and the troposphere. These architectures include carrier smoothing

of the code-phase by both the ground and airborne receivers.

Multipath can be a significant contributor to the remaining, uncompensated error. Multipath errors are
introduced by the satellite signal arriving at the receiver via both the direct path from the satellite to the
antenna as well as from other paths due to reflection and diffraction. These errors are introduced at the
ground receivers used to determine the pseudorange correction as well as the airborne receiver. Airborne
multipath errors may occur from the satellite signals interacting with a variety of objects. The airframe
itself and its protuberances (such as other antennas, lights, etc.) may act as scatterers of the incident
signal. Diffraction may occur around the edges of control surfaces and the wing. When close to the

ground or during rollout, the ground may reflect the satellite signals back to the aircraft.

1.3 Documentation Organization

The documentation for this program is organized into 6 volumes.

Volume I — GBAS CAT IVIII Requirements Development Research Program Overview and

Summary of Results
Volume II — GPS Airborne Multipath Electromagnetics Modeling Development and Results
Volume III — GPS Multipath Flight Test Program & Results

Volume IV — Determining the Vertical Alert Limit Requirements for a Level of GBAS Service
that is Appropriate to Support CAT II/IIl Operations

Volume V — Characterization of the GBAS System Output

Volume VI — GLS Autoland Performance Study
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2  Program Overview

The research program focused on two areas that are important to the development of a GBAS to support

CAT IVIII operations.
1. Investigation of airborne and ground bounce multipath

2. Determination of the appropriate Alert Limits (AL) and related accuracy and integrity
requirements for GBAS to support CAT II/III operations

To support the development of appropriate requirements, this study included investigation of autoland

performance with GBAS under fault free and faulted conditions.

2.1 Investigation of Airborne and Ground Bounce Multipath

Airborne and ground bounce multipath error characteristics relate directly to the error budget for GBAS.
For a GBAS to support CAT II/III, airborne contributions to the overall error are larger than any other
contributor. Significant work has been done in this area in the past [1, 3, 4]. However, additional work
was needed to ensure that the airborne and ground bounce multipath have been adequately characterized

for a system that will support CAT II/III operations.

2.1.1 Current Multipath Requirements

The domestic and international standards for GBAS airborne equipment for CAT I and the Positioning
Service include an airborne error allocation for airframe multipath defined by a common error model [2].
This standard airborne multipath model (AMM), given in equation [I-1], is intended to characterize the
error caused by airframe or ground bounce multipath in pseudorange observations made by the airborne
receiver. The airborne multipath effects are influenced by the entire airborne implementation including
the antenna, receiver tracking, and the smoothing. The AMM is intended to apply to receivers installed
on any aircraft within a reasonable set of installation guidelines. The motivation for standardizing the
error model is to avoid extensive testing of airframe multipath for each aircraft/receiver combination
during equipment approval, which would be very impractical and expensive.

4

o, (El)=0.13+0.53e [1-1]
mp( 1)

where

0,, - 1s the standard deviation of the error on the pseudorange induced by airframe or ground

bounce multipath.

REV NEW D6-83447-1 Page 9 of 61



BOEING

El, - is the elevation of the satellite in the locally level reference frame

To develop and validate the existing model, data from flight tests using multiple commercial air transport
aircraft types were analyzed by several International Civil Aviation Organization (ICAO) member states
and organizations. The existing AMM was developed largely from empirical data that was not originally
gathered to explicitly support development of such a model [3]. Limitations of the flight test
instrumentation are likely to have caused errors from more sources than airborne multipath to be
identified as multipath [3,4]. Consequently the magnitude of the errors predicted by the model could have
been artificially inflated.

In addition, by design the common model is intended to be applicable to airborne equipment with a
variety of tracking implementations including variations in the differential group delay, filter bandwidth,
discriminator type and correlator spacings [S]. Such a generic model can not equally well represent the
performance of all installed equipment. For some implementations, it may be too conservative,

penalizing the overall system performance by over-estimating the errors.

The community is now engaged in developing GBAS requirements to support operations such as CAT 11
and III precision approaches. In order to obtain the highest availability of service possible, it is necessary
to have adequate models of the dominant error sources that are not overly conservative. Airborne
multipath is expected to be a dominant source of error if the current accuracy allocations derived to
support the CAT 1 and PS applications as depicted in Figure 1 are retained. Note that the airborne
multipath is a significant contributor to the overall corrected pseudorange error, especially when
compared to the residual error contribution from the ground facility illustrated by the curve labeled GAD
C4. The ground facility averages the measurements of four ground receivers with antennas specifically
designed and installed to mitigate multipath. The curves AAD A and AAD B show the two levels of

accuracy performance defined for airborne receivers.

Finally, whereas the existing AMM is applicable to aircraft in flight, for future operations,
characterization of the errors due to ground bounce multipath when the aircraft is near and on the ground

is required.
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GAD C4, AAD A, AAD B and Airborne Multipath Model Compared
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Figure 1 Comparison of Airborne and Ground Accuracy with Current Multipath Model

2.1.2  Multipath Investigation Program Goals

The overarching program goal is to understand the airborne multipath environment during CAT II/II1
precision approach, landing, and rollout operations and to characterize it. The primary goal of the current
study is to collect data and perform analysis in order to re-evaluate the existing CAT I and PS “in-flight”
multipath model for applicability in this extended flight regime. As required, a new model will be
developed. A secondary goal is to understand how additional or modified receiver requirements could
reduce the allocation needed for airborne multipath. In addition, the program includes evaluation of
pseudorange errors resulting from ground-bounce multipath. Ultimately, a model which adequately
accounts for this effect will be developed. The program will seek to determine if a single standard AMM
can be sufficient to cover both airframe multipath and ground bounce multipath, or if separate models are

needed for the two phenomena.

2.1.3  Airborne Multipath Program Overview

The airborne multipath error model development program includes 2 major components:

1. Development of an electromagnetics physics based computer model to predict the effect of

airframe and ground bounce multipath on differential GPS accuracy.

2. Collection of data on two commercial air transport type airplanes to be used in the validation of

the computer model.
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The validated computer model is then used to examine a range of aircraft sizes and physical
configurations representative of the fleet of GBAS users. In addition, it will allow the effects of pertinent
receiver characteristics on the multipath error to be analyzed. A new model would be derived from the
composite of the different aircraft simulations. It is anticipated that a smaller amount of test data would be

required for these aircraft, if any, to validate the composite model.

Figure 2 illustrates the overall program plan. A short overview of each part of the program is provided
below. Section 3.1 of this document summarizes the results of the study. The full details of this study are

give in Volumes II and III of this report.

Model 737 and 777 Compare model to

multipath from > standard AMM
empirical data

Decision Point 1:
Need for new

v model(s)
Compare multipath
> characteristics as
parameterized in AMM

Model 737 and 777
multipath from
physical, electro-
magnetic simulations

Decision Point 2:
Validation of EM

computer model

Model fleet airframes
LK, etc. multipath
from physical, electro-
magnetic simulations

Compare multipath
characteristics as
parameterized in AMM

Propose a new standard
AMM

VY

Figure 2 Overall Program Plan

2.1.4  Electromagnetic Modeling Program

As a part of this program, an analysis process to evaluate airborne multipath has been developed. The
process uses an electromagnetics based computer model to compute the impulse response of a signal path
that would be experienced by a GPS C/A code signal at L1 due to airframe and ground bounce multipath.
Then the effect of the resulting signal distortion on pseudorange accuracy is computed. The signal path
impulse response modeling process is based on standard commercially available EM codes. Algorithms
developed by Boeing are used to determine pseudorange code phase errors given the impulse response of
the airplane/antenna/ground system. The model computes the signal contributions from specular
reflections as well as diffracted waves and creeping waves.
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The output of the commercial EM code is the frequency domain transfer function of the system formed by
the airframe, ground and antenna as a function of angle of arrival of the signal. Accurate lofting data for
the 777-300ER and 737-NG airplanes is used as input data for the code to develop airframe specific

characterizations of the signal distortions.

Electromagnetic modeling of aircraft at the L1 frequency is somewhat challenging as the wavelength is
such that the geometry of the airplane structure can neither be treated as electrically large, or electrically
small. In classical electromagnetic modeling, electrically small structures can be analyzed using
computational algorithms based on Method of Moments (MoM) [6]. (Electrically small structures are
structures that are small relative to the size of the wavelength of the frequency of interest.) Electrically
large structures can be analyzed using algorithms based on the Geometric Theory of Diffraction (GTD) or
Physical Optics (PO) [7, 8]. To analyze airplane structures at L1, a hybrid code that uses a combination
of these techniques is needed. For this project we used FEKO, a hybrid MoM and PO code.

A full description of the model development, the model itself and the results obtained from the model can

be found in Error! Reference source not found. of this report.

2.1.5 Flight Test Data Collection and Analysis Program

This section gives an overview of the data collection and analysis portion of the overall airborne

multipath investigation program.

2.1.5.1 Flight Test Data Collection Campaign

During 2003, Boeing conducted a flight test program in which several hundred flight hours were flown to
support the 777-300ER aircraft type certification. A data collection campaign was conducted in
conjunction with the type acceptance flight tests to support this airborne multipath investigation.
Instrumentation above and beyond that required for the type acceptance was added to the airplane and
flown on a non-interference basis to collect data relevant to airborne and ground bounce multipath.
During 2003, Boeing also conducted an extensive flight test campaign on the 737-800NG airplane in
support of the development of a new auto-pilot. Multipath data was also collected in conjunction with

this testing. Identical equipment was used for the multipath testing on both airplane models.

The objective of the data collection campaign was to collect and analyze GPS signal measurements in
order to estimate the contribution of multipath error. The data were collected using dual frequency GPS
receivers while the test airplanes were operated in all phases of flight including taxi, takeoff, climb,
cruise, approach, landing and rollout. The data collected were post processed to estimate the magnitude

of multipath error. As discussed in reference [3] the multipath error is not directly observable from the
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GPS pseudorange measurements. It is confounded with receiver thermal noise and errors induced as the
signal propagated through the ionosphere. The contribution of multipath to the observable error can,
however, be estimated statistically based on the collection of a sufficiently large amount of data,
elimination of most other error sources and through the statistical characterization of error sources that

cannot be separated from the multipath error.

The 777-300ER flight tests involved installation of GPS receivers and data logging equipment on two
airplanes that were used for the production flight test program. Details of the test equipment used and the
test design are given in Volume III of this report. Volume III of this report includes complete information
regarding the test setup, the amount of data collected and the post processing of that data. That volume

also includes the results of the analysis of the data.

2.1.5.2  Flight Test Data Analysis Overview

The flight test data has been analyzed by differencing the code and carrier phase observables for each
satellite [3,9]. Differencing the code and carrier phase leaves only the errors due to thermal noise in the
tracking loops, errors due to multipath, and errors due to the divergence between the code and carrier
phase as the signal passes through the ionosphere. The dual frequency carrier phase observables are used
to compute the effect of the ionospheric divergence. After correcting for ionospheric divergence and
phase wind up effects [10], the code observations are smoothed with the carrier observations precisely as
specified in the LAAS MOPS [11]. The smoothed pseudoranges are used to compute code-minus-carrier
(CMC). This is done in order to be consistent with the filtering in the operational GBAS system. The
final result is an estimate of a combination of both multipath and receiver noise variations for each

satellite.

For each data point, the satellite position is calculated relative to the airframe coordinate system so that
the errors can be sorted by observed satellite elevation. The flight test data corrected code-carrier
differences are sorted according to satellite elevation angle and the standard deviation is computed. The
result is an estimate of the standard deviation of some combination of multipath and thermal noise
averaged for each elevation angle. The thermal noise performance of the test receivers is characterized in
the lab using a satellite simulator with the receiver carrier smoothing set to the same value used during the
flight tests (i.e. the minimum of 2 seconds). This will result in a larger amount of thermal noise in the
code phase measurements than would be seen using the receiver "default” value for carrier smoothing, but

must be done to properly account for the thermal noise errors experienced during the flight tests.

Carrier to Noise (C/No) observations taken during the flight test are used to determine a relationship
between the C/No and the satellite elevation (as observed from the airframe reference frame) for each
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specific antenna on each airplane tested. This relationship is used to translate the thermal noise error

characteristics into a function of satellite elevation angle. Then, based on the elevation angle, the

standard deviation of thermal noise (Oy,) can be correlated to the standard deviation of code-carrier

(Ocwme) for the specified flight. Finally, the thermal noise is removed by inverse RSS since

2 _ 2 2
Omp =Ocmc — Ow'-

The overall data analysis process is illustrated in Figure 3.
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Code-Carrier from flight test

— includes multipath and Code-Carrier from bench test
thermal noise = o, as a function of C/No
Elevation C/No

C/No as a function of

S

C/No Satellites Elevation from
flight test data. (Different for
Elevation each airplane).

v Estimate of Thermal Noise as
Thermal Noise is R a function of Satellites
Removed by o Elevation for a specific
‘Inverse RSS’ airplane = o,

5 5 Elevation

Oup =N Ocuc — Oy

Estimate of Multipath Noise
R as a function of Satellites

o Elevation for a specific

airplane = 0,

Elevation "

Figure 3 Overall data Analysis Process

As well as the analysis described above, the data were analyzed to determine the effectiveness of carrier

smoothing process. A complete description of the processing methodology is given in [I-1] of this report.
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2.2 Requirements Development Task

The second focus of the overall research program is on determining the appropriate requirements for
GBAS to support CAT II/III operations. Specifically, the research focused on the key requirement of the
Vertical Alert Limit (VAL). Other requirements (such as the time to alert) were also considered, but

were not the primary focus of the study.

The requirements study consisted of 3 parts.
1. Analysis of the relationship between VAL and system performance
2. Characterization of GBAS normal performance and failure modes to support simulation.
3. Simulation of autoland performance with GBAS in fault free and faulted conditions.

A complete overview of the requirements development task is given in Error! Reference source not

found. of this report.

2.2.1 Analysis of the Relationship between VAL and System Performance

The objective of this research was to determine and validate the vertical alert limit and time-to-alert
appropriate for minimum airborne user equipment installed on aircraft models in production after 1995
and currently approved for CAT II/III ILS operations. The Alert Limit [12] is defined as “For a given
parameter measurement, the error tolerance not to be exceeded without issuing an alert”. Time to Alert
(TTA) is defined as the maximum allowable time elapsed from onset of navigation system being out of

tolerance until the equipment annunciates the alert.

The process used to develop the requirements was to consider, as a point of departure, airworthiness
requirements applied to ILS. Success criteria that ensure the performance of a GBAS system would
provide an equivalent level of safety and performance to ILS were developed. Then, an analysis was done
to relate these success criteria to alert limit values and constraints on acceptable Navigation System Error
(NSE) free airplane landing system performance. In assessing the safety equivalency, the following

1ssues were considered:

e Compatibility of alert limits with ILS based obstacle clearance surfaces
e Typical touchdown performance with ILS

e Aircraft positioning at decision or alert heights

e Transition to flare and landing

e Transition to missed approach or go-around

e Procedures/crew workload
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e Aircraft handling and ride qualities
The assumptions regarding airplane performance with GBAS were validated using high-fidelity models or
simulations, including navigation system models under nominal, rare-normal and faulted conditions.
Ultimately, this simulation and analysis work in conjunction with the analysis described above provides
validation that the proposed alert limits and time-to-alert requirements will result in an equivalent level of

safety and performance as that obtained (in theory) from ILS.

2.2.2 GBAS Failure Mode Analysis

A study of potential GBAS system failure modes and a characterization of their effects was carried out in
order to develop the capability to simulate airplane performance in the presence of characteristic GBAS
failures and anomalies. The study included a review of available literature and documentation concerning
GPS failure modes. Each known failure mode was considered in the context of a GBAS as currently
defined in the standards [11, 12], operating nominally. Finally, models of GBAS performance during
failures and anomalies were developed for use in the autoland performance analysis described briefly in
the next section and in detail in Volume VI of this report. Although the supporting study did not consider
detailed failure analysis for a GBAS station, the failure and anomaly characteristics developed under this
study are intended to be general, and represent anomalous signal behavior at the output of a GBAS system
airborne component. The general characteristics of the guidance anomalies developed are believed to
cover the behaviors that could result from failures of the GBAS ground station as well as the GPS

satellites.

Complete details of the GBAS failure mode analysis are given in Volume V of this report, and a summary

of the developed performance models is given in section 3.2.3

2.2.3 GBAS Requirements and Autoland Performance Analysis

To support validation of the proposed requirements, a series of autoland performance simulations were
conducted. First, a series of simulations using an ILS signal model were done to establish baseline
performance. Then, the ILS signal model was replaced with the GBAS performance models for fault-free
and faulted performance developed in the GBAS failure mode analysis. The effect of each signal model,
as well as each Monte Carlo input parameter, on landing performance was analyzed by isolating each
error source and conducting simulations. Specifically, the relative impact of NSE, winds, approach
geometry (Threshold Crossing Height (TCH), Glide Path Angle (GPA) etc) and airplane weight and
Center for Gravity (CG) was determined by conducting simulations with each of these factors included as
the only random element. Simulations were also conducted where selected parameters were held constant

removed and all other random parameters varied normally.
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Landing performance statistics for each Monte Carlo scenario were recorded for each of the parameters
listed in Table 1. A detailed view of the distributions of each of these statistics is provided for nominal

ILS compared with nominal GLS signal models. Also, landing performance under limit wind conditions

was examined for nominal ILS versus nominal GLS performance.

Table 1 Autoland Performance Measures and Requirements

Phase of Probability of
Flight Axis Parameter Limit Exceedence Source
approach | glideslope tracking error 35 microamps or 12ft 0.05 AC120-29
approach | localizer track 700-300 ft alt 25 microamps 0.05 AC120-29
approach | localizer track 300-100 ft alt 35 microamps 0.05 AC120-29
threshold | glideslope gear height > 10 feet 1.00E-06 AC120-29
touchdown | glideslope gear touchdown > 200, <2700 feet 1.00E-06 harmonized
touchdown | localizer | outer gear touchdown 5 ft inside runway 1.00E-06 ] AC120-28D
touchdown | glideslope sink rate 10 ft/sec 1.00E-06 | AC120-28D
touchdown | localizer drift angle 20 deg 1.00E-06 | AC120-28D
touchdown | localizer sideslip angle 20 deg 1.00E-06 | AC120-28D
touchdown roll bank angle wingtip or nacelle touches ground 1.00E-07 | AC120-28D
rollout localizer outer gear 5 ft inside runway 1.00E-06 | AC120-28D

The longitudinal an0Od lateral gear touchdown statistics were used to quantify the relative effects of
various parameters on touchdown performance. Finally, time histories for step and ramp errors were
analyzed to develop an understanding of the time response of the aircraft to these effects and to determine

the impact on autoland performance.

Volume VI describes the Monte Carlo simulation, the scenarios chosen for analysis, and the results of
those scenarios in detail. Some high level results are discussed in 3.2.4 of this volume. The detailed
results given in Volume VI include significant information regarding the design and performance of
Boeing autoland systems. Therefore the contents of this volume are considered proprietary and Volume
VI will not be published without restrictions. Inquiries regarding access to Volume VI of this report

should be directed to the Boeing Company.
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3 Summary of Results
This section of Volume I gives a summary of the results for each part of the program. More detailed

descriptions of the results can be found in the other volumes of the report as noted below.

3.1 Multipath Requirements Tasks

3.1.1 Electromagnetic Modeling Program

The electromagnetic modeling program resulted in the development of a process for directly computing
the effects if airframe multipath on code phase tracking given the frequency domain transfer function of
the antenna/airframe system. This process was exercised using airplane geometry data from the 737NG
and 777 airplanes. A complementary process was developed to compute the effects of ground bounce
multipath on pseudorange errors. This ground bounce modeling took into account realistic ground
reflection characteristics as well as representative airplane descent rates, airborne installed antenna
performance and, finally, the reduction in the error due to the use of the 100 second carrier smoothing that

is standard for GBAS (as defined for CAT I).

3.1.1.1 Airframe Multipath EM Modeling Results

A typical result from the airframe multipath computation process is shown in Figure 4. Using the direct
integration method (described in Volume II), the multipath is computed for every arrival angle above the
horizon of the airplane for a given correlator spacing. The result is a multipath error pattern (MEP) like
the ones illustrated in Figure 4 which happen to be for the 737NG using a wide correlator. The plot on
the left is the MEP computed at 1 degree intervals in azimuth and elevation of the satellite. The plot on
the right is the MEP with the effects of aircraft micromotion and the effects of the 100 second carrier
smoothing included. An alternative view of the MEP is shown in Figure 5 which shows a polar plot of
the same data given in Figure 4. Inspection of Figure 4 and Figure 5 shows that the MEP has some
regions with fluctuations that have high spatial frequency. In other words, the MEP has many narrow
spikes or thin lobes, particularly at lower elevation angles. Comparing the left and right side of each plot
shows that aircraft micromotion coupled with the 100 second carrier smoothing reduces these spikes.
However, by comparing the plots, one can also see some lower spatial frequency ‘ridges’ that are not
significantly reduced by the micromotion and smoothing. This indicates that the carrier smoothing will
probably only be partially effective at reducing the magnitude of the multipath errors. (This result is

confirmed in the results from the flight test data in section 3.1.2.6.)
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Figure 4 - Comparison of Raw Electromagnetic and Smoothed Multipath Error Models
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Figure 5 - Comparison of Raw and Smoothed Multipath Error Magnitude in Polar Coordinates
Figures like Figure 4 and Figure 5 are included in Volume II for both airplanes and each correlator type
(i.e. wide, narrow, 0.2 chip and PAC correlators). In all cases it shows that carrier smoothing improves

the performance. However, the improvement is most dramatic for the wide correlator.

In order to compare the smoothed multipath error model with the raw electromagnetic model and with the
standard multipath model, the mean and standard deviation over azimuth was calculated at each elevation
angle. Note that for a given elevation angle, the multipath error is not necessarily zero mean. (Plots for
the mean of the data are included in Volume II.) In fact, for satellites at around 40 degrees elevation, a
user equipped with a wide correlator can expect airframe multipath error with a magnitude of around
seven centimeters on average. Using CMC observations, biases are difficult to detect and will only be

visible in traces where the same satellite is tracked over a large portion of the sky. Even then, direct
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observation of the bias is not possible and the elimination of the ambiguity in the CMC observation could

eliminate some of the very low frequency airframe multipath.

Figure 6 shows the mean plus one standard deviation for the raw and smoothed error models using all
four correlator types and compares them with the standard multipath error model. The statistics after
smoothing by micromotion and carrier smoothing are slightly lower, as expected from the previous
figures. For wide and 0.2 chip correlator spacing, the modeled errors somewhat exceed the standard
model at medium elevations for both the raw and micromotion smoothed EM models. The modeled
results for the 737NG with Narrow and PAC correlators fall well below the standard model. This statistic
(magnitude of the mean plus 1 standard deviation) is interesting because the overbounding process (i.e.
the protection level computations) are based on an assumption that the distributions are zero mean and
Gaussian. Therefore the standard model (given in equation [I-1]) is defined as the standard deviation of a
Gaussian distribution. However, if the distribution of the multipath errors for a given satellite elevation
1s Gaussian but non-zero mean, then the standard model will still bound the error if the sum of the

magnitude of the mean and standard deviation of multipath error is smaller than the standard model.

The distribution of and statistical characterization of the modeled multipath errors for each elevation slice

1s discussed in detail in Volume II.

Some interesting observation can be made from Figure 6. There is little difference in performance
between a wide (i.e. 1 chip early-late correlator) and the 0.2 chip spacing correlator. Narrow and PAC

correlators provide significant improvements in performance.
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Figure 6 — 737NG EM Model Results: Magnitude of Mean Plus Standard Deviation versus
Elevation

Figure 7 shows the mean plus one standard deviation of the data from the 777 MEPs. The figure shows
the 777 EM model raw results and the results that account of the effects of micromotion and 100 second
carrier smoothing. The modeled airframe multipath errors are much smaller for the 777 than the results
that were obtained for the 737. At first blush this would seem anti-intuitive since the 777 is a
significantly larger airplane than the 737 and therefore should allow for longer multipath delay times.
However, the antennas on the 777 were installed directly on the top centerline of the airplane while the
antennas on the 737 were installed at 5 inches left or right of the centerline. In the mounting of the 737
antennas, there is no compensation for the fuselage curvature. Consequently, the 737 antennas are
slightly tilted outboard and will illuminate more of the wings than would be illuminated if the antennas

are on the centerline.
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Magnitude of Mean Plus Standard Deviation
of Raw and Smoothed EM Model vs Elevation Angle
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Figure 7 — 777 EM Model Results: Sum of Mean Magnitude and Standard Deviation Multipath
Error

Figure 6 and Figure 7 both show that for the narrow correlator, the predicted airframe multipath
performance is below the performance defined by the current standard Airborne Multipath Model. This
suggests some improvement in the model might be possible if a system level trade study indicates that
such a tightening of the requirements is valuable in terms of increased service availability or reductions in

implementation cost of key components.

3.1.1.2 Ground Bounce Multipath Modeling Results

Figure 8 and Figure 9 show some typical results of the ground bounce modeling. These plots show the
expected pseudorange error induced by the ground bounce component of the multipath for an airplane on
approach over rough earth and a satellite at 45 degrees and 20 degrees respectively. Volume II includes
similar results for many different combinations of satellite elevations, and reflective surface
characteristics including rough earth, smooth earth, rough sea, smooth sea and as a comparison, a perfect
conductor. Figure 8 and Figure 9 also show the calculated effect of 100 second code-carrier smoothing
on the predicted pseudorange error. Over all the cases examined it was shown that carrier smoothing was
very effective at reducing the magnitude of the pseudorange error due to ground bounce multipath. The

results of this simulation effort agreed well with the flight test observations in Volume III where the data
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indicated that the effect of ground bounce multipath on the overall multipath error performance was a

small increase (i.e. on the order of a centimeter).

Ground Bounce Induced Code Phase Multipath without Carrier Smoothing
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Figure 8 Pseudorange Error Time History for Rough Earth @ 45 Degrees Elevation; 0.2 Second
Measurement Interval, With and Without 100 Second Carrier Smoothing

REV NEW D6-83447-1 Page 25 of 61



BOEING

Ground Bounce Code Phase Multipath without Carrier Smoothing
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Figure 9 Pseudorange Error Time History for Rough Earth @ 20 Degrees Elevation; 0.2 Second
Measurement Interval, With and Without 100 Second Carrier Smoothing

3.1.2  Flight Test Data Collection and Analysis Program

3.1.2.1 Flight Test Data Collection Campaign

The flight test campaign generated a large amount of data as is illustrated in Table 2. The 777-300ER
airplanes flew with the test equipment on board from early July of 2003 until mid January 2004. The
multipath flight testing on the 737-800NG airplane was brief by comparison and was completed over the

course of two weeks in September of 2003. The data analysis then began in earnest.

The first step in the data analysis process was to translate all the Novatel data files, MMR data files and
data recorded by the standard flight test systems into Matlab format for ease of processing. Then the GPS
receiver information was merged with the data recorded from the other airplane systems such as the
attitude data from the inertial systems. Finally, all the data was processed to compute the Code-Minus-

Carrier observables using both raw and smoothed pseudo-ranges.
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Table 2 Amount of Flight Test Data Collected

Airplane Flight Test Total
Hours Satellite Hours
777-300ER WD501 466.3 4705.3
777-300ER WD502 335.8 4126.3
Total 777 802.1 8831.6
737NG YD 408 43.5 663.5
Total all airplanes 845.6 9495.1

Figure 10 illustrates the amount of data collected after being sorted by thirteen defined phases of flight.
Note the figure shows the amount of CMC observables before and after carrier smoothing for each phase
of flight. In all cases the amount of data available after smoothing is less than the data prior to smoothing.
This is a result of data during smoothing filter convergence (i.e. 200 seconds after carrier acquisition or a

cycle slip) being discarded. For the figure it can be seen that the resultant loss of data is modest.

6000 777 Airplanes - Amount of Data for Each Phase of Flight
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Figure 10 Amount of Data Collected Sorted by Phase of Flight
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The data has been sorted according to phases of flight based on airplane state, velocity, Radar altimeter

height, etc. This is done to facilitate the isolation of data where the observed multipath should include

ground bounce multipath or where the data should consist only of airframe multipath. The post

processing software has been developed such that the data may be sorted on any number of parameters

and statistics computed for only those data matching the search criteria. Table 3 lists the amount of data

collected for each airplane and each phase of flight.

samples considering the 100 second smoothing.

The table also lists the number of independent

Table 3 Amount of Data Collected by Phase of Flight

Satellite Hours Independent Samples
# Flight Phase All777  WDS01 WDS502 737NG All 777 WD501 WD 502 73ING
1 Standing 872.2 391.1 481.1 56.0 31398.36 | 14079.27 | 17319.09 2016.665
2 | Taxi 389.9 159.4 230.5 53.3 14036.1 5738.95 8297.15 1918.545
3 | Takeoff Roll 20.3 8.1 12.3 4.1 732.425 290.915 441.51 147.58
4 | Roll Out 35.8 154 20.4 59 1288.05 555.21 732.84 214.035
5 | Climb 1: Banked 154.5 63.2 91.3 18.4 5562.3 | 2274.035 | 3288.265 662.585
Climb 2: Straight
6 | and Level 353.1 118.3 234.9 43.2 12713.28 | 4257.005 8456.27 1554.115
7 | Cruise 1: Banked 599.4 359.7 239.7 8.2 21579.68 | 12949.33 8630.35 294.415
Cruise 2: Straight
8 | and Level 5409.9 31223 2287.6 334.9 194757.5 | 112403.9 82353.6 12056.22
9 | Descent 1: Banked 134.8 52.9 81.9 19.2 4851.13 | 1903.305 | 2947.825 689.76
Descent 2: Straight
10 | and Level 425.0 170.5 254.5 48.9 15301.75 6138.03 9163.72 1759.95
11 | Approach 1: 365.6 206.1 159.6 59.9 13163.24 7418.31 | 5744.925 2156.775
Approach 2: Near
12 | Ground 58.4 31.1 27.2 9.1 2101.715 | 1121.385 980.33 327.31
13 | Flare 12.6 7.2 53 2.5 452.32 260.38 191.94 88.845
Total 8831.6 | 47053 4126.3 663.5 317937.9 | 169390.1 | 148547.8 23886.8

3.1.2.2 Estimated Thermal Noise Performance on the Airplane

Figure 11 shows the estimated thermal noise error performance for all three types of receivers on the 777

airplanes during approach above 500 ft. The curves are produced by combining the bench test calibration
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data with the C/No vs. Elevation data. Also, for comparison the current accuracy standards Airborne
Accuracy Designations A and B (AADA and AADB) are plotted. It can be seen that the estimated
performance of the receivers on the airplane was much better than the standard performance. This is
easily explained by the fact that the C/No observed during the flight test was much higher than the C/No
assumed in the development of the airborne accuracy standards. The airborne accuracy standards were
derived assuming the receivers could be operating in the presence of the worst case interference

conditions [13].

Calibrated Thermal Noise Error Smoothed All Receivers & All Flight Phases
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Figure 11 MMR Thermal Noise Calibration Data

3.1.2.3 Effectiveness of Carrier Smoothing on Combined Multipath and Thermal Noise in Flight
Test Data

Figure 12 shows the standard deviation of the CMC observations sorted by the elevation of the satellite in
the airplane reference frame for both 777 airplanes on approach with a height of greater than 500 ft. The
plot shows the data for both smoothed and unsmoothed CMC for all three correlator types. The figure
clearly shows that the carrier smoothing reduces the combination of thermal noise and multipath error for

all elevation angles. However, if the combined noise was uncorrelated in time, smoothing with a 100 sec
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