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Abstract

The Global Positioning System (GPS), introduced by the U.S. Department of Defense in
1973. provides world-wide navigation capabilities to both military and commercial users.
It achieves this purpose through a constellation of 24 satellites in global orbit, each emitting
a low-power radio-frequency signal for ranging. GPS receivers receive these transmitted
signals and compute position from range measurements made to four or more visible
satellites. An end user with a GPS receiver can determine their location anywhere on the

globe to within 30 meters.

GPS has become very popular in recent years, finding a wide range of applications,
including aircraft navigation, marine oceanic, coastal and inland-waterway navigation,
search and rescue. agriculture, surveying, space borne attitude and position determination.
and vehicle navigation. Each application places demands on GPS for various levels of
accuracy. integrity. system availability, and continuity of service. For example, aircraft

Category I precision approach requires a Sm vertical accuracy, achieved 99.9% of the time.

Radio frequency interference (RFI), which results from many sources such as TV/FM
harmonics. radar or Mobile Satellite Systems (MSS), presents a challenge in the use of
GPS. by posing a threat to the accuracy, integrity and availability of the GPS navigation
solution. This threat is a result of the low power levels of received GPS satellite signals
relative to RFL. With increasing interference, GPS accuracy degrades. with a resulting loss
in integrity. At high enough RFI power levels. the GPS receiver loses lock, resulting in
system unavailability and a loss of continuity of service. This presents a severe problem to
GPS users. especially for integrity-critical applications such as aircraft high-precision

approach and auto-land. where an integrity breach could result in loss of life.
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In order to use GPS for integrity-sensitive applications. it is therefore necessary to monitor
the quality of the received signal. with the objective of promptly detecting the presence of
RFI. and thus provide a timely warning of the degradation of system accuracy. thereby
boosting the integrity of GPS. This presents a challenge. since the myriad kinds of RFI
effect the GPS receiver in different ways. In addition. there are other forms of
interference, such as physical blockage and attenuation, which though not being of the
radio frequency type, nonetheless contribute to the integrity threat. What is required then.
is a robust method of detecting GPS accuracy degradation which is effective regardless of

the origin of the threat.

This dissertation presents a new method of robust signal quality monitoring for GPS.
Algorithms for receiver autonomous interference detection and integrity monitoring are
presented. Candidate test statistics are derived from fundamental receiver measurements of
in-phase and quadrature correlation outputs. and the gain of the Active Gain Controller
(AGC). Performance of selected test statistics is evaluated in the presence of RFI:
broadband interference, pulsed and non-pulsed interference. coherent CW at different
frequencies: and non-RFI[: GPS signal fading due to physical blockage and multipath.

Results are presented which verify the effectiveness of the methods proposed.

The benefits of pseudolites in reducing service outages due to interference are
demonstrated. Pseudolites also enhance the geometry of the GPS constellation. improving
overall system accuracy. Designs for pseudolites signals, to reduce the near-far problem

associated with pseudolites use, are also presented.
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Chapter 1

INTRODUCTION
1.1 The Global Positioning System

The Global Positioning System (GPS) is a satellite-based navigation system introduced by
the US Department of Defense which enables a user to achieve three dimensional
positioning anywhere on the globe by range measurements from orbiting satellites. The
position accuracy is between 30 to 100 m for civilian users. and below 10 m for military
use. Introduced in 1973. GPS reached full operational status in 1994. and a wide range of

military, commercial and civilian uses.

GPS consists of three segments: the space segment. ground control segment and user
segment. The space segment is comprised of 24 satellites in 12-hour orbits. Satellites orbit
in 6 inclined planes. with 4 satellites per orbit (Figure 1). Each satellite continuously
transmits an RF signal at L1 center frequency of 1575.42 MHz containing the C/A (Clear
Acquisition) signal - available to civilians. and the P/Y code - currently available only for
the military. A second signal containing P/Y code only is also transmitted at L.2: 1227.6

MHz.

The L1 C/A signal is a low power spread spectrum signal synthesized by bi-phase shift
modulating the carrier frequency with pseudorandom ‘noise-like’ (PRN) sequences known
as Gold codes. Each satellite transmits a unique Gold code of length 1023 chips at a
chipping rate of 1023 MHz. Gold codes are nearly orthogonal. The autocorrelation
function features a distinct peak of 1023 chips (0 dB) for perfect match or zero chip offset.
with a maximum match of 65 chips (-24 dB) for all other offsets. The cross-correlation

between any two different codes also produces very low output (-24 dB) compared to the




autocorrelation peak. This property permits multiple channel access. the transmission of

numerous GPS satellite signals within the same frequency band.

A 50 Hz data stream is bi-phase modulated onto the carrier and Gold code signals. This
data stream contains satellite specific messages such as time of transmission. satellite
ephemeris and almanac information. [t enables a GPS receiver to decode signal

measurements into satellite range measurements.

The signal power received from the satellites. approximately -160 dBW. is so low it is not
discernible above the noise floor with a spectrum analyzer. This low power nature of the
GPS signal makes interference from other RF sources a major challenge. This topic will be

discussed further later in this chapter.

Figure 1: GPS Constellation of 24 satellites




The ground control segment consists of 5 monitor stations located around the globe:
Hawaii. Colorado Springs. Ascension [sland. Diego Garcia (Indian Ocean) and Kwajalein
[sland (West Pacific Ocean). The station in Colorado Springs is the Master Control Site.
while the other 4 stations serve only as monitor and upload stations. All five stations each
contain a number of GPS receivers which monitor the signals transmitted by each satellite
in view. These received signals are processed to estimate satellite ephemeris, clock error.
health and other satellite parameters. This information is then uploaded to the satellites.
usually once a day. and applied by the satellite processor as fine ephemeris corrections in

the broadcast 50 Hz data. to maintain GPS system accuracy.

The GPS user segment consists of a wide variety of applications employing GPS 1o
determine position. velocity and timing information to varying degrees of precision. At the
core of any GPS application is the GPS receiver. which receives the signals transmitted by
the GPS satellites. A GPS receiver determines position by measuring its distance from 4 or

more tracked satellites, as shown in Figure 2.

Figure 2: Position Determination Via Four Pseudorange Measurements

Distance from a satellite is computed by multiplying the time of travel of the signal from

satellite to receiver by the speed of light. This range measurement is known as




pseudorange.. At least four pseudorange measurements are needed to determine the x-y-z

components of a 3 dimensional solution. and to determine the unknown receiver clock bias.

Applications of GPS include aircraft navigation. including enroute. approach and landing
phases, marine navigation: inland waterways. coastal and oceanic, land navigation,
surveying and geodesy, spacecraft attitude and position, time transfer, and search and
rescue systems. Each application places various demands and requirements on the GPS
system. These requirements fall into four categories: accuracy, integrity, system

availability and continuity of service.

Accuracy is the difference between the estimated and true position [1]. This is also known
as the navigation sensor error (NSE). It can be defined in terms of percentages, as the
error which is not exceeded over a specified percentage of the time, usually 95% or 99%.
End user applications place different requirements on system accuracy, for instance.
aircraft en route navigation requires less accuracy, on the order of 2 nautical miles, than
aircraft in a terminal area, which requires accuracies on the order of 0.3 nautical miles.
Precision approach places even more stringent requirements. Table 1 below shows the
95% accuracy requirements for precision aircraft approaches. with corresponding decision

heights at which the pilot must decide whether to complete or abort the landing [2].

Table 1: Accuracy Requirements for Aircraft Precision Approaches

Precision Approach Decision Height Accuracy

Type Requirement (m)

Category 1 200+ ft

Horizontal 16.5
Vertical 3.4

Category II 100+ ft

Horizontal 6.5
Vertical 1.6

Category III 0-100 ft

Horizontal 4.1
Vertical 0.5




The least stringent requirements are for Category I approach. with a decision height of 200
feet. Category III precision approach involves autoland with zero visibility. and therefore
has the most stringent requirements for accuracy, 0.5 m vertical, 95% of the time. Non-
augmented GPS has accuracies on the order of 30 m, which can be improved to better than
2 m using local and wide area augmentation {3]. Using carrier phase measurements,

accuracies on the order of 2 centimeters are achievable [19].

Integritv may be defined as a measure of confidence that the system is indeed functioning
as predicted. Integrity is the ability of a system to provide timely warning to users when
the system should not be used for navigation [4]. A system 'with integrity’ is one that
indeed performs up to its stated specifications, and issues a warning when specifications
are not being met. For example for an aircraft on a Category III precision approach the
navigation system is required to report. within 2 seconds. any vertical errors exceeding

2.5m. The probability of failing to detect can be no greater than 10”.

Integrity is usually characterized by four parameters:

i Protection level: the maximum tolerable position error, beyond which the system
must issue a timely warning. Vertical or horizontal protection level (VPL or HPL)

is the maximum tolerable error in the vertical or horizontal direction.

1. Time to alarm: the maximum time permitted from the time the protection level is

exceeded to the sounding of the corresponding alarm.

ili. Missed detection (MD) probability: the probability of an undetected failure, or:

Pr[MD] = Pr[no alarm | error > protection level] (L.



1v. False alarm (FA) probability: the probability that an alarm was sounded when there
really was no system failure. or:

Pr[FA] = Pr{alarm | error < protection level] (1.1.2)

Integrity requirements for GPS end users vary depending on the application and on what is
at stake. The consequences of an unreported 5 mile error for a ocean-going vessel during a
transoceanic voyage are likely less severe than for a 5 meter unreported error for an aircratt
on a Cat [II precision approach and landing phase. Table 2 shows tentative integrity

requirements for various aircraft precision approaches [5].

Table 2: Integrity Requirements for Aircraft Precision Approaches

Approach Protection Protection Allowable __ Probability of
Category Level Level (m) duration out of undetected error
Direction protection level per landing
(s)
CATI Lateral 13.5 10 1 x 10-7
Vertical 4.8 6 1 x 10-7
Total 7 x 10-7
Catll Lateral 8.2 5 1x 10-7
Vertical 2.3 2 1 x 10-7
Total 2x 107
Cat [II Lateral 6.1 2 0.5 x 10-9
Vertical 2.3 2 0.5 x 10-9
Total 1 x 10-9

Consequences of missed detections are generally more severe than faise alarms. and
therefore have more stringent specifications. This thesis focuses on methods to ensure

integrity of GPS via monitoring of received signal quality.

Continuity of service is the probability that the system functions throughout an operation,

given that it was available at the beginning of the operation. Continuity is an important




requirement during critical phases of aircraft landing, when signal interruptions could result

in an aborted approach.

The availabilitv of a system is the percentage of time that the services of the system are
usable with the specified accuracy. integrity and continuity [4]. For aircraft terminal area
navigation the FAA requires an availability of 99.999% [5]. GPS is able to meet

availability requirements through the use of ground and space based augmentation.

1.2 The Interference Problem

Radio frequency interference (RFI) are man-made signals that interfere with the ability of a
receiver to track the GPS signal. Noise can be similarly defined as RF interterence.
however noise is caused by natural causes. For example thermal noise is the result of the
natural effect of heat energy on electrons. Common sources of interference include radar.

FM and TV harmonics., mobile cellular. and ham radio.

[nterference impacts all aspects of GPS. Accuracy degrades as interference levels increase.
until a certain level where the interferer jams the GPS receiver. causing a loss in continuity
and availability. More severe than loss of continuity or availability is the degradation in
integrity. When interference degrades GPS accuracies beyond specified protection levels
unbeknownst to the user. a breach in integrity results, with potential severe consequences.
Cruise vessels have run aground when navigation systems failed in integrity*. The

consequences for aircraft approach and landing are even more disastrous.

Given the low power nature of the GPS signal it is easy to see why interference would be a

significant issue: any RF signal of even moderate power within the GPS frequency band

'On June 10. 1995. the Panamanian cruise vessel ROYAL MAJESTY ran aground 10 miles off Nantucket
[sland. MA. after its primary navigation sensor GPS suffered an unnoticed fault line (antenna) failure {26].



would constitute interference. Figure 3 shows the effective range of a CW jammer as a
function of jamming power. It is assumed that the jamming frequency lies within GPS LI
band. and that the receiver can no longer track GPS when the interterence to GPS signal

power ratio (J/S) exceeds 25dB. an average based on results discussed in chapter 5.
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Figure 3: Effective Jamming Distance as a function of Jammer Power

This figure shows that a suitably located 1 watt CW jammer has the potential to disable
GPS operations in an area of radius 1.000 km. Of course Figure 3 assumes /R’

propagation and so it overbounds the effective range of a terrestrial jammer.




1.3 Integrity Monitoring

Autonomous integrity monitoring allows the receiver to detect the presence of interference.
before hazardous misleading information (HMI) results. Three approaches to integrity

monitoring have been considered:

i. Parity checks

Stand alone GPS provides some level of integrity information in its transmitted data
message in the form of parity bits, which enable a receiver to check for errors in the data
stream. Parity checks are necessary, however not sufficient, as parity information alone

may not be timely for certain applications.

ii. Ground based integrity monitoring:

This consists of ground based monitor stations that measure signal quality based on known
surveyed locations. System errors are detected, isolated and reported via broadcast media
to users in the vicinity of the monitor station. Local area augmentation systems (LAAS)
employ a form of ground monitors to meet accuracy and integrity requirements. While
ground based monitoring is important, it is not sufficient to detect all modes of failures.
especially since certain interference scenarios present onboard an aircraft may be invisible
to a ground based monitor. Examples of such localized interference include RF harmonics

from onboard electronics and personal communication devices.

1. Receiver Autonomous Interference Monitoring (RAIM):

RAIM attempts to detect and isolate failed satellites based on monitoring solution residuals
[7]. Position solutions are computed using different sets of satellites, and compared. to
detect satellites with degraded signals. A number of different schemes have evolved,
including range comparison and least squares-residuals method [8]. While RAIM does

indeed colocate the integrity scheme with the receiver. it requires an over-specified
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navigation solution. and does not leverage more sensitive measures of signal quality.

Neither parity checking. RAIM nor ground monitoring can always detect a small but

perhaps dangerous error.
1.4 Thesis Approach and Goals

This research focuses on autonomous integrity monitoring using a different approach than
either of the previous discussed methods. We propose a novel method of integrity
monitoring based on observation of fundamental GPS receiver measurements of AGC
gain, I/Q correlator output and derived quantities. Figure 4 shows a simple schematic ot a
GPS receiver, including ground based and residual based integrity monitoring (the monitor
station and navigation filter in this figure). Our approach focuses on signal quality

monitoring via correlator-level measurements.

1 RAIM
PRI T Navigation 3D Position.
" Correlator y Filter Measurement
Residuals
DGPS, LAAS, WAAS

Position Errors.
[onosphere, Ephemeris

Figure 4: Integrity Monitoring Approaches

We have studied the effects of interference on pseudorange error and on the raw receiver
measurements: adaptive A-D quantizer thresholds (AGC gain). correlator output power.
variance of correlator output power. and carrier phase jitter. Based on this study we have
observed the relationship between pseudorange accuracy degradation as caused by

interference and changes in the observed receiver measurements.
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We demonstrate the effectiveness of these proposed parameters as integrity monitor test
statistics. Integrity monitoring is accomplished by using a simple decision table:
If Test Statistic(i) is greater than some set threshold.
then sound alert,

Else indicate all-is-OK.

This is shown in Figure 5.

A

e .
= Missed
= 2 Detection Detection
25 Successful
S
< 20
L =
c D
=&
o= False
All Alarm
OK

Observable Quantity
{Test Statistics)

Figure 5: Test Statistics Decision Matrix

The upper half of Figure 5 corresponds to the incidents when the unobservable (or
protected) parameter, pseudorange error. is degraded beyond the specified alarm limit. The
right half corresponds to when the selected test statistic degrades beyond its specified

threshold. Successful detection occurs when test statistic degrades beyond a set threshold



at the same time as when pseudorange error exceeds the protection level. as indicated by the
top right corner of Figure 5. Missed detection occurs when pseudorange error exceeds the
protection level. while the test statistics remain below the set threshold. corresponding to
the top left comer of Figure 5. On the other hand. false alarms occur when pseudorange
error remains below the protection level while our test statistics exceed the set threshold. as

shown by the bottom right corner of Figure 5.

Our selected test statistics aim to minimize incidents of missed detection, while also keeping
low the incidents of false alarm. To meet this specification. the test statistics must be
sensitive to interference. and respond to changing interference power levels. However at
the same time it is also important that sensitivity to variations in kinds of interference 1s
minimized. This is necessary in order to ensure robustness of our test statistics. ensuring

reliable detection of accuracy degradation independent of the type of interference causing it.

We demonstrate the good performance and robustness of our selected test statistics in the
face of different types of interference, including CW. AWGN. pulsed interference. and

signal attenuation.

We also propose solutions to counter degradation in GPS availability. continuity and
accuracy through the use of pseudolites, ground based satellites. to augment the GPS
constellation. Pseudolites broadcast a GPS-like signal at the same frequency as. and
synchronized to the GPS satellites. As a result pseudolite signals can easily be acquired
and tracked by GPS receivers with little modification to receiver firmware. The additional

pseudorange measurements augment the accuracy of the navigation solution.

Pseudolites transmit a strong signal which is less susceptible to interference due to its

superior signal power, as shown in Figure 6.
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Pulsed pseudolite signal
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Time

Figure 6: Pseudolite Power and Pulsing Scheme

We demonstrate the effectiveness of ground based satellites in mitigating the effects of

interference to GPS availability.

The added immunity to interference comes at a cost: the pseudolites themselves may present
interference to GPS. However this interference can be minimized by careful design of the
pseudolite signal. To further reduce interference to GPS caused by pseudolites. we

propose a signal design for pseudolites based on pulsed signals and faster codes.
1.5 Research Contributions

« We have developed algorithms to autonomously monitor the quality of received GPS

signals. Correlator output power is chosen as our primary test statistic, combined with
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GPS data parity checks to detect loop capture. Variance of correlator output power. carrier
phase jitter and AGC gain provide redundancy and added robustness. with AGC gain
providing the added ability to auto-detect types of interference:

« We have demonstrated the robustness of these algorithms to multipath and signal fading:

» The performance of proposed algorithms were verified via software simulation and bench
testing;

e We have established the role of airport-located pseudolites (APLs) in mitigating
interference: we show that APLs. due to their greater signal strength. are robust to
interference and improve GPS system availability even in the presence of interference:

» We also show that APLs improve GPS accuracy and integrity:

« We also demonstrate that APLs provide robustness against satellite failures:

 We propose signal designs for pseudolites to reduce pseudolite-to-GPS and pseudolite-to-
pseudolite interference. One such proposed signal for longer. faster pulsed codes. is

currently adopted by RTCA as a standard for pseudolite signals.

1.6 Readers Guide

Chapter 2 presents an overview of GPS receiver operation. introducing our candidate
integrity monitor statistics. Chapter 3 discusses noise and interference modeling. and also
presents an analysis of coherent CW interference. the most severe form of GPS RF
interference. The software simulation used for this study is discussed in Chapter 4. Also
presented in this chapter are the bench test setup. and the test strategy for both software and
bench testing. Chapter 5 presents results showing effect of interference on pseudorange
and on the selected test statistics. The performance of the selected parameters as integrity
monitor test statistics is also reported in chapter 5. Results in this chapter include both
simulation and bench tests. Chapter 6 presents analyses which demonstrate the
performance of APLs in mitigating interference. Pseudolite signal designs are also

presented. Conclusions and future work are discussed in chapter 7.
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Chapter 2

CANDIDATE INTEGRITY MONITOR STATISTICS
2.1 Introduction

The goal of integrity monitoring is to provide a timely early warning to the user whenever
the navigation system accuracy degrades beyond a predefined threshold. In practice the
accuracy of any navigation system cannot be observed directly, except for situations where
true position is known ahead of time or via some other means. for example a surveyed
ground monitor station or an aircraft on an approach being tracked simulitaneously by laser.
It is therefore the objective of integrity monitoring to identify observable parameters that are
similarly effected by interference, and that provide a good indication of accuracy
degradation. These parameters constitute our integrity monitor statistics. For this study.
the unobservable GPS output to be protected is the pseudorange measurements from
receiver to satellite. which is used to compute position. Our candidate integrity monitor
statistics are fundamental GPS receiver measurement quantities: adaptive A-D quantizer
thresholds (AGC gain). correlator output power, variance of correlator output power. and
carrier phase jitter. These parameters are defined further in this chapter. By observing the
effect of interference on our selected test statistics and the correlation with true pseudorange
error. we protect specified levels of GPS accuracy, minimizing rates of false alarm and

missed detections.

This chapter begins with a description of the GEC Plessey GPS Card, a GPS receiver.
with a goal of clearly defining the meaning of selected candidate test statistics. The GEC
Plessey Receiver was used in this work for bench tests and as a template for the software
simulation. due to its open architecture. and ease of access 1o receiver measurements. Each

statistic is discussed in the second section of this chapter.
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2.2 GPS Receiver Overview

The GPS receiver tracks signals transmitted by the GPS consteliation of satellites.
extracting range measurements and other data to compute position. velocity and time fixes.
Figure 7. a schematic of a generic GPS receiver. identifies five main parts of any GPS
receiver: signal reception by antenna and amplification, down conversion, analog to digital
conversion, correlation, and code/carrier tracking. These parts are discussed in the

following sections.

/' %PS Satellite Signals
VAntenna

Digitization Correlation
P l —P 2 >
Down conversion —J_‘ l Tms
Frequency Code/Carrier
Synthesizer Tracking Loops

Figure 7: Schematic of a Generic GPS Receiver

2.2.1 Antenna / Low Noise Amplifier

The RF front end of the receiver includes the antenna which receives the GPS satellite
signals and passes it through filtering and amplification. The GPS satellite radio frequency
signals are converted by the antenna to an analog electrical signal. This electrical signal
contains wideband noise and interference. from natural and manmade RFI sources. A low
noise amplifier (LNA) is usually used to boost receiver signal strength. The LNA reduces

noise by amplifying only the L1 GPS frequency band.




17
2.2.2 Down Conversion

The RF signal is then downconverted to an intermediate frequency (IF) by mixing with a
local oscillator (LO). The GEC Plessey card employs a 5-stage downconversion process.
3 stages of which are analog, occurring in the receiver RF front end (Figure 8). The
1575.42 MHz GPS signal is first mixed with a carrier at a frequency of 1400 MHz. which
downconverts it to an intermediate frequency (IF;) of 175.42 MHz. according to the

equation:

2 cos(2mft) % x(t)D(t)cos(2mtst) = x(t)D(t)[cos(Zn( f, + f3)t) + cos(2m(f; — f—_.)t)]

which after bandpass filtering = x(t)D(t)cos(2m(f; — t2)t)

(2.2.2.1H
where f; = LO frequency 1400 MHz:
f- = GPS L1 frequency 1575.42 MHz:
[F; =f - f2=17542 MHz:
D(t) is the C/A code: D(t) = +1:
and  x(t) is the 50 Hz data stream: x(1) = %l.
GPS Signal
Carrier + Code + Data
/l/ Carrier Freq. = 1575.42 MHz
T .

— Rate = 3 714 MHz::

Analog Dlgltal

Figure 8: 5-Stage Down Conversion
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[F| is again mixed with a carrier at 140 MHz to produce [F: at 35.42 MHz. Finally IF2 is
mixed down to IF; at 4.31 MHz via a carrier at 31.1 MHz. Further downconversion
occurs digitally. and is discussed below. Outputs of each analog downconversion are
filtered as shown in Figure 8 to eliminate the higher frequency signal which results from

mixing

2.2.3 Analog to Digital Conversion

An analog to digital converter is used by the GEC Plessey receiver to sample the IF; signal
(4.31 MHz) with a sampling rate of 5.714 MHz. which results in a downconverted IF,
signal at -1.41 MHz (phase reversal). having 5.714 X 106 samples per second (Figure 9).
It is important to be aware of this phase reversal as tracking loop corrections for Doppler

frequency shifts will have to take it into account.

@ Channel |
= IF P Channel 2
IF = -
} i | = Digital ! Channel 3
~ Analog s f=-1.4IMHz
f=4.3IMHz A *, Sample Rate =5.714 MHz | Channel 4

Sample Rate
5.714 MHz

2-Bit Adaptive Quantizer
Thresholds Set By

Active Gain Control (AGC)

Level

Figure 9: GPS Receiver Digitization

| 3 15%
I, -1 d4 o 30%
+1 30%

+3 15%

Occurrence
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Quantization in the GEC Plessey receiver is performed by a 2-bit adaptive A-D quantizer
(Figure 9). which produces 4 output levels. represented by +1. -1. +3 and -3. Quantizer
thresholds are continuously adjusted by an active gain controller (AGC) every 0.0005
second to maintain the digital signal output levels -3:-1:+1:43 at the ratios 15%. 30%. 30%

and 15% respectively.
2.2.4 Correlation

The output signal from the digitization stage. [F4, contains signals from all GPS satellites
in view, each signal having a unique pseudorandom sequence or Gold code. The almost
orthogonal properties of Gold codes permit multiple signals to share the same frequency
band. To decode each satellite signal the receiver employs a bank of correlators (shown in
Figure 9), each correlator dedicated to decoding a single satellite®. The correlator matches
the incoming IFy signal with a locally generated copy in order to determine signal travel

time, and thus pseudorange.
. Early
i ,Prompt
: : Late

1025} 0.25 ¢
S

Figure 10: Correlation Peak

For each correlator, early and late replicas of the GPS satellite signal being tracked are
generated with a carrier frequency of .41 MHz, at a sample rate of 5.714 MHz (same as
IF,). In general, the spacing for early / late could be anywhere from half a Gold code chip

(0.5 x ls) to a tenth of a chip (0.1 x lus) away from the prompt signal. The GEC

*[n certain receivers a single channel may be used to track multiple satellites via multiplexing.
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Plessey receiver uses a 0.5 chip correlator spacing (Figure 10). The amplitude of the
locally generated signal is evenly distributed between -1. +1. -2 and +2. with a full cycle

represented by the sequence: +2 +2 +1 -1 -2-2-1 +1.

An inphase signal (I) and a quadrature signal (Q). which is shifted in carrier phase by -90

degrees relative to the inphase. as shown in Figure 11. are generated for both the early and

late local signals.

Inphase and Quadrature Local Signals

T 1]

—_—
o]

- =

e
e

e e

Inphase (-) and Quadrature (...) Signals
o

-1.5

-2 ! : A 3 i ) : ] ]
0 1 2 3 4 5 6 7 8 9
Time (microseconds)

Figure 11: Inphase and Quadrature Components of the Early Local Signal

1

All four local signals are mixed with the incoming GPS signal. and the output is integrated

and dumped by | ms accurnulators. as shown in the schematic of a single correlator



channel in Figure 12.

..:E Lo [_Accum
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Early

Q_Accumeyy,

IF »
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Late

Q_Accumyg,.

Figure 12: Schematic of a Single Correlator Channel

The resulting output signals shall be denoted as [_Accumeqiy, Q_AcCumMeyey, [_Accumyge.
and Q_Accumye. A prompt signal is also generated in certain receivers. however. the GEC
Plessey receiver uses a virtual prompt channel. computed from the average of the early and

late:

[_Accumpeompt = ( [_Accumeyny + [_Accumyye )/ 2

Q_Accumprompt = ( Q_AcCUMeyry + Q_Accumyye ) /2 (2.2.4.D
2.2.5 Acquisition

To track the signal from a satellite the receiver must first search for and acquire it. It does
this by generating a local C/A code slightly faster than expected from the incoming signal.

This result in a sliding autocorrelation peak search. The carrier frequency of the local




signal is shifted in 500 Hz steps to search across all possible satellite Doppler frequency
offsets. Signal acquisition is achieved when the receiver aligns its local replica signal in
time with the incoming signal. This results in large accumulator power outputs. beyond a
specified detection threshold - 6 dB in the GEC Plessey receiver. Once the receiver has
locked onto an incoming satellite signal. the local C/A code is adjusted to the correct C/A
code speed as determined by the Doppler frequency of the signal. and the receiver's code

and carrier tracking loops attempt to maintain lock (Figure 13).

Late
IF, -h——’@ : > <

uadrature

< Carrier Loop <

Filter

Late, Inphase & Quadrature

Early, Inphase &

CA Code
DCO

< Y] Code Loop ‘:‘(

Fiiter

DCO = Digitally Controlled Oscillator

Figure 13: Code and Carrier Tracking Loops

2.2.6 Code Tracking

The code tracking loop maintains lock on the GPS C/A code. from which pseudorange
measurements are made. Generally the code tracking loop is a second order delay lock

loop (DLL) with the following open loop transfer function [9]:



Y(S) _ sy = 25! (2.2.6.1)
X(S) TIS

where X(s) is the input to the code loop filter (Figure [4).

Y(s) is the code loop filter output, and

T, and T> are time constants which determine loop response.
Stability requires T; > T > 0, and the loop natural frequency is given by:
o, = \/Ko +K, /T, (2.2.6.2)

where Ko and K, are the phase error detector gains and digitally controlled oscillator

(DCO) gain respectively. as shown in Figure 14.

EML
Detector
GPS Phase Phase Error Phase Error Tos+1
K 2
@ (radians) (units) ° (radians) T;s @
Phase Error
Detector Gain
(units/radian)
LO Phase 1 LO Frequency K
(radians) S (radians/s) °
DCO

Conversion Gain
(radians/s /unit)

Figure 14: Second Order Delay Locked Loop

K, converts numerical outputs from the phase error detector into units of radians. For a
1/4 chip correlator, it can be shown that Ko = 928379 units per radian [9]. Ko 1s
determined by the manufacturer of the DCO. For our studies K, = 0.2675 radians/s per

control unit [9].




The damping factor is given by:

(=T,/2x0, (2.2.6.3)

- -

The phase detector used for the code tracking loop error signal is the output of the early-

minus-late detector:

EML = (I + Q¢ ) - (I + Qi) (2.2.6.4)

To implement the code tracking loop (2.2.6.1) in software the following transformations

are made:

Y(s) x Tys = X(s)(T>s + 1) (2.2.6.5)

which, in time domain becomes:

Tlglz'r,ﬂi‘.+x (2.2.6.6)
dt T dt

Using backwards difference to compute the derivatives. equation (2.2.6.6) can now be

calculated recursively as:

T
Vi =Yio ﬁu?l(xi - xi_1 )+ x;(AT) (2.2.6.7)
1

2.2.7 Carrier Tracking

The carrier tracking loop is used to keep the locally generated carrier synchronized to the
incoming carrier. Carrier loop closure can occur only after code loop closure, otherwise

the signal will be too weak. Carrier tracking commonly employs a second order phase




locked loop (PLL). PLLs are suitable for low dynamics applications. but are relatively
sensitive to interference. For higher dynamics and high interference environments.
frequency locked loops offer better performance [10]. The GEC receiver and the receiver
software simulation used in this study employ a second order discrete Jaffe-Rechtin
frequency locked loop (FLL) [9]. The trequency error is computed from comparing
inphase and quadrature measurements on the prompt channel from successive
accumulations:

Frequency Error = Qgli-| - [xQxk-1 (2.2.7.1)

Initial coarse carrier tracking is achieved using a 4-quadrant frequency discriminator. which
rapidly reduces frequency errors from up to 300 Hz down to 10 Hz. This discriminator is
used subsequently whenever large phase rate changes are detected. to rapidly reduce the
frequency errors. The following corrections. computed from successive prompt channel

accumulator outputs, are applied by the 4-quadrant discriminator:

Al =1 - Ik

AQ = Qg - Qk-1 (2.2.7.2)

These corrections are then applied based on which direction the carrier phasor is drifting,

as:
[F il > 1Qxl
[F Ik >0
correction = AQ
ELSE
correction = -AQ
ELSE
[F Qk >0
correction = -Al
ELSE

correction = Al (2.2.7.3
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2.3 Candidate Test Statistics

The following sections define our selected candidate signal quality monitoring test

statistics.
2.3.1 Correlator Output Power

Correlator Output Power (COP) is the measured power output from the (virtual) prompt
correlator channel, divided by the expected thermal noise floor. The thermal noise floor
can be derived by computing the expected COP when there is no signal present:
From section 2.2.2:
Input signal = +1 70% of the time
+3 30% of the time
The action of the adaptive A-D quantizer ensures that the magnitude of input signal is

always distributed according to this ratio.

From section 2.2.4:
Local signal (I or Q) over one cycle: +2 +2+1[-1-2-2-1 +1
Computing the product of local and incoming signals. for a random input signal (when no
GPS signals are present):
+3 multiplied by the local signal would produce the sequence: +6 +6 +3 -6 -6 -3 +3
mean square value = 22.5
+1 would produce the sequence: +2 +2 +1-2-2-1 +1

mean square value = 2.5

Therefore over a | ms accumulation period. at a sample rate of 5.714 MHz. the expected
power out on either [ or Q channels is given by:

I2 = [0.3%22.5 + 0.7*2.5] * 5.714 x 103
48571




Therefore. the expected noise floor when no signal is present is given by:

F+Q= 97142 (2.3.1.1)

Instantaneous COP (COP,__ .....) is therefore given as

2. 2
5+
97142

Correlator Power Output, ... neous = (2.3.1.2)

where [, and Q; are the prompt inphase and quadrature accumulator outputs respectively.

The quantity. COP. used as a test statistic in this thesis, is a low-pass filtered version of

COP obtained as a running average maintained over the most recent 256 samples,

instantancous

equivalent to 0.25 seconds. This process is shown in Figure 15.

instantaneous l COP
—>
256 @

COP

Figure 15: Low Pass Filtering of Instantaneous Correlator Output Power

The instantaneous COP of a real GPS receiver before and after acquisition of satellite PRN
17 is displayed in Figure 16. It can be clearly observed that COP jumps from an average
value below zero to about 14 dB relative to the noise floor (equation 2.3.1.1). at the point
of signal acquisition. We observe that the value of COP during tracking is an indicator of
noise and interference in the received signal, and therefore a good candidate for integrity

monitor statistics.



28

Correlator Output Power Before & After Acquisition: GEC Plessey Card
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Figure 16: Correlator Output Power for a GPS Receiver tracking Satellite
PRN #17. Satellite tracking starts at time = 17 seconds.

2.3.2 Correlator Output Power Variance

Correlator Output Power variance (COPo), the variance of COP, can also be observed

from Figure 16 as the spread around the mean of COP. Itis given by the equation:

COPo = sqrt{ E[COP - E(COP)]*}
which, after expansion, becomes:
COPg = sqrt{ E(COP?) - [E(COP)]*} (2.3.2.1)

where E() stands for “‘expected value of ()"




There is a significant reduction in COPG following signal acquisition. We observed that
COPo also is a function of noise and interference in the received signal. and therefore a

good candidate for integrity monitoring. A 256 millisecond running average is maintained

of COPg in the same manner as for COP. shown in Figure [5.
2.3.3 Carrier Phase Jitter

From equation 2.2.2.1, the product of the local prompt carrier phase and incoming

intermediate frequency after low pass filtering is given by:

Local x incoming carrier = D(t)cos(2x(f; — f)t) (2.3.3.1)

Neglecting code and data modulation, and taking into account initial phase offsets from

zero, equation 2.3.3.1 can be rewritten as:

Local x incoming carrier = cos(a)st + ¢) (2.3.3.2)
where wg =2n(f, —f,), and ¢ is the difference between initial phases of incoming and

local carrier signals.

Using Euler’s theorem [39], equation 2.3.3.2 can be represented as the real part of a

complex sinusoid:

cos(wgt +0) = Re[ei(“’s”@):l
= Re[ejOejwal] 5333

where j is defined as the square root of —1I.
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Equation 2.3.3.3 is the phasor representation of 2.3.3.2. The terms in the bracket can be

viewed as a rotating vector in a complex plane, with a phasor angle = (a)st + q>).

The phasor angle of the prompt channel carrier signal can be computed from the arc tangent

of the prompt quadrature and inphase signals:

Phasor angle = arctan ( Q_AccuMprompt / [_AccuMpompt ) (2.3.3.1)

In an ideal phase locked loop. this angle would equal zero. However this is usually not the
case. Figure 17 shows a plot of the phasor angle for a real GPS receiver with a FLL

tracking satellite PRN 17.
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Figure 17: Carrier Phase Jitter for a GPS Receiver tracking Satellite PRN
#17
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Notice the slow drift in phase. to be expected for a frequency locked loop (a PLL would
attempt to drive this trend to zero). The 180 degree swings occur due to transitions in data
bits. Observe also the rapid fluctuations about the slow drifting mean. Carrier phase jitter

(CPJ) is a measure of these fluctuations, and is given by

Carrier Phase Jitter = running average[ abs{Phasor angle; - Phasor angle; ; }]

where i is the | ms epoch time index. and Phasor angle is as defined in equation (2.3.3.D
above. A running average is maintained over 250 samples (0.25 seconds). Phase changes

greater than 180 degrees are reduced by 180 degrees. to handle data bit switches.

Carrier phase jitter occurs as a result of noise on the incoming signal. satellite clock and

receiver clock noise.

2.3.4 AGC Gain

quantizer to maintain the output levels +3 : +1:-1:-3inthe ratio 15% : 35% : 35% : 15%
respectively. For a two bit adaptive quantizer operating on an RF signal (Figure 18) the
center threshold. r2. is usually zero. and the lower and upper thresholds, rl and r3. are

usually equal.

cl [ 3

I

Figure 18: Two-bit Adaptive Quantizer (AGC)
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Therefore the magnitude of rl (or r3) is an indication of the gain of AGC controller. The

term AGC gain is used synonymously with magnitude of the adaptive quantizer thresholds.

Figure 19 shows AGC Gain as a function of noise power level introduced into the GPS
receiver. A range of AWGN noise power levels are applied to the receiver. starting from 0
dB (relative to the tracked GPS signal), and up to 37 dB (point at which receiver loses

lock) in 1 dB steps. AGC gain increases monotonically with increasing noise power.

AGC Gain vs AWGN

25 T T T T T T f

201

[ U

[ U GEUNUN

2-bit Quantizer Threshold

1 1 1

O ! 1 ) ]
0 5 10 15 20 25 30 35 40

AWGN NSR (dB)

Figure 19: AGC Gain vs. AWGN

AGC Gain is a measure of the total power in the incoming signal. and therefore a good

candidate for detecting the presence of interterence.
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When used as a test statistic. 2 256 ms running average is maintained of AGC Gain. in the

same manner as for COP (Figure 15).




3¢
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Chapter 3

INTERFERENCE ANALYSES
3.1 Introduction

There are numerous sources of RF interference (RFI) to a GPS receiver. These sources
may be on the same vehicle as the receiver. other vehicles or ground-based. Interference
may result from harmonics, intermodulation products of on-board electronic devices.
direct CW and broad/narrow band noise RFI emissions. It may fall within the GPS LI
band which is from 1563 to 1587 MHz. This chapter presents an overview of possible
interference, and includes an analysis of GPS receiver susceptibilities. Interference types

and levels used for later analysis are also presented.
3.2 RF Interference to GPS

One source for interference to GPS receivers onboard aircraft are radios using the civil
aviation band, 118 MHz to 136 MHz. This band, within the very high frequency (VHF)
range which spans 30 MHz to 300 MHz. is set aside for air to ground voice and data
communication. Civil aviation VHF voice bands consist of 25 KHz channels. The 12th
and 13th harmonics of several 25 KHz bands fall directly within the GPS spectrum [11].
For example, the 12 harmonic of the VHF channel 131.25 MHz = 12 x 131.25 MHz =
1575 MHz, the center of GPS L1 spectrum. The 13* harmonics of the channels 121.150,
121.175 and 121.200 MHz also fall within GPS band [41].

Another potential source of GPS interference comes from the introduction of High
Definition Television (HDTV). HDTV is a new TV standard currently being adopted by
the FCC, which will transmit crystal clear, wide screen video and audio at resolutions up to

five times greater than current television. Since the signals are digital, HDTV transmitters
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will not have to keep up the stringent out-of-band signal suppression currently used by
analog TV stations to minimize ‘ghosting’. a phenomenon that results in degraded analog
TV pictures due to strong out-of-band transmissions. The current FCC minimum
requirements for TV out-of-band signal suppression will be inadequate to prevent

significant HDTV interference to GPS.

Other sources include pulsed radar signals. improperly filtered TV signals. and accidental
transmissions by RF experimenters. Table 3 below lists a few sources of RFI, classified

by source, and whether it falls in-band or out of GPS band [11], [42].

Depending on its bandwidth. RFI Interference can be classified as broadband, narrow band
or CW. Interference may also be pulsed (gated on / off) or continuous. Another type of
interference to GPS. which is not RFI. occurs due to physical objects that obscure the GPS
signal or cause multipath fading to occur. To captre all these various types of

interference. the following categories are defined and used in this research:

i Narrowband Interference:

Narrowband interference is modeled as a pure tone RFI, consisting of a continuous wave
(CW), at a specified frequency. When the frequency of CW interference coincides with
that of a GPS signal, it is described as being coherent. Non-coherent CW interference does

not coincide with any spectral line of the GPS signal.

il. Broadband Interference:
Broadband interference and thermal noise have a flat power spectral density over a wide
range of frequencies, specifically including the GPS L1 band, 1563 through 1587 MHz.

This type of interference is also referred to as Additive White Gaussian Noise (AWGN).




Table 3: Potential Sources of Interference to GPS Receivers
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RFI Source Type Location
Mobile Satellite Services (MSS) In-band Non-A/C
(1610 - 1620 MHz) Qut-of-band
VHF Comm Harmonics & In-Band Same A/C
Passive Intermod. Products Nearby A/C
Satellite Communications In-band Same A/C
(SATCOM) QOut-of-band Nearby A/C
Aeronautical Mobile Satellite
Service (AMSS)
Aircraft Addressing and In-Band Same A/C
Reporting System (ACARS) Nearby A/C
Harmonics Non-A/C
Flight Telephone Services Out-of-band Same A/C
(1626.5 — 1660.5 MHz) Nearby A/C
Distance Measuring Equipment Out-of-band Same A/C
(DME) Nearby A/C
Non-A/C
HF Harmonics In-Band Same A/C
Mode S In-band Same A/C
Out-of-band Nearby A/C
Non-A/C
Amateur Radio In-Band Non-A/C
FM Harmonics and Passive In-Band Non-A/C
[Intermodulation
UHF TV Harmonics In-Band Non-A/C
(787.21 — 788.24 MHz) (2™ and 3" harmonics)
(524.80 — 5254.48 MHz)
VHF/UHF Land Mobile In-Band Non-A/C
Harmonics
394, 315, 262.5 MHz
197.175, 143.2. 131.3. 121.1
MHz
VHF OmniRange (VOR) In-Band Non-A/C
Harmonics
[n-Band Same A/C

Personal Electronic Devices

(PED)
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iil. Pulsed Interterence:

Pulsed interference is present only a fraction of the time. Itis theretore characterized by a
pulse duty cycle — the fraction of time which the pulse is on. pulse repetition rate or pulse
width, and peak power. The effects of both pulsed CW and AWGN are considered. The
pulsing scheme is derived from the Wide Area Augmentation System (WAAS) Minimum
Operational Performance Standards (MOPS) for pulsed interference, which specifies
minimum interference rejection capabilities for WAAS GPS receivers. Specifically. peak
pulse power used for subsequent analysis is 30dBm. or 150 dB interference-to-signal ratio

(ISR).

iv. Multipath
Physical objects close to the antenna cause signal reflections that interfere with this direct
signal. This phenomenon 1s known as multipath. The effect of multipath is studied by

attenuating the signal being tracked.

V. Signal Blockage or Attenuation

The incoming GPS signal could be blocked or attenuated by physical objects such as
buildings. foliage. and terrain. The signal from a setting or rising GPS satellite is also
attenuated as a result of the longer travel distance through the troposphere. In addition the
gain pattern of an antenna may attenuate the received signal. Signal attenuation and
blockage is not interference of any sort. however its effects must be considered when

designing a robust monitor.
3.3 GPS Receiver Susceptibility to RF Interference

A GPS receiver suppresses interference by two primary methods: RF filtering, and spread
spectrum. A fast acting AGC or adaptive analog to digital converter will also suppress

pulsed interference.
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Firstly. the RF front end passes the incoming signal through a series of bandpass filters.
which greatly reduce out-of-band interference power. Figure 20 demonstrates this
reduction using a 4th order Butterworth bandpass filter acting on intermediate frequency
[F4. frequency = l.41 MHz (see down conversion scheme in Figure 8). The filter

bandwidth is 1| MHz.
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Figure 20: Bandpass filtering an IF4 signal (center frequency = 1.41 MHz)

(a) Spectrum of single noise free satellite signal.

(b) Spectrum of GPS signal plus 8 dB of AWGN prior to filtering

(c) Spectrum of GPS signal plus 8 dB of AWGN after filtering with 1 MHz
bandwidth 4th order Butterworth bandpass filter.
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Figure 20a shows the spectrum of a single noise-free GPS satellite at intermediate
frequency IF4. The sinc-function nature of this spectrum is clearly observable. After the
addition of 8 dB of AWGN. the GPS signal becomes submerged in the noise floor (Figure
20b) as noise power dominates the signal. Bandpass filtering reduces the effective noise

power as shown in Figure 20c.

The remaining in-band interference power is further suppressed through spread spectrum
decorrelation inherent in the GPS signal design. This action is described as follows. Prior
to transmission by the GPS satellites, the GPS 50 Hz data stream is first spread by
modulating it with a 1 MHz spreading signal (Figure 21). This spreading signal is a 1023-
chip long pseudorandom sequence called a Gold code, with orthogonal correlation

properties.

| i

50 Hz data 1.023 MHz spreading signal Spread spectrum signal

Figure 21: Spreading of 50 Hz GPS data

This action can be represented by the equation :

si(t)  =s(tD() (3.3.1)
where D(t) =50 Hz binary data stream

and s(t) =spreading signal

= anp(t - nTc)
n=-—cc
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1023 _ o
= Y S,p(t-nT.)* > §(t-nT,) (3.3.2)
n=0

S, = +!. a pseudorandom sequence. and p(t) is a rectangular unit pulse over the interval
{0. T, = /fc} (12).

Let B, =1.023 MHz be the single sided bandwidth of the spreading signal s(t).
and Byg=50Hz be the single sided bandwidth of the data signal D(t).
Observe from Figure 21 that now the GPS data is spread from its original 50 Hz bandwidth
to a much wider 1 MHz single sided bandwidth. The resulting power density is also
lower. keeping total power constant. This composite signal is further modulated by a
carrier at L1. and broadcast by the satellites. Figure 22 shows the addition of noise and
interference to the signal as it is transmitted from the satellites via the atmosphere to the

antenna. and on down to the precorrelation point.

" _ =l

Spread spectrum signal Noise and Interference Signal plus Noise

Figure 22: Noise and Interference in the GPS signal

Assuming the transmission channel has AWGN. n(t), with power spectral density (PSD)

N, and interference b(t). The result as shown in Figure 22 is given by:

GPS signal combined with noise and interference = r(t) :
with r(t) = s(t)D(t) + n(t) + b(1) (3.3.3)

where b(t) is a narrowband interference with power Py, (12).




The power spectral density for the receiver thermal noise floor is -200 dBW/Hz. The total

noise power in a 2 MHz bandwidth would therefore be:
Noise power in 2 MHz bandwidth = -200 dBW/Hz + 60 dB-Hz
=-140 dBW

However the GPS signal has a total receive power of approximately -160 dBW. Receiver
thermal noise is therefore about 20 dB stronger that the GPS signal and completely buries

it.

Finally during correlation. the composite signal is multiplied by an identical replica of the

original spreading signal, as shown in Figure 23.

] | | | | 1
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Signal plus Noise 1.023 MHz despreading signal 50 Hz data

Figure 23: Despreading and Data Recovery

Despreading of 50 Hz data occurs, as shown by the following equation:
Despreading:
r(Us(t) = s(t){s(t)D(t) + n(t) + b(t)}
= s2(1)D(t) + s(tn(t) + s(t)b(t) (3.3.4)
which. after filtering to remove the high frequency terms, becomes:
r(t)s(t) = D(t) + s(t)n(t) + s(t)b(t) (3.3.5)

since s2(t) = 1.
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At this point, as shown in Figure 23 and equation 3.3.5, the GPS data is recovered trom

the noise floor. Consider closely the second and third right hand side terms of equation

3.3.5:

s(on(t): Represents the spreading of the AWGN. Post correlation noise PSD will
still be Ny, since correlation of white noise with a spread spectrum will still
result in white noise.

s(t)b(1): This term represents the spreading of the narrow interferer. Interference

power is spread from its original bandwidth to the bandwidth of the

spreading sequence, By, (in much the same way as D(t) was originally

spread).

Passing the output signal (3.3.5) through a bandpass filter with bandwidth equivalent to the

bandwidth of the data signal By, will pass all the power in the data signal D(t), but only a

fraction of noise and interference power:

noise + interference power after filtering = N;By + PpB4/B; (3.3.6)

Equation 3.3.6 implies that spread spectrum has in effect reduced the post correlation

power of the narrow band interference by the ratio B¢/Bs (bandwidth of data signal divided

by bandwidth of spreading signal). This ratio is called the processing gain of the spread
50 Hz ]

spectrum system. GPS has a processing gain = 43.1dB = IOIOglol:l_W
z

Note also that equation 3.3.6 shows that spread spectrum does not affect the PSD of white

noise.
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3.4 Expected Interference Signal Power for Loss of lock

To estimate the levels of interference power that would cause a receiver to loose lock. noise

plus interference density. No. is given by:

No = N¢ + N;j (3.4.1)
where N; = receiver thermal noise floor.
N; = interference noise density:

N,. N; and N; are expressed in W/Hz, not dBW/Hz.

Dividing (3.4.1) by GPS carrier power C gives:

o=t %— (expressed in Hz) (3.4.2)

-1 -1 -1
Ccl 11L&l & (Hz) (3.4.3)
No Nl Ni

Assuming interference is absent (N; = 0 W/Hz), using value of N; = -200 dBW/Hz for

or

receiver thermal noise floor. and GPS signal strength C = -160 dBW. equation (3.4.3) will

result in:

—1 -1
- w
C | | _=leodB +[0]= —40 dB - Hz
N -200dBW /Hz

o)

or

€ _40dB-Hz (3.4.4)
NO

In actual operation the value of C/N, can be as high as 55 dB-Hz in the absence of
interference, due to lower receiver noise floors (-205 dBW/Hz), and the GPS satellites

transmitting better-than-published signal power.
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Assuming that a receiver requires a C/N,, value of at least 20 dB-Hz to maintain lock on the
GPS signal. (With a noise bandwidth of 50 Hz. a C/N, value of 20 dB-Hz will produce a
post correlation signal-to-noise ratio. SNR = 20 dB-Hz - {50Hz. in dB} = 3.0 dB. which
is just enough to maintain lock. depending on receiver settings for acquisition thresholds.)

The corresponding level of interference power can be evaluated by rearranging equation

-1 -1 -1

C C C

—| == -|= H 3.4.5
[Ni:I [No} l:Nl} ) ( )

Substituting Hz values for C/N, of 20 dB-Hz. and C/N; of 40 dB-Hz, and converting back

(3.4.3):

to dB-Hz gives:

oy
l:—c—} =-20.04 dB- Hz

N;

or

=20.04 dB-Hz (3.4.6)

er)

For an interference spread over bandwidth of B; = 1.023 MHz (60.1 dB-Hz). equation

(3.4.6) yields a worst case interference to signal power ratio (ISR):

ISR = J/S =40 dB (3.4.7)

(where J, = interference power, and S = signal power)

since
€ __C _5004dB-Hz
N, Ji/B;
therefore
Js _ ) _ B _2004 dB-Hz=40dB
s ¢ !
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Equation (3.4.7) was verified in both simulation and bench tests: the value J/S = 40 dB
was used as the high end for the various types of interference applied to the receiver. As

we expected. the receiver lost lock before this high interference value was attained.
3.5 Coherent CW Interference

Consider the despreading process in equation (3.3.5). The last term of this equation.
s(Ub(t). captures the spreading of the interferer. For CW interference. computation of this
term is simplified, and can be visualized from Figure 23 (or Figure 21, replacing GPS data
with the CW interference). Let the pure tone interference fall directly on L1 for a satellite
signal with zero Doppler. Note that the DC term for the spreading signal is minimal. since
the Gold codes chosen for GPS are balanced. (A balanced code has a sum of -1 (121

This implies that the C/A code spectral line directly on L1 has power of only -60 dB ( =

20|og|: ! ]).
1023

The resulting PSD would look similar to the PSD for the spreading sequence, scaled by a

constant. as shown in Figure 24. Note that this figure shows convolution in the frequency

domain. which is equivalent to multiplication in the time domain.

A = A

1! ‘

*

Rl

CW Interference (1-sided) 1.023 MHz despreading signal Spread Interference Signal

Figure 24: CW Interference on L1 Before and After Spreading by Receiver

Notice from Figure 24 that the higher power spectral lines modulate the CW interferer off

from the center GPS 50 Hz band, thereby ensuring that minimal interference power is left
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after low-pass filtering for data recovery.

On the other hand. consider a case where the CW interferer falls directly on a high power
(worst case) spectral line. Figure 25 shows that a larger portion of the CW interferer’s
power will be translated by the spreading signal to fall directly in the center of GPS band.

and a larger amount of interference power would therefore show up post correlation.

A

1] Lt $

CW Interference 1.023 MHz despreading signal Spread Interference Signal

Figure 25: CW Interference on worst case C/A spectral line before and after
spreading by receiver

The severity of coherent CW interference coinciding with worst case spectral lines can be
seen from the resulting modulation PSD of Figure 25. Indeed coherent CW is the most
severe form of interference to GPS. Figure 26 shows correlator output power and
pseudorange error as a function of CW interference spectral line offset for a receiver
tracking a GPS signal*. The CW interference is successively moved in 1 KHz steps off L1
to coincide with different spectral lines. and its effect in the receiver is captured in this
figure. It can be seen that by placing the CW interference on a ‘hot' spectral line at 7 KHz
offset from L1. there is a sharp drop in correlator output power from above 12 dB to 2 dB
(Figure 26). with a corresponding increase in pseudorange error. indicating the severity of
coherent interference at this frequency. Indeed loss of lock occurs within 3 seconds for

this particular interference scenario.

3 Results from software simulation described in chapter 5.
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Correlator Output Power vs CW Spectral Line Offset
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Figure 26: Correlator Output Power and Pseudorange Error as a function of
CW Interference frequency offset

Frequency steps: Af=1KHz spectral lines.

Fortunately it can be shown that this type of interference is rare in practice. Firstly, the
position of worst case spectral lines vary from one C/A code to the next. An offset of 7
KHz from L1 corresponds to a powerful spectral line for the satellite shown in Figure 26.
but would not correspond to strong lines for all the other GPS satellites. Therefore it is
unlikely that more that one satellite will suffer worst case spectral line interference by the
same CW interferer at any one time. Furthermore, the Doppler frequencies of the GPS
satellites are always changing, because the satellites are in motion. Figure 27 shows the

Doppler shift of the GPS constellation over 12 hours. Observe the positive Doppler at the




49

start of each frequency curve, associated with rising satellites. The value diminishes as the
satellite reached its maximum elevation. at zero Doppler. Doppler goes negative as the
satellite descends. The shorter lines in Figure 27 are for satellites with a low maximum

elevation angles. These satellites transit briefly near the horizon .

Doppler of Visible Satellites over 12 Hours, Mask = 5 degrees
4000 t 1 ] T T
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Figure 27: Doppler of GPS Constellation over 12 hours

Figure 27 shows that there are few cross-over points where two or more satellites have the
same Doppler. Also observe the rapid changes in frequency for higher elevation satellites
(Doppler = 0 Hz), and the slower changes for lower elevation satellites. Figure 28 captures

the elevation dependency of Doppler rate, for satellite PRN 14 over a 12 hour period.
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Doppler Rate of Satellite PRN 14 vs Satellite Elevation, Mask = 5 degrees
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Figure 28: Doppler Rate of Satellite PRN 14 vs. Elevation

The figure shows Doppler rates as fast as 37 Hz/minute. A CW interterer with a fixed
frequency would therefore coincide with any specified spectral line for only a few seconds

at a time.

Dynamic jammers would not only have to follow the Doppler of moving satellites. but also
track the Doppler of the receiver platform. In summary. worst case coherent CW 1is rare.
when it does occurs it would likely affect only one satellite. and that for a brief duration in

time.
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3.6 Impact of Interference on GPS
Interference adversely affects all four key systems requirements of accuracy. integrity.

availability and continuity. The following sections quantify these effects.

3.6.1 Impact on Accuracy

The delay lock loop (DLL) of a GPS receiver, used to directly track the C/A code.
determines the accuracy of the range measurements, since the error of the DLL directly
translates to pseudorange error. [ts accuracy is affected by noise power according to the

following equation for a non-coherent DLL with an envelope detector [20]:

,  d(cT.)"BW; ,_.; )

o; = ) wlosided |+ — (3.6.1.1)

Clel®) ) [ Clel®)
2 (2-d) ——— [Tsquare
Ny + 1, (N, +I, )
where d = correlator spacing:

T, = C/A code chip width = Ips:

BW, |_ygeq= 1-sided tracking loop bandwidth:

T quae = SQuaring loss. from early-late power detector:

C(el®) = carrier power of the k™ satellite, which is a function of its elevation angle

el*.

The 2-sigma vertical accuracy can then be obtained from [20]:

T -1
20, = 2V'[(GTP;‘G) } (3.6.1.2)
43

where G = geometry matrix of visible satellites;

and P, is the covariance matrix of range measurements;
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For uncorrelated satellite errors. with n visible satellites. P, is the diagonal matrix given by:

of O]

Py = . (3.6.1.3)

=

Figure 29 shows the vertical error (26, ) as a function of interference power for squaring
loss: Toye = 1/50, BW |_ggeq= 1/50 Hz (50 seconds of carrier smoothing). and

correlator spacing ranging from 0.1 (narrow) to 0.5 (wide).
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Figure 29: Vertical Position Error of a Receiver as a Function of Noise plus
Interference Power
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Figure 29 shows increasing vertical position errors for increasing interference power. or
decreasing C/(Ny+I,) in all cases. with wider correlator spacings having larger errors. up
to 27 meters for a correlator spacing of 0.5 and C/(Ny+I,) of 20 dB-Hz. With a narrow
correlator spacing of 0.1. vertical position accuracy degrades above 2 meters for

interference levels beyond C/(Ny+I,) = 32 dB-Hz.

3.6.2 Impact on Integrity and Continuity

Integrity is only lost if pseudorange or position error is larger than we think. Increasing
interference levels cause increasing pseudorange error. and would eventually cause a
receiver to lose lock. resulting in a breach in continuity. As an example. consider an
aircraft on approach. on a 3-degree glide slope. A CW interference source is located 1000
m from runway threshold. with power adjusted to equal broadcast GPS signal power for
an aircraft 50 km away. Figure 30 shows the increase in received signal power as a
function of aircraft distance from runway threshold. As the aircraft overtlies the CW
source. received interference power ranges from O dB to 60 dB, which from earlier

analysis would jam the receiver. causing a loss of continuity.

3.6.3 Impact on Availability

High levels of interference would also prevent a receiver from acquiring any satellites.
Acquisition occurs in a receiver when the correlator output power rises above a preset
detection threshold. as described in section 2.2.5. The detection threshold for most
receivers ranges from 3 dB to 6 dB above the noise floor (signal to noise ratio). As

interference power levels increase. SNR decreases. and signal acquisition is impossible.
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PL Signal Power For A/C Approaching on 3-deg Glide Siope
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Figure 30: Interference Power Level as a Function of Aircraft Distance
from Runway Threshold

A recent incident occurred at Stanford where an inadvertent source of RFI, a time-tagged
remote camera transmitting images on in-band frequencies. disabled GPS operation across
Stanford GPS labs. preventing receivers from acquiring any signal (zero availability). This
installation was illegal and quickly modified by moving the frequency band. once the

owners were notified.
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Chapter 4

SIMULATION AND BENCH TEST SETUP
4.1 Introduction

A software simulation of GPS was developed to study the impact of interference on raw
receiver measurements. This simulation generates GPS signals for all satellites in view
including thermal noise and interference. Models were also developed to simulate the RF
and digital processing modules of a GPS receiver. A simulation approach was chosen for
the following reasons:

1. A software receiver simulation provides access to all desired receiver
measurements. which are not readily available in current receivers without hardware
modification.

ii. Truth data is readily available with a simulation. [t was possible to monitor true
pseudorange in software, and theretore error.

1. The GPS receiver-in-software allows for ease of configuration. One can readily
change receiver components by modifying the receiver configuration input file.

iv. The simulation provides a controlled environment which allows for accurate
repeatability of test environments. This was necessary in order to compare the effects of
various interference types on input signal.

v. The software simulation facilitated the observation of receiver response to a wide
range of interference scenarios. and the effect of signal attenuation.

vi. New concepts in receiver design for integrity monitoring are readily implementable

within software.

Bench testing was done using a real GPS receiver to validate our simulation. The

following sections describes both the simulation and bench tests.
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4.2 GPS Simulation

This software simulation captures with high fidelity the generation of GPS satellite signals.
addition of thermal noise and interference. down conversion and filtering in the RF front
end of a GPS receiver, and finally the digital processing for search. acquisition. and
tracking of the GPS signals. The simulation performs 23 x 10° computation cycles to

capture 1 second of real time.

The receiver-in-software is easily configurable to handle as many channels as the memory
and processing power of the host computer can handle. However for this study. it was
configured as a single channel receiver, as our interest lies in understanding fundamental
receiver / interference interactions at the level of the correlator. code and carrier loops. and
quantizer. [n general the software simulation was designed to provide maximum flexibility
for receiver configuration. By changing values in an input configuration file, a number of
key receiver hardware and GPS parameters can be configured. These parameters include
number of satellite signals generated. receiver thermal noise floor, correlator spacing, code
tracking loop bandwidth, correlator integration time, detection and loss-of-lock thresholds.
sampling rate of digitizer, and AGC loop bandwidth. An example of a configuration file is
shown below in Table 4. A complete list of configurable parameters. and values used for
each set of simulation runs are shown in appendix D. To facilitate validation. defaults for
the receiver were set to simulate the GEC Plessey open architecture receiver hardware, used

for bench tests.




Table 4: Sample Receiver Hardware Configuration Input File

./ Receilver Specifications rcv_spec.in i
-/ Awele Ndili, November 1996 /)
7/ This file is read at the start sf a run -o L
/.’ set the properties of the receiver. [/
// Format: !/
// #define TOKENNAME TOKENVALUE /Optional comments 7

//----Generic Constants

#define RUNID 301 " Unique Id for this Run
3define RUNTIME 5.000 Total run time (seconds)
tdefine PRINT2SCREEN NO Display summary to screen at LkHz

/----Noise & Interference Input

t#define INCLUDE_AWGN vE " Add AWGN? options are YES, NO
¢define DELAY_B4_AWGN 3.0 ./ Delay before addition of AWGN,
/! seconds
#define INCLUDE_BG_AWGN VYES Add Background AWGN (rcv ncise)?
options are YES, NO
3define BG_AWGNSR_DB 3 Sackground AWGN level, in dB
#define INCLUDE_CW NO ., Add CW interference? options are
YES, NO
#define DELAY_B4_CW 3.0 ' Delay before addition of CW intc.,
' seconds
#define INCLUDE_PULSE NO " Add Pulsed (CW) interference?
" options are YES, NO
idefine PULSING_SCHEME E=ANDOM Pulse Scheme (pulse position) -
options are FIXED, RANDOM

#define INCLUDE_SVATTENUATION NO . Attenuate SV signal? (simulates
© fading, blockages, multipach,
., etc) options are YES, NO
#define DELAY_B4_SVATTENUATION 1.0 . Delay before SV signal
" attenuation, seconds

//----Incoming Signal Properties
#define IF3_INIT_CAOFFSET 40 . Initial CA Code Offset
#define Init_CarrFreqErr 100.0 . Initial Carrier Freq. Error
(Sig - DCO)
#define MAX_ALMANAC_SIZE 25 Maximum number of GPS Satellites

in almanac, default=25

//---~-Recelver Properties
#define IF4_Sample_Rate 5.714285714285714e+06 // Samples per second
#define MAXCHANNELS 1 // Number of channels this receiver has
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//----Correlator Properties
#define INTEGRATIONTIME 0.001 // Sample n Dump time (seconds)
#define EarlyLateCorrSpace 0.5 // Chip Width (Note: 0.5=>.25 each
// side, for GEC Plessey)
//----Acquisition Properties
#define DetectionThreshold 971420 // (10dB) Signal acquisition
/ threshold
#define LockLossThreshold 191437 // Signal loss-of-lock threshold

#define DCO_CA_Code_Srate 1.02325e6 // dco ca code rate during search
// (cycles per second)

#define DCO_CA_Code_Rate 1.023e6 // dco ca code rate after lock
// (cycles per second)
#define DCO_INIT_CAOFFSET 0] /7 Initial dco ca code offset
#define FreqgSearchBinWidch 300 ;7 Hz
#define DCOMaxDoppler 6000 // Hz
#define CARRIERSMOOTHINGON YES // Carrier smoothing on? on code DLL

// {(YES OR NO) 2980417

//----Tracking Loop Properties
#define COASTING_PERIOD 20 // Coasting period, 1in seconds
#define EMLREADINGS 40 // Number of EML readings to
// integrate for code tracking
//----Adaptive Quantizer Properties
4define ADAPTIVEQUANTIZERPERIOD 0.000S // Time co reevaluate
. quantizer levels, in secs
$define A_QUANTIZER_INCREMENT 0.01 ./ Adaptive Quantizer

// adjustment increments

The entire simulation code is attached as appendix C of this thesis. The following sections

give an overview of the process from signal generation to tracking.

4.2.1 Signal Generation and Downconversion

At startup, the signal generation module computes and stores C/A codes for PRN numbers
| through 32 - all possible GPS C/A codes. This archive provides easy access to C/A
codes for subsequent computation. Satellites in view are then determined based on a GPS
almanac downloaded from a real receiver. and on a user located at San Francisco
International airport. Mask angle is determined from the configuration input file. Satellite

positions and velocities are then computed, which determines the correct Doppler frequency



for each satellite. A correction is applied to transmitted power of each satellite as a function
of elevation to correct for the attenuation experienced by satellites signals in lower
elevations due to the ionosphere and troposphere. This correction is determined
empirically. from a curve fit of real signal strength data collected over a period of months at

Stanford. This curve fit is shown below in Figure 31.

Received Satellite Power vs Elevation Angle
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Figure 31: Received Satellite Signal Strength as a function of Satellite
Elevation — a Curve Fit based on Empirical Data

The C/A code is then modulated with the carrier. at the appropriate computed signal power
for each GPS satellite in view. As simulation time progresses carrier and code phases are

updated for all simulated satellite signals. The 50 Hz GPS data stream is not included in
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this simulation. as this data was not needed to obtain true pseudorange.
Three-stage down analog downconversion process of the GEC Plessey card is simulated in

a single step: all computed satellite carrier frequencies are adjusted by an amount equal to

the sum of the three local oscillator frequencies. as shown in Figure 32.

.
Pt/

GPS Signals

Receiver thermal noise
plus Interterence

P IF =431 MHz ¢

.

Lo

I I ..... B Digitization

Downconversion
t = 1400+130+31.1 MHz

Figure 32: GPS Simulation Signal Generation and Downconversion

Downconversion is simulated by directly computing the GPS signals at the intermediate
frequency IF; = 4.31 MHz plus Doppler. sampled at 22.86 MHz to provide continuity.
Figure 33 shows the computed signal for a single satellite. With the time axis in
microseconds. Figure 33 shows not only the 4.31 MHz carrier. but also the 1.023 MHz
modulating CA code. The composite RF signal. consisting of the summation of signals
from all satellites in view is shown in Figure 34. At this point. thermal noise and

interference have not yet been added to the signal.
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Receiver thermal noise is computed as AWGN using a Box-Muller normal random variate
generator [61]. The noise power level is specified by the input configuration file. Figure
35 shows a plot of receiver thermal noise. at a power level of 8 dB relative to the GPS
satellite signal being tracked. or equivalently at a noise power density of —205 dBW/Hz ina

2 MHz bandwidth.
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The computed thermal noise is then added to the satellite signals at the intermediate
frequency IF,. Interference of the type and power level specified by run input file is also
computed and added to the composite signal at this stage. as shown in Figure 32. The

composite signal consisting of all satellites in view plus thermal noise is shown in Figure

36

This signal is then passed through a 4t order Butterworth bandpass filter with a | MHz
one sided bandwidth. The output from this filter is a signal at a nominal RF frequency of
4.31 MHz. sampled at 22.86 MHz. which is the input to the analog to digital converter

(ADC).
4.2.2 Analog to Digital Converter

Sampling at an [F, sampling frequency of 5.714 MHz is achieved by subsampling the
output of the bandpass filter. This is achieved in software by passing only one out of every
four samples from the filtered 22.86 MHz signal. Oversampling produces a phase reversal
on the resulting signal, which has nominal frequency = 1.4 MHz. This action 1s

demonstrated by the equation:

4.31 MHz -5.71 MHz =-1.4 MHz. (4.2.2.1)

where the negative sign indicates the occurrence of a phase reversal.

Figure 37 shows the resulting signal. derived from sampling the composite all-in-view plus

thermal noise [F; signal. The nominal frequency of 1.4 MHz can be clearly seen. At this

stage the output is still maintained as a real number within software, pending quantization.
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Figure 37: Filtered IF, Signal sampled at Figure 38: Sampled and Quantized
5.714 MHz. Nominal Freq. = 1.41 MHz Composite IF, Signal

The ‘real” signal is finally passed through the quantizer module. which emulates an
adaptive 2-bit quantizer, converting the signal into the four distinct values +1. +3. Figure
38 shows the digital output of the quantizer. This digital signal will always have its signal
level maintained within =3, -1. 1, 3 by the 2 bit analog to digital converter, irrespective of

the level of the input signal or noise.

The AGC tracking loop, which sets the quantization thresholds (Figure 18) is implemented
in the quantizer module using integrators. Counts for each of the four distinct output levels
are accumulated in four bins. Periodically the bins are compared to determine the ratios
between each quantizer level. The interval between comparisons, AGC loop bandwidth, is
set within the configuration input file. Adjustments are made to the thresholds (Figure 18)

to maintain output levels in the ratio -3,-1,+1.+3 : 15%, 35%, 35 %. 15%.

4.2.3 Correlation

The signal IF; which contains GPS code at a nominal frequency of 1.41 MHz is fed into a

bank of correlators. A local signal for the satellite being tracked is generated having a




carrier also at 1.41 MHz. This local signal has the same C/A code as the satellite to be
tracked. however the code frequency is initially set 0.25 chips/second faster than expected.
to achieve the sliding search described in section 2.2.5. Four versions of this local signal
are computed and applied to the incoming signal: early inphase. early quadrature. late
inphase and late quadrature signals, as shown in Figure 39. The products are then summed
over 5,714 epochs (1 ms). Integration outputs, designated at L., Qe, I}, Q, are used to
compute the virtual prompt signal I,. Qp. according to equation 2.2.4.1. Iy and Qp are

used to determine signal acquisition, as described in section 2.2.5.
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Figure 39: Correlation on Single Channel

4.2.4 Tracking

Two digitally controlled oscillators (DCOs), also called NCOs for numerically controlled
oscillators, are maintained in software to generate the phases of the local code and carrier.

The output frequency, f,.

[0}

of a DCO is determined by a ‘control word’ written to its

register. This frequency is given by:
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f.=w*—% (4.2.4.1)

where f.=DCO clock frequency. a constant. =5.714 MHz
w = DCO control word
N = Number of bits in DCO
The control word. w, may range from O to a maximum of 2¥, giving an output frequency

range. f . of 0 to 5.714 MHz.

Corrections are applied to code and carrier DCOs by the code and carrier tracking loops
respectively. according to the transfer functions described in section 2.2.6. The conversion
gain, K, for each DCO, translates input control word into frequency changes as shown in
Figure 14. Values for K, are set to be same as for GEC Plessey GP2021 correlator

hardware.
4.3 Bench Test Setup

The bench test layout is shown in Figure 40. A GEC Plessey receiver card was used. as
this gave easy access to most of the measurements being studied. This card was housed in
a Pentium 166 MHz computer, and a WelNavigate GPS Signal Generator was used to
generate all of the GPS signals in view. Broadband noise was generated using a
WelNavigate noise generator, which had the capability to generate broadband and narrow
band noise over a 60 dB power range. adjustable in | and 10 dB steps. CW Interference
was generated using an HP 8648B signal generator capable of generating CW signals in the
frequency range 0 - 2 GHz. with power output up to +20 dBm (100 milliwatts). To
generate pulsed signals, a WaveTek FG3B pulse generator was used to drive both the HP
signal generator and the WelNavigate noise generator. GPS signals were combined with

noise and interference using a MiniCircuits zero-phase power combiner (part number
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ZESC-2-11). which has an insertion loss of 3.5dB.

Figure 40 shows the CW generator (HP8648B). the broadband noise generator. and the
pulse signal generator. in the configuration for generating pulsed interference. Continuous
interference was generated by disabling on/off gating by the pulse generator. Actual

hardware is shown in the photo (Figure 41).

Welnavigate
GPS Signal Generator

L
Welnavigate > - | J
— Noise Generator —

And Mixer <@ Combiner ° °o
GPS Receiver

HP8648B
Signal Generator

J,

WaveTek FG3B
Pulse Generator

Figure 40: Bench Test Layout

Figure 41: Bench Test Hardware showing the receiver-under-test
(leftmost), CW broadband and pulse generator (stacked in middle), and
GPS Signal Generator (right).
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4.4 Test Procedures

The test procedures for both software simulation and bench tests were similar. The
receiver-under-test was first allowed enough time to search, acquire and track the GPS
signals before the introduction of interference. since our focus is on integrity — if there is no

acquisition, then there exists no integrity risk.

In software. search time was reduced by setting the initial C/A code offset of the tracked
satellite to a small enough value. 40 chips, that allowed acquisition within 160 ms of
simulation time. Initial frequency error was also set a small value (100 Hz). For bench
tests. the time-to-first fix could not be rigidly set, therefore 3 minutes was allowed for

acquisition.

After acquisition. enough time was given for the receiver tracking loops to settle before the
introduction of interference. This takes 3 seconds in software, however, for bench testing
2 minutes was allowed due to the unpredictability of time-to-first fix. With the receiver in
steady state tracking mode a specified type and level of interference is then introduced and
sustained for the duration of the run (6 seconds for software or 35 seconds for bench
tests). During the entire software simulation pseudorange error, AGC gain, and raw I/Q
receiver measurements were captured to file, for post-analysis. For bench tests data was
captured only during the 35 seconds of interference testing, including 3 seconds before the
introduction of interference. excluding the prior 5 minutes (acquisition plus loop settle
time), due to the huge amounts of data that would result. and limitations in memory. Also
AGC gain was not captured for bench tests, since there was no access to the AGC in bench

test hardware.

Two types of input files were used to control the simulation. The first. "Hardware

Configuration File", specifies properties of the receiver such as tracking loop bandwidths
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Table 5: Sample Run Configuration File for Continuous CW Interference,
with Power Level ranging from 0 to 40 dB

P

AWGN (dB) CW (dB) Pulse Duty CW Doppler sV
Cycle (%) Offset (Hz) Attenuation
(dB)
0 0 0 0 0
0 1 0 0 0
0] 2 0 0 0
0 3 0 0 0
0 4 0 0 0
0 5 0 0 0
0] 6 0 0 0
0 7 0 0 0
0 8 0 0 0
0 9 0 0 0
0 10 0 0 0
0 11 0 0 0
0] 12 0 0 0
0 13 0 0 0
0 14 0 0 0
0 15 0 0 0
0 16 0 0 0
0 17 0 0 0
0 18 0 0] 0
0] 19 0 0 0
0 20 0 0 0]
0 21 0 0 0
0 22 Q 0 0]
0] 23 0 0 0
0 24 0 0 0
0 25 0 0 0
0 26 o] 0 0
0 27 0] 0 0
0 28 0 0 0
0 29 0 0 0
0 30 0 0 0
0 31 0 0 0
0 32 0 0 0
0 33 0 0 0
0 34 0 0 0
0 35 0 0 0
0 36 0 0 0
0 37 0 0 0
0 38 0 0 0
0 39 0 0 0
0 40 0 0 0
-1 -1 -1 -1 -1
AWGN_DB CW_DB PULSE_DC DOPPLER_OFFS SV_ATTENUATI
ET ON_DB

s —— R P e e e —————————
#
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and correlator spacing. Also specified in this file are receiver noise floor and type of
interference (CW. pulsed. fading. etc.). A sample file is shown in Table 4.

Configurations used for all groups of test are shown in appendix D.

The second input file called the "Run Configuration File” defines a "group” of runs. Runs
were grouped according to interference type. The Run Configuration Input files were
developed for each interference-type group to permit the scheduling of a series of similar
runs, with same hardware specifications. but varying interference power levels. For
example. Table 5 shows the input file for the CW tests (at zero Doppler offset). consisting
of 41 different runs. each run having a different CW interterence-to-signal power ratio.
spanning O through 40 dB. All Run Configuration Input files for all interference groups are

shown in appendix E

The simulation was run on a Digital DEC 4100 3-cpu machine operating at 410 MHz. It
typically took about 30 minutes to complete a single run. or 20 hours to complete a single
group of 40 runs. (Pulsed interference tests. in groups of 100. would take 50 hours to

complete).

Figure 42 shows sample software runs. for 26 dB of AWGN and 18 dB of CW
interference. Signal acquisition occurs 160 ms into the run. This is indicated by the boost
in correlator output power as shown in the COP plots. and the sudden reduction in carrier
phase jitter. For the AWGN run. the tracking loops stabilize 2 seconds into the run. as
shown by the settling of the delay lock loop, shown in fractions of a C/A code chip (top
plot of Figure 42a). With CW interference. code tracking loop shows more instability (top
plot of Figure 42b). Also shown is the recovery of COP from its severe drop due to strong
CW interference, as the AGC gain increases to suppress interference (bottom two plots of

Figure 42b).
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Pseudorange Error, Correlator Output Power and Carrier Phase Jitter
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Chapter 5

INTEGRITY MONITORING RESULTS

5.1 Introduction

Table 6 below gives an overview of results presented in this chapter. The first column
shows different types of interference applied. Coherent CW was introduced at two
frequencies: L1 + | KHz. which represents the first and mildest spectral line, and L1 + 7
KHz. which represents the most severe spectral line for satellite PRN #1 (Figure 26). The

second column shows the integrity test statistics used to predict the pseudorange error

(third column).

Table 6: Overview of Presented Results

Causes Effects
- AWGN Observable Non-Observable
- CW Interference Test Statistics Parameter to Protect
- Pulsed CW
- Pulsed AWGN - Correlator Output Power - Pseudorange Error
- Coherent CW hot/ - COP Variance
cold spectral lines - Carrier Phase *Vacillation
- Multipath. Fading - AGC Gain

The ultimate goal of integrity monitoring is to reliably predict degradation in pseudorange
accuracy caused by the broad range of interference types shown in column 1 of Table 6. by
observing the test statistics in column 2.
statistic be sensitive to interference. while at the same time maintain minimal sensitivity to

variations in rvpes of interference for robust performance.

[t is therefore desirable that the selected test




In the next section. results are presented which show the pseudorange accuracy
dependency on interference. Section 5.3 shows the correlation between our selected test
statistic and interference. Section 5.4 shows results for integrity monitoring using selected

test statistics. Results for bench test validation are presented and discussed in section 5.5.

5.2 Impact of Interference on Code and Carrier Tracking Loops

5.2.1 Impact of Continuous RF Interference on Code and Carrier Tracking
Loops

Figure 43 shows the degradation in pseudorange accuracy as a function of interterence
power. for the following types of interference: AWGN, CW atLl.CW at L1 + | KHz.
CW at L1 + 7 KHz. For these types of interference. as interference power increases -
denoted by decreasing C/N . there is initially no noticeable increase in pseudorange error.
This is due to fact that interference is buried under the receiver noise floor at low
interference power levels in the regime from C/N, = 55 dB-Hz to 45 dB-Hz. As
interference power increases beyond the C/N, knee at 45 dB-Hz. pseudorange error
increases. until loss of lock occurs. For the same values of interference power. Figure 43
shows that CW interference produces more severe results than AWGN. as to be expected.
Agreement with theory can be observed from the solid line in Figure 43, which shows the

theoretical prediction of pseudorange error degradation, according to equation 3.6.1.1 [20]:

2 - d(CTc )2 BWL.l-sided 2

o} - 1+ -
5 C(el™) 2 d) C(el™) T
. ( square
N, +1, ] N, +1,

where d = correlator spacing;

(3.6.1.DH

T. = C/A code chip width = ls:



BW|_|_qdeq= 1-sided tracking loop bandwidth:

T, .. = squaring loss. from early-late power detector:

sq
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C(el*) = carrier power of the k™ satellite. which is a function of its elevation angle

el.
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Figure 43: Code Tracking Loop Error as function of Continuous RF

Interference Power:

Pseudorange Error vs. C/(N,+I))
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Frequency Error Vs. Interference Power
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Figure 44: Carrier Tracking Loop Error as function of Continuous RF
Interference Power: Mean Carrier Frequency Error vs. C/(N +I,)

Figure 44 shows the mean frequency error as a function of interterence for the same four
types of interference. It can been seen that the frequency locked loop is less sensitive to RF
interference. Most severe is CW at L1+7 KHz. which causes a loss of lock to occur
earlier. at a C/(N_+I ) = 35 dB-Hz. Next sensitive is CW at L 1. then at L1+1 KHz. which
corresponds to a mild C/A code spectral line. Figure 44 shows that the frequency locked
loop performs best against AWGN.

5.2.2 Impact of Pulsed RF Interference on Code and Carrier Tracking
Loops

The effect of pulsed interference on pseudorange error can be seen from Figure 45. For
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pulse duty cycles below 20%. there is no significant impact on pseudorange accuracy. The
minimal impact of low duty cycles on GPS accuracy bears significance for applications
such as pseudolite signal design. and will be utilized later in this thesis. Beyond 20% duty
cycle, pseudorange accuracy degrades in a linear manner, until loss of lock occurs at a duty

cycle of 68% for CW interference. and 90% for AWGN. The impact of pulsed

Pseudorange Error Vs. Pulsed Interference Duty Cycle
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Figure 45: Code Tracking Loop Error as function of Pulsed RF Interference
Power: Pseudorange Error vs. Pulse Duty Cycle

interference on pseudorange accuracy is directly related to the bandwidth of the AGC. A

fast AGC in effect suppresses pulsed interference [15].
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Pulsing produces little effect on the carrier tracking loop below duty cycles of 70%. as can
be seen from Figure 46. Beyond 70% duty cycle. frequency error grows rapidly until loss
of lock occurs. In general. frequency locked loops will show better pertormance than

phase locked loops in interference [9].
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Figure 46: Carrier Tracking Loop Error as function of Pulsed RF
Interference Power: Mean Carrier Frequency Error vs. Pulse Duty Cycle

5.2.3 Impact of Signal Attenuation on Code and Carrier Tracking Loops

The effect of signal blockage on a receiver’'s code and carrier tracking loops can be seen

from Figures 47 and 48. The initial value of C/N, corresponding to zero attenuation is 55




77

dB-Hz. Below 8 dB of attenuation. there is little effect on the code and carrier loops. as

seen from the figures. with frequency error less than 0.1 m/s. and pseudorange error below

Pseudorange Error Vs. Signal Attenuation
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Figure 47: Code Tracking Loop Error as function of Signal Attenuation:
Pseudorange Error vs. Signal Attenuation

1.5 m. As attenuation increases bevond 8 dB. both frequency and pseudorange accuracy
degrade rapidly. A maximum pseudorange error of 4.1 m. and frequency error of 2.75
m/s. is attained at the onset of loss of lock. In practice the response of a receiver (o

attenuation of a tracked signal will depend on the receiver noise floor.
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Frequency Error Vs. Signal Attenuation
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Figure 48: Carrier Tracking Loop Error as function of Signal Attenuation:
Mean Carrier Frequency Error vs. Signal Attenuation
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.3 Impact of Interference on Test Statistics

[V ]}

(¥ ]]

.3.1 Impact of Continuous RF Interference on Test Statistics

Figure 49 shows a composite plot of the effect of continuous RF interference on all four
selected test statistics. As with pseudorange error. there is little noticeable effect of
interference on our test statistics in the C/N, from regime 55 dB-Hz to 47 dB-Hz. Beyond
this region COP decreases monotonically with increasing interference (or decreasing C/N ).

while the variance of the correlator output power. carrier phase jitter and AGC gain
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increase. The increase in AGC gain is identical for all three kinds of CW interference.
This increase is to be expected since the AGC is sensitive to total noise power in the signal.
and all three kinds of CW interference fall within the bandwidth of RF front end band pass

filter. therefore the same interference power, equivalent to the total applied interference

power. is observed by the AGC.
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Figure 49: Impact of Continuous RF Interference on Test Statistics

Continuous RF Interference consists of AWGN, CW at L1, CWatlLl +1
KHz, and CW at L1 + 7 KHz. (a) Impact of Continuous RFI on Correlator
Output Power; (b) Impact of Continuous RFI on Correlator Output Power
Variance; (¢) Impact of Continuous RFI on Carrier Phase Jitter; (d) Impact

of Continuous RFI on AGC Gain
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On the other hand. AWGN shows a lower magnitude AGC response. since its energy is
spread across the a wider bandwidth. and therefore some AWGN interference energy gets
filtered out at the receiver RF front end. AGC gain peaks at its maximum |-second-after
value of 17 units. The quantizer thresholds continue to increase. after the 4th second into

the test. when the values displayed in Figure 49 are taken.

AWGN causes the largest swing in variance of correlator output power variance. while CW
interference causes the largest drop in COP : -6 dB. from Figure 49a. Note that this dip is
temporal - the receiver recovers quickly. The receiver does not lose lock. since the time-
averaged correlator output power used as a lock indicator does not dip below the loss of

lock threshold.

It is significant to note the difference in severity across types of interference. As we
expect, CW interference in general produces the most severe degradation in COP: CW at
L1 + 7 KHz, a strong C/A code spectral, produces the most severe impact, and CWatlLl +
|KHz (a mild spectral line) produces the weakest CW effect. Severe CWalLl +7 KHz
causes the receiver to loose lock fastest, while CW at the mild L1 + 1 KHz spectral line
least impacts the all four test statistics. This behavior is similar to the interference
characterization of pseudorange error, which lends confidence to the suitability of the

selected test statistics.
5.3.2 Impact of Pulsed RF Interference on Test Statistics

With a pulse peak power of +150 dB relative to the tracked GPS signal, equivalent to |
watt, the pulsed interference in effect completely blanks out the tracked GPS signal for the
duration of the pulse. As a result the effective GPS signal power as perceived by the
receiver is a linear function of pulse duty cycle. This relationship for the correlator output

power can be observed from Figure 50a. From an initial value of 22 dB at 0 % duty cycle
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(pulse off). the correlator output power degrades linearly with duty cycle; at 50 % duty
cycle COP is about 11 dB. half of its original value. Further increase in pulse duty cycle
results in loss of lock beyond 86% and 92% for CW and AWGN respectively. as the

detected signal power drops below the preset receiver threshold.

Pulsed AWGN interference produces greater jitter in carrier phase, and variance in cop
than pulsed CW for duty cycles greater than 40 %. The effects of pulsed CW and AWGN
on AGC gain are identical, as seen from Figure 50d, since the AGC is sensitive to the total
power in the signal. Note that AGC gain continues to increase, beyond the 4th second

values shown in Figure 50d.
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Figure 50: Impact of Pulsed RF Interference on Test Statistics

Pulsed RF interference consists of Pulsed AWGN and Pulsed CW
interference. Duty Cycle is varied from 0% until loss of lock occurs.

(a) Impact of Pulsed RFI on Correlator Output Power: (b) Impact of Puilsed
RFI on Correlator Output Power Variance; (c) Impact of Pulsed RFI on
Carrier Phase Jitter; (d) Impact of Pulsed RFI on AGC Gain
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Figure 51: Impact of Signal Attenuation on Test Statistics

The tracked GPS signal is attenuated from 0 dB until loss of lock, in 1 dB
Ssteps.

(a) Impact of Signal Attenuation on Correlator Output Power; (b) Impact of
Signal Attenuation on Correlator Output Power Variance; (c) Impact of
Signal Attenuation on Carrier Phase Jitter; (d) Impact of Signal Attenuation
on AGC Gain




84

5.3.3 Impact of Signal Attenuation on Test Statistics

Signal attenuation should have a linear relationship with correlator output power. Indeed.
Figure 51a shows COP drop linearly with attenuation. in dB. until loss of lock occurs.
Both the variance of COP and carrier phase jitter also grow with signal attenuation. at a
slower pace for attenuation values less than 10 dB. and then more rapidly as the signal gets

attenuated beyond 10 dB.

AGC gain acts in a completely different manner for signal attenuation, as compared with
other forms of interference. It is least sensitive to signal attenuation, actually decreasing
with increased attenuation. Total drop in AGC is a mere 0.14 AGC-units (Figure 51d).
compared with a 15 AGC-units increase for AWGN (Figure 49d). This is because the
tracked signal makes up only a small percentage of total signal power - which is comprised
of all other satellites in view. and dominated by receiver thermal noise. The AGC registers

the slight decrease in total signal power as the tracked signal is attenuated.

5.4 Coherent Interference and Loop Capture

CW interference on a strong spectral line presents the most potent form of interference to
GPS receivers. A substantial portion of the interference energy is translated into the central
GPS frequency by the correlator. resulting in the maximum amount of post correlation
interference power. This type of interference is so severe it can actually cause the receiver
to falsely lock onto the interference. losing track of the real signal. This type of false lock

is also known as loop capture.

The phenomenon of loop capture is a consequence of the way GPS receivers track signals.
The presence or absence of a signal is detected from the value of the correlator output
power: COP values above the “detection threshold’ indicate the presence of a GPS signal.

and signal the receiver to declare a successful acquisition. A persistent value of COP above
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this threshold indicates a successful lock of the tracking loops. When CW interference falls

on a strong C/A code spectral line. a large amount of interference power is transmitted

directly through the correlators. and can fool the receiver into thinking it still has lock on

the signal. This effect can be seen from the extensions of the CW interference run at L1 +

7 KHz (Figure 52). As interference power is increased, C/(N_+I ) drops from 55 dB-Hz.

down to 35 dB-Hz, corresponding to an applied Io of 20 dB. Correlator power output

(used as the basis for loop lock indication) decreases monotonically through this

interference regime. as can be seen from Figure 52. An increase in CW interference

beyond this value causes the receiver to lose lock. The circled data points of Figure 52

Correlator Output Power vs CW Interference Power
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Figure 52: Loop Capture with Strong Coherent CW Interference: Correlator
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indicate that the receiver has lost lock.

Ignoring this loss of lock and further increasing the interference power. an interesting
phenomenon occurs: correlator output power begins to increase. For CW interference
loading with C/(N_+1,) less than 25 dB-Hz, the loop loss flag in the receiver never gets
triggered. although the receiver is now tracking the CW interference. and not the GPS
signal. Figure 53a. which shows the pseudorange error for an extended run, confirms the
loop capture: pseudorange error grows beyond the l-chip correlation peak range. as the
tracking loop wanders. while correlator output power does not drop to zero (Figure 53b).
The drop in correlator output power reduces as larger values of CW are applied. as the
attenuation caused by the AGC is balanced by the increased post correlation interference

power.
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Figure 53: Loop capture with Strong Coherent CW at L1 + 7 KHz. CW
Interference Power to Signal ratio is 40 dB for a C/(N,+l,) of 15 dB-Hz.
(a) Pseudorange Error over Time, (b) Correlator Output Power over Time.

The phenomenon of loop capture underscores the need for data parity and CRC checks to

accompany any integrity monitoring scheme.
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5.5 Test Statistics Performance

Since COP. unlike the three other selected test statistics, actually decreases with increasing
interference (and thus with increasing pseudorange error). the negative slope decision
matrix, shown in Figure 54a. is used to analyze COP performance. In this mode. the
regions of missed detection. false alarm. normal operation and normal detection described
in chapter one are redefined by a reflection across the vertical. A positive slope matrix,

shown in Figure 54b. is used for analyses of the variance of COP. carrier phase jitter. and

AGC.
A A
. 5
Successful Missed ,%_ f Missed Successful
Detection Detection | 2 2| Detection Detection
= 5
(¢ -
False Alarm = § False Alarm
2 e
All O - All OK
- >
1. Correlator Output Power 2. Variance of COP
3. Carrier Phase Jitter
4. AGC

Figure 54: Test Statistics Decision Matrix showing (a) Negative Slope
Matrix and (b) Positive Slope Matrix

In both positive and negative slope matrices. the missed detection region would contain
data points for which pseudorange error exceeded its preset alarm limit while our test
statistic remained below detection threshold. Conversely data points in the false alarm
region correspond to incidents where our test statistic exceeds its threshold while
pseudorange error remained below its alarm limit. Unlike missed detection. false alarm is
not a direct threat to integrity. However they are a nuisance, because they adversely affect

the continuity of the system.
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To detect the degradation in accuracy due to interference. a 2 m pseudorange alarm limit is
assumed. Errors greater than 2 m are to be detected. Test statistics thresholds are set to
ensure zero missed detection for the case of AWGN and CW at L1 only. This serves as a

basis to evaluate the robustness of the test statistics over the different types of interference.

To evaluate test statistic robustness. least square error linear fits are plotted to emulate the
detection statistic lines in Figures 54a and 54b. For each test statistic, seven linear fits are
plotted for each of the seven interference types tested. The following quantity is defined:
NSR = Normalized Slope Range. where
Maximum Slope - Minimum Slopel

Normalized Slope Range = (5.5.1)
Average Slope I

where maximum and minimum slopes apply to the maximum and minimum linear fits fora

test statistic. NSR gives an indication of the robustness of a test statistic.

Note that a maximum* negative slope indicates fastest degradation of the test statistic for a
fixed degradation in pseudorange error - which implies maximum sensitivity of the test
statistic to the specific interference with the maximum slope, while a maximum positive
slope indicates slowest degradation in test statistic for a fixed degradation in pseudorange
error, implying minimum sensitivity of test statistic for the specific interference type. The

former uses the negative slope matrix of Figure 54a, and latter. Figure 54b.

5.5.1 Performance of Correlator Output Power

Figure 55 shows the detection of pseudorange error using COP for AWGN. CW at L1.

* ‘Maximum' as used here always means closest to positive infinity. while ‘minimum’ always implies
closest 1o negative infinity. Therefore a slope of -0.12 is larger than a slope of -0.25.
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pulsed AWGN. pulsed CW. signal attenuation. CW at L1 + 1 KHz and CW at L1 + 7
KHz. For each interference type. a minimum square error best linear fit line is plotted, in
the same color as the plot points for the interference type. The slope of this line. and the
standard deviation of the data points from the line are shown in Table 7 for each type of

interference.

Table 7: Least Squares Error Linear Fit Slopes and RMS Data Spreads from
Linear Fit, for Correlator Output Power When Used as an Integrity
Monitoring Test Statistic

AWGN CwW e@Ll Pulsed Pulsed Signal CW at CW at
AWGN CwW Attenuation LI+1KHz L1+7KHz
Slope -0.1988 -0.1994 -0.2006 -0.2354 -0.1793 -0.2530 -0.1262
Spread 0.3510 0.6332 0.7512 0.6478 0.3537 0.4130 0.3881

A strong linear relationship can be observed from Figure 55 : the bulk of data points are
clustered in the *All OK" and ‘Detection OK’ region, with a narrow spread along the linear
fit. A linear fit slope of -0.20 exists for AWGN, CW at L1 and Pulsed AWGN, with
slopes for signal attenuation at -0.18 and -0.24. The maximum negative slope of -0.13
occurs for CW at L1 + 7 KHz, coherent CW interference on a strong spectral line. This
slope is to be expected since the largest amount of interference power is translated directly
into post-correlation noise power. Therefore the fastest degradation in correlator output
power occurs for this type of interference. Strong coherent CW interference would
therefore likely increase the occurrence of false alarms using correlator output power as a
detection statistic. Fortunately this type of interference is rare, and is unlikely to persist
when it does occur, as described in section 3.5. Observe from Figure 55 that the linear fit
line for coherent CW at L1 + 7 KHz is the shortest of the seven linear fits, indicating that

the receiver looses lock fastest with this type of interference.

Table 7 also shows that the linear fit with the minimum slope of -0.25 occurs for coherent
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CW interference at L1 + | KHz. which is a particularly mild spectral line. This also is to
be expected. since the maximum amount of spread spectrum interference spreading occurs
for CW interference on this spectral line. Therefore correlator output power degrades least
for this type of interference. Average spreading from linear fit is 0.5054. with pulsed
interference generating the largest spread. and AWGN generating the minimum spread.

Correlator output power has a normalized slope range (NSR) of 0.64.

5.5.2 Performance of Correlator Output Power Variance

Figure 56 shows pseudorange error as a function of correlator output power variance for all
seven types of interference tested. As with correlator output power, least squares error best
linear fit lines have been plotted. with the siopes and rms spread tabulated in Table 8 for
each type of interference. Slopes range from 0.5394 to 42153 (forCW at L1 + 1 KHz), a
range of 3.6759. compared to 0.4002 for COP, showing that the variance of correlator
output power is less precise than correlator output power in robust detection of
pseudorange error for a variety of interference types. Notice however that coherent CW
interference at L1 + 7 KHz has a slope of 1.4, close to the average slope of 1.5, and also
that this type of interference produces the least spread from its linear fit. indicating that the
variance of correlator output power is a reliable test statistic for use even with coherent CW
interference on strong spectral lines. This would suggest the combined use of both

correlator output power and its variance to form a reliable and robust test statistic.

Table 8: Least Squares Error Linear Fit Slopes and RMS Data Spreads from
Linear Fit, for Correlator Output Power Variance When Used as an
Integrity Monitoring Test Statistic

AWGN CW @Ll1 Pulsed Pulsed Signal CW at CW at

AWGN CW Attenuation Li+IKHz L1+7KHz
Slope 1.0232 1.2417 0.7094 1.6236 0.5394 4.2153 1.4148
Spread 0.4304 0.9860 0.7424 0.6862 0.4970 0.6457 0.2301

The maximum slope of 4.21 occurs for coherent CW at L1 + 1 KHz, a weak spectral line,
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which is to be expected since the minimum amount of interference energy is passed through
the correlator for this type of interference and therefore the variance of the correlator output
power is least affected by this type of interference. The minimum slope of 0.54 occurs tor
signal attenuation, indicating that the variance of correlator output power is most sensitive
to signal attenuation. Correlator output power variance has a normalized slope range of
2.39. Hence it is significantly more sensitive to the type of interference, and therefore less

robust.

5.5.3 Performance of Carrier Phase Jitter

Figure 57 shows pseudorange error as a function of carrier phase jitter for all seven types
of tested interference. Slope values range from a minimum of 0.05 for signal attenuation to
a maximum of 0.51 for CW at L1 + | KHz. This indicates carrier phase jitter is most
sensitive to signal attenuation. and least sensitive to CW at L1 + | KHz. The minimal
impact of CW at L1 + | KHz is consistent with results for correlator output power and its

variance. The largest spreading of points occurs for CW at L1. with a spread of 1.06.

Table 9: Least Squares Error Linear Fit Slopes and RMS Data Spreads from
Linear Fit, for Carrier Phase Jitter When Used as an Integrity Monitoring
Test Statistic

AWGN CW @Ll Puised Pulsed Signal CW at CW at

AWGN CW Attenuation L1+1KHz LI+7KHz
Slope 0.1247 0.1061 0.0510 0.1560 0.0467 0.5069 0.2055
Spread 0.4849 1.0610 0.8716 0.8393 0.7226 0.6957 0.2184

Carrier phase jitter has a normalized slope range (NSR) of 2.69. This NSR is largest of all
test statistics, if the effect of signal attenuation on AGC Gain is not taken into account. as

discussed in the next section.
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5.5.4 Performance of AGC Gain

The relationship between pseudorange error and AGC gain is shown in Figure 58 for all
seven types of tested interference. Slopes for all interference types. except signal
attenuation. are positive, indicating an increase in AGC gain with increase in interference.
Signal attenuation has a negative slope of -26.28. the minimum value by a large margin.
This large value is due to the fact that the AGC, unlike other test statistics, is sensitive to
the total power in the incoming signal. which includes receiver thermal noise. interference.
and other satellites in view. Attenuation of the tracked GPS signal would degrade the
pseudorange accuracy but would barely affect the AGC gain. Therefore AGC gain is not
suitable for detecting the presence of signal attenuation. However when used in
conjunction with the other test statistics, AGC gain can identify the rype of interference to
be signal attenuation. The minimum positive slope of 0.2294 occurs for pulsed AWGN,
which indicates AGC Gain is most sensitive to pulsed AWGN. In general AGCs are most
sensitive to pulsed interference. Fast acting AGCs act as pulse suppressants [15], and
therefore would show large gains for pulsed interference. This can be seen by showing
non-low-pass filtered AGC values at the end of each 6 second run. These values are
plotted in Figure 59. Slopes of, and rms spreads from, the lines of best fit are shown in
Table 10. Notice the increase in the maximum AGC Gain values. from a maximum of 17
units (Figure 58) to a maximum of 65 units (Figure 59), demonstrating the pulse

suppression action of a fast AGC.

Table 10: Least Squares Error Linear Fit Slopes and RMS Data Spreads
from Linear Fit, for AGC Gain When Used as an Integrity Monitoring Test
Statistic

AWGN Cw eLl Pulsed Pulsed Signal CW at CW at
AWGN CwW Attenuation LI+1KHz LI1+7KHz
Slope 0.2656 0.2815 0.2294 0.2743 -26.2804 0.2327 0.3685

_Spread 0.2995 0.4623 0.7470 0.3810 0.8095 0.3182 0.2837
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Table 11: Least Squares Error Linear Fit Slopes and RMS Data Spreads
from Linear Fit, for AGC Gain Using a Fast Acting AGC, When Used as an
Integrity Monitoring Test Statistic

AWGN CW eLl Pulsed Pulsed Signal CW at CW at

AWGN CW Attenuation L1+1KHz LI+7KHz
Slope 0.2060 0. 1898 0. 0569 0. 0684 -29.5476 0. 0637 0. 3553
___Spread 0. 4175 0. 5047 0. 7292 0. 3595 0. 8377 0. 7607 0.2795

The maximum positive slope of 0.37 (or 0.35 for the fast acting AGC) occurs for CW at
L1 + 7 KHz, which implies that next to attenuation, AGC gain is least sensitive to coherent

CW interference on L1 + 7 KHz.

AGC gain has an average test statistic slope of -3.52. and a normalized slope range of
7.57. the largest of all four test statistics, due to the large negative contribution from the
signal attenuation term. . If this term were omitted the average slope would be 0.27. with a

NSR of 0.50.

5.6 Frequency Error Monitoring using Test Statistics

Carrier smoothing or aiding is used to reduce noise on the code tracking loop
(pseudoranges) using input from the carmer tracking loop. The carrier has a smaller
wavelength (19cm) compared to code (300m), and therefore is more accurate. However
there is an integer ambiguity in carrier cycles, and as a result ;ange measurements cannot be

obtained directly from the carrier tracking loop.

While there are numerous ways to resolve this ambiguity and attain centimeter level
accuracies, the carrier can also be used without integer ambiguity resolution to ‘smooth” or
aid the code tracking loop. When used in this mode, errors in the carrier tracking loop (the

FLL in our case) will affect the code tracking loop, and pseudorange errors will be directly
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related to frequency errors.

Carrier smoothing is not used in this simulation. and therefore frequency errors are not
directly coupled to pseudorange errors. However we examine the relationship between
carrier tracking loop errors and our selected test statistics. with a goal to verifying the
performance of our integrity monitoring scheme for a receiver using a carrier aided code

tracking loop.

Our objective is to verify that pseudorange error detection using the decision statistics
thresholds selected in the previous section for a non-carrier aided receiver. will work with
carrier aiding. Therefore identical thresholds of COP. COP-G. carrier phase jitter and AGC
are applied to the detection of frequency error. The results are shown in Figures 60. 61. 62
and 63. Frequency error protection level is set at 1.5 m/s. given that the nominal frequency

error with no interference is about 1.1 m/s.

Erequency Error and Correlator Power Output:

Figure 60 shows frequency error as a function of COP for all 7 interference types.
Frequency errors remain below the 1.5 m/s threshold as COP decreases. until after the
COP threshold at 12.9 dB. Beyond this point. frequency error increasingly grows with
decreasing COP. The fastest rate of increase occurs for CW at L1 + 1KHz. indicating that
frequency error responds faster to increasing CW while COP does not respond as fast.
This is to be expected since CW at L1 + | KHz is coherent interference on a weak spectral
line. and therefore does not contribute much to the post correlation interference power (see
discussion in section 3.5). The carrier tracking loop is nonetheless particularly susceptibie

to CW interference. and hence rapid growth in the frequency error versus COP curve.

Note from the figure that using the same threshold as with pseudorange error monitoring.
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there are no missed detections. This result verifies that our earlier conclusions for
pseudorange error monitoring using COP will indeed perform successfully for a receiver
with a carrier aided tracking loop. since frequency errors remain below the protection limit

within the same regime of COP values as with pseudorange errors.

Frequency Error and the Variance of Correlator Power Output:

Figure 61 shows frequency error as a function of the variance of COP for all 7 interference
types. This figure follows a similar pattern as with COP. however with a larger cluster of
points in the OK and false alarm regions. Again. CW at L1 + 1KHz draws the most
significant response. Notice again that there are no false alarms using the same threshold

for COP-G as with pseudorange error monitoring.

Frequency Error and Carrier Phase Jitter:

Carrier phase jitter shows similar characteristics with COP-c. with a dense cluster in the
OK region. and an maximum slope for CW at L1 + 1KHz (Figure 62). More importantly
there are again no missed detections using the same carrier phase jitter threshold as with

pseudorange error monitoring.

Erequency Error and AGC Gain:

Frequency error as a function of AGC gain is shown in Figure 63. for all 7 interference
types. Notice the vertical line for signal attenuation. indicating that AGC gain is not
sensitive to attenuation in a single signal. as discussed in section 5.5. This behavior is
similar to that for pseudorange. The other 6 interterence types all remain below the
frequency error protection limit. until more than I AGC unit after the selected AGC

threshold.

This set of results verify the performance of our test statistics in a carrier aided code loop
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environment. thereby lending confidence to the use of our test statistic in both non- and

carrier aided code tracking loops.
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Pseudorange Error vs Correlator Output Power
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Pseudorange Error vs Carrelator Output Power Variance
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Figure 56: Pseudorange Error as a function of Correlator Output Power
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Pseudorange Error vs Carrier Phase Jitter
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Pseudorange Error vs AGC Gain
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Figure 58: Pseudorange Error as a function of AGC Gain for AWGN. CW,
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Pseudorange Error vs AGC Gain for a Fast Acting AGC
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Figure 59: Pseudorange Error as a function of AGC Gain for a fast acting
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Frequency Error vs Correlator Output Power

14— x - T T T
* = AWGN (red)
. _ » 0o =CW (red)
- o = Pulsed CW {(blue)
‘ -~ + = Attenuation (red)
10+ S oo e = CW, TkHZ offset (green)
. Successful . x = CW, 7kHz offset (green)
T Detection - -
5 8- .
] -
S 6~ . .
g °© x X Missed
w o 5O - Detection
4=
2t
False
Alarm
0
-10 -5

Correlator Output Power (dB)

Figure 60: Frequency Error as a function of Correlator Output Power for
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Frequency Error vs Correlator Output Power Variance
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Figure 61: Frequency Error as a function of Correlator Output Power
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Frequency Error vs Carrier Phase Jitter
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Frequency Error vs AGC Gain
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5.7 Bench Test Results

Bench testing was performed to verify the software simulation. With hardware 1t was not
possible to have the same degree of accessibility to truth data as with the software
simulation. The receiver under test was 2 GEC Plessey GPSCard. which. while providing
excellent access to correlator outputs, does not provide access to the AGC gain values.

Therefore the validity of AGC gains was not verified with the bench tests.

True pseudorange error was also not readily observable with a real receiver. Therefore to
validate the simulation. comparisons were made of three of our candidate test statistics:
correlator output power. variance of correlator output power. and carrier phase jitter. as a

function of interference power.

A challenge with hardware tests is to determine the true thermal noise floor of the receiver.
and therefore to determine the correct C/N,. The GPS simulator used provides the ability
to scale the output power of the GPS signal, however it has no absolute reference. all
scaling is relative. In addition. the true power of the interference signal at the input to the
GPS receiver RF front end was difficult to determine with precision. since the equipment
used to generate interference did not have power calibration. and also due to signal
attenuation through a number of subcomponents, including RF cables. signal combiner.

switches and amplifiers.

To overcome these challenges. the thermal noise floor of the receiver under test was
inferred from its correlator power output plots, as the power level in the absence of
interference. The thermal noise floor of the software simulation was then adjusted to this
observed noise floor. Thus the nominal correlator output power. in the absence of

interference. were equivalent for simulation and bench test.
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Also the absolute power of the applied interference was inferred from: the interference
power levels required to cause loss of lock of the receiver under test. and the interterence
power levels required to cause a deviation of observed test statistics from nominal noise
floor values. The latter data point marks the C/(N +I,) value at which interference power
level is comparable to the noise floor. This enabled the evaluation of C/(N +I)) for bench

test results. The complete set of bench test results are shown in Appendix B.

Figures 64, 65 and 66 show bench test results for AWGN and CW. Superimposed on
these plots is a single software simulation run for the same type of interference. with noise
floor similar to that for the receiver under test. Simulation results are shown as the solid
line with asterix points for AWGN tests (Figures 64a, 65a and 66a), and the solid line with
circled data points for CW tests (Figures 64b. 65b and 66b). Receiver thermal noise floor
and absolute interference levels can be inferred from the nominal COP values and the knee

in these plots.
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Figure 64: Bench test results for Correlator Output Power vs. C/(N +[)

(a) Correlator Output Power vs. C/(N,+I)) for AWGN. 16 Bench test runs
with 1 simulation run superimposed.

(b) Correlator Output Power vs. C/(N,+I,) for CW at L1. 2 Bench test runs
with 1 simulation run superimposed.
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Figure 65: Bench test results for Correlator Output Power Variance vs.
C/(N_+1)

(a) Correlator Output Power Variance vs. C/(N +l,) for AWGN. 16 Bench
test runs with 1 simulation run superimposed.
(b) Correlator Output Power Variance vs. C/(N +I ) for CW at L1. 2 Bench
test runs with 1 simulation run superimposed.
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Figure 66: Bench test results for Carrier Phase Jitter vs. C/(N_+1,)

(a) Carrier Phase Jitter vs. C/(N_+I,) for AWGN. 16 Bench test runs with 1

simulation run superimposed.
(b) Carrier Phase Jitter vs. C/(N,+I) for CW at L1. 2 Bench test runs with
1 simulation run superimposed.
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The results show a close match between simulation and bench test results. Simulation
results for COP in the AWGN tests lie within bench test values. The simulation values for
COP variance and carrier phase jitter also follow bench test results closely. and coincide
with a number of bench test points. AWGN tests show the simulation as loosing lock
earlier than the bench tests. However due to the step in bench test loading, the precise
point of loss of lock for the receiver under test is known loosely between a C/(N +[ ) value

of 23 dB-Hz and 12 dB-Hz. which is consistent with the simulation.

CW tests also show a similarity between simulation and bench tests. Correlator output
power degrades with increasing CW interference until loss of lock occurs at a C/(N_ +1))
value of 31 dB-Hz for bench tests. Simulation results continue to degrade until loss of lock
at a C/(N_+L ) of 26 dB-Hz. Variance in COP for bench test results shows a higher value
of about 2 dB than for simulation. above the noise floor. This may be due to inaccuracies
in modeling the noise floor. as may be seen from the slightly different noise floor levels

(Figures 64b and 65b).

Carrier phase jitter shows a close match between simulation and bench tests for CW
interference: bench test data points follow closely with simulation values until the receiver

under test looses lock at a C/(N +1) value of 31 dB-Hz.

5.8 Conclusions

The performance of four selected test statistics is summarized in Table 12. Correlator
output power has been shown to demonstrate the most robustness to variations in fype of
interference, with a normalized slope range of 0.64. It is most sensitive to coherent CW on
strong spectral lines. Conversely. it is least sensitive to CW interference on weak spectral

lines. The correlator output power variance and carrier phase jitter both have a large NSR.
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Table 12: Comparison of Test Statistic Performance

Correlator Correlator Carrier Phase AGC Gain
Output Output Jitter
Power Power
Variance

Normalized 0.64 2.39 2.69 7.57
Slope Range (0.51%)
Greatest CW at Signal Signal Pulsed AWGN
sensitivity L1+7KHz Attenuation Attenuation Interference
Least CW at CW at CW at Signal
sensitivity L1+1KHz L1+[KHz L1+1KHz Attenuation

indicating that they are less robust than correlator output power. However they are most
sensitive to a different form of interference : multipath and signal blockage which cause
attenuation in the tracked signal power. AGC gain shows minimal sensitivity to signal
attenuation. It has an NSR of 7.57. which drops to 0.51 when the insensitivity to signal
attenuation is excluded from the computation. AGC gain shows the largest sensitivity for

pulsed interference.

The greatest reliability can be achieved. with maximum robustness by using a combination
of correlator output power and its variance. along with data bit parity checks to detect loop
capture. Inclusion of carrier phase jitter adds some redundancy and thus extra safety, but
may also increase the occurrence of false alarms. The simultaneous use of multiple test
statistics in this manner provides an overall solution with greater reliability and robustness
than with the use a single statistic. since some statistics exhibit maximum sensitivity to

types of interference to which others are least sensitive.

AGC Gain. due to its minimal sensitivity to signal attenuation has the potential to provide

the additional information on type of interference. This is achieved by comparing its output
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to the other three test statistics. A large deviation for the other three test statistics occurring
coincidentally with minimum or no deviation in AGC gain would indicate the tracked signal

is being attenuated. A fast AGC would also discern pulsed interference for this same

reason.

¢ AGC Gain has normalized slope range of 0.505 when its minimal sensitivity to signal attenuation 1s
excluded from the computation.
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Chapter 6

PSEUDOLITES TO MITIGATION SERVICE OUTAGES DUE TO
INTERFERENCE

6.1 Introduction

Up to this point methods for detecting interference have been discussed. By early detection
of interference. the integrity of GPS is enhanced. However integrity monitoring does not
enhance signal availability. Indeed it may actually adversely affect continuity. given the
false alarms that accompany any detection scheme. For continuity-critical applications such
as aircraft landing. it becomes necessary to enhance the continuity of GPS, in addition to

protecting system integrity.

In this section we address the availability and continuity of the GPS signal. Interference
mitigation techniques are presented based on the use of pseudolites.  Airport-located
pseudolites (APLs) mitigate interference by providing a strong clean signal robust in the
face of interference. APLs also enhance the geometry of the GPS system. providing for a

better navigation solution that is robust against satellite outages [20].

Use of pseudolites is not without its draw backs. Chief among these is the near-far
problem. The range of a user to the pseudolite varies greatly. whilst range to GPS satellites
remains fairly constant. Therefore power received from the pseudolite will also vary
greatly. and will jam the receiver at close ranges. The very pseudolite that was intended to
mitigate interference could therefore become a source of interference. This chapter also
presents signal designs for pseudolites that would mitigate the near-far problem through the

use of spread spectrum and time division multiple access methods.
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6.2 Interference Mitigation Though Use of Airport Pseudolites

Pseudolites are ground-based transmitters. emitting a GPS-like signal usually on L1. The
concept of using pseudolites is certainly not new. There has been a lot of recent interest in
pseudolites. usually as a form of augmentation for differential GPS. Lawrence. et. al. and
Pervan, et. al. proposed the use of hyperbolic APLs [16], {17] and [18]. Integrity beacons
have been proposed by Cohen. et. al. [19] to provide high precision with integrity. A. J.

Van Dierendonck suggests the use of pseudolites for marine navigation [36].

While the role of pseudolites in augmenting GPS accuracy is well established. it is also
true that pseudolites play a role in mitigating interference. Airport located pseudolites will
not only extend the accuracy and integrity of GPS. but also show the potential to enhance
system availability and continuity. The following covariance analysis illustrates the

benefits of APLs in this role.

6.2.1 APL Covariance Analyses

This analyses demonstrates the interference mitigation benefits from one and two APLs.
Consider an aircraft on approach to an airport on a 3-degree glide slope, as shown in
Figure 67. The aircraft is located at a horizontal distance of 600 m from runway threshold.
and at a height of 30 m. The first pseudolite. APLI. is located at the runway threshold.
APL?2 is located 1200m further down the runway. The latitude and longitude of this airport
are selected to coincide with the coordinates of San Francisco International airport. This
analysis will consider GPS availability and system accuracy. under varying interference
conditions. over a period for 24 hours. for a healthy 24 satellite GPS constellation. and for

a 2 1-satellite constellation (3 failed satellites).




Figure 67: Interference Mitigation Scenario: An Aircraft on a 3-degree
approach path

The following definitions are made:

az' : azimuth of i" satellite, as perceived from aircraft;

el : elevation of i satellite, as perceived from aircraft;

The geometry matrix for visible satellites at any snapshot in time is given by [20]:
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where: x'. v'. and z' are the along-track, cross-track and vertical displacements of APL,

from the aircraft. and ¢ is the range of APL, from the aircraft:

r' =\/(xi)2+(yi)2 +(z")* (6.2.1.2)

From Figure 67, for an east-north-up coordinate axis centered on the aircraft, the pseudolite

positions are given by:

x'y'z'] = [-600. 0. -30]
x*y*z'] = [-1800. 0. -30] (6.2.1.3)
The 2-sigma vertical accuracy is given by [1]:
T . -1
26, = 2\j[(GTPp"G) } (6.2.1.4)

where P, is the covariance matrix of range measurements.

Assuming that measurement errors are independent across satellites. and no APLs are

. - . . - . 2
operating, P, is given by the diagonal matrix with elements o7 [20]:

s
5 d(cT )" BWL j_sided L+ 2 (6.2.1.5)

Oy =
P 1 K k
5 C,(el™) (2-d) C(el™) Toare
| N, +1, N, +1,




where d = correlator spacing = 0.1 for this analysis:

T. = C/A code chip width. = lus

BW{ |_queg= !-sided tracking loop bandwidth. = [/50 Hz

T.... = squaring loss. from early minus late power detector. = 1/50

square
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Cx(elk ) = carrier power of satellite k. which is a function of the elevation angle el*.

Cx is obtained empirically from a curve fit to observed data. This curve fit is shown in

Figure 31.

With one APL turned on, with a pulse duty cycle. o. of 10%. the measurement covariance

matrix is given by [20]:

"
o1 =

BW; _
d(CTc )2 L.1-sided

l—a

Diagonal elements for all visible GPS satellites:

5

,
o1

» BW; _g
d(CTc)... L;lx stded

5 C (el
N, +1,

' k
(2—d)(cf(el )}
N, + [,

Diagonal element for single APL:

I+

9

7(@”@1“)]

N, +1,

CAPLel®))

N, + [,

(6.2.1.6)

C*™ is the pseudolite signal power, assumed to have equal strength with GPS satellites for

a user 10 km away. The additional 1/3 term accounts for pseudolite signal multipath.

When both APLs are in use. it is assumed carrier phase ranging to the APLs is used. as

two APLs can be configured to provide hyperbolic lines of position [1]. [18]. Each APL

has a duty cycle of 10%. resulting in a 20% total duty cycle as observed by GPS signals.

The measurement covariance with both APLs in use is given by [20]:
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" Diagonal elements for all visible GPS satellites: ]
|
2 L.1-sided |
2 _ dicte) -2 2 ‘
o= C (el*) ' C (el®) |
2 = (2-d) = quuurc 1
N, +1, | N, +1I, |
P, = Diag (6.2.1.7)

Diagonal elements for each APL:

( A )" BWc i-sided

9 21t (04 1 bl

Cr = , 1+ _ +0.022-
2 ———'——NO N IO ] -L‘ Nc + Io square |

with BW_, ., = Costas loop carrier tracking bandwidth. = 10 Hz

With carrier tracking. multipath for the APLs is set at 0.022m standard deviation.

Interference is varied from the nominal receiver noise floor value of N = -200.5 dBW/Hz
up to a peak value N +[ =-170.5 dBW/Hz. to give a C,.../(No+lo) range of 50 dB-Hz to

20 dB-Hz for C =-150.5 dBW.

zemth —

Satellite orbits are propagated using ephemerides from a real GPS almanac file. A 5 degree
elevation mask is used to determine visible satellites. Results are shown in Figures 68. 69
and 70 for a healthy GPS constellation of 24 satellites, and in Figures 71. 72 and 73 for the

case of 3 satellite failures (21 satellites).

6.2.2 Results of APL Covariance Analyses

For an aircraft on approach. we will use the same 2 m protection level discussed in the
earlier sections of this work: if GPS accuracy degrades beyond 2 meters. the system is
declared unavailable. Figure 68 shows vertical accuracy for a DGPS-only user (no APLs).
with 24 healthy satellites. With minimal interference. the general solution is good. over the

entire 24 hours. Accuracy does not degrade beyond 2m. which gives 100% availability.
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As interference power increases however. GPS-only accuracies degrade rapidly. unul at an
interference level equivalent to C,,,,/N, = 27 dB-Hz. (C/N_ at satellite zenith). GPS only
accuracy is degraded beyond the 2 m level 100% of the time. giving a 0% availability.
Comparing this with Figure 69 (IAPL + GPS). and Figure 70 (2APLs + GPS) shows the
APL enhancement in GPS accuracy and availability : as interference increases. there is less
degradation in accuracy for the case of 1 APL. and even better performance is obtained
with 2 APLs. The enhancement is highlighted in Figure 74. which gives GPS availability
as a function of interference for this same 2+ satellite 24 hour configuration. This figure

shows that at C,_ /N, =27 dB-Hz. augmentation of stand-alone GPS with 1 APL boosts

zenuth/
system availability from zero percent to 82%. Adding a second APL will result in 100 %
system availability! This enhancement results from: the added accuracy available with the

carrier tracked APLs. the augmented GPS geometry. and the peak amplitude of the APL

signals. relative to interference.
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Figure 68: Vertical Accuracy over 24 hours and over 30 dB interference
power range, for a DGPS-only User at San Francisco International Airport.
Full GPS Constellation of 24 satellites are available
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2Sigma-V over 24hrs at SFO : 1 APL; 24 SV Constellation
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Figure 69: Vertical Accuracy over 24 hours and over 30 dB interference
power range, for a 1 APL + GPS User at San Francisco International
Airport. Full GPS Constellation of 24 satellites are available
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Figure 70: Vertical Accuracy over 24 hours and over 30 dB interference
power range, for a 2 APLS + GPS User at San Francisco International
Airport. Full GPS Constellation of 24 satellites are available
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Vertical Accuracy over 24 hours and over 30 dB interference
ser at San Francisco International Airport.

Figure 71:
leaving only 21 healthy

power range. for a DGPS-only U
Analysis assumes a 3 GPS satellite failure.
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Figure 72: Vertical Accuracy over 24 hours and over 30 dB interference
power range, for a 1 APL + GPS User at San Francisco International

Airport. Analysis assumes a 3 GPS satellite failure. leaving only 21 healthy
satellites
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2Sigma-V over 24hrs at SFO : 2 APLs: 21 SV Constellation
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Figure 73: Vertical Accuracy over 24 hours and over 30 dB interference
power range, for a 2 APLS + GPS User at San Francisco International
Airport. Analysis assumes a 3 GPS satellite failure. leaving only 21
healthy satellites
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GPS Availability over a range of Interference Vaiues, 24 SVs available
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Figure 74: GPS Availability over 24 hours for a User located at San
Francisco, 24 Healthy Satellites
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GPS Availability over a range of Interference Values, 21 SVs available
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Figure 75: GPS Availability over 24 hours for a User located at San
Francisco, 3 satellite failure (21 Healthy Satellites)
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With a triple satellite failure. standalone GPS degrades rapid with interference. as can be
seen from Figure 71. Although the three failed satellites are selected randomly. the failures
produce a period around noon with only four satellites in view that have poor geometry.
During this brief period the vertical accuracy degrades beyond 100 m. Comparing this with
the worst case values for the I APL (Figure 72) and the 2 APL case (Figure 73). worst
case vertical accuracies are 24m and 2.7m respectively. GPS availability plots are shown
in Figure 75. for all slices of interference across the 24 hours plots for this 21 satellite
constellation case. Once again the APL augmented cases hold out with higher levels of
GPS availability over severe interference. even when stand-alone GPS availability drops to

Ze10

This demonstrates the APL enhancements to GPS accuracy. continuity and availability. in

the face of strong interference. and also in the event of satellite outages.

6.3 Pseudolite Signal Design

6.3.1 Introduction

We have seen that APLs mitigate interference by virtue of their large peak power relative to
the interference power. However we must still design the APL signal such that it does not

interfere with GPS.

The major problem with the use of pseudolites. the 'near-far’ problem. arises because of
the large variation of the user-to-APL range. The average power being received from the
GPS satellites remains approximately constant due to the large distance of the satellites
from users. The pseudolite power on the other hand. varies a great deal. inversely
proportional to the square of the user’s distance from the pseudolite. and can overwhelm

incoming GPS satellite signals.



130

The near/far problem varies in severity for different applications of pseudolites. It is most
severe when pseudolites are used for terminal-area-data-broadcast. since its service area 1s
widest. A signal being received by a user 50km away from the pseudolite would become
60 dB stronger when the user is only 50 m away. On the other hand an aircraft on a
precision approach would experience a 45 dB APL/satellite power ratio, if the APL signal
were acquired with equal strength as the GPS satellite's. 10km from start of runway. and
the aircraft flew a 3-degree glide slope directly over an APL located 1000m from runway

base (see Figure 76 below).
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Figure 76: Pseudolite/Satellite Maximum Power ratio vs. Pseudolite
Acquisition Distance for an Aircraft on a 3-degree Glide Slope assuming
Closest Distance is 50 meters

If the same aircraft were to acquire the APL signal 5 km from runway threshold. the

maximum APL/satellite power ratio experienced would be 38 dB.

For APL-aided carrier phase ambiguity resolution in the Integrity Beacon Landing System

(IBLS) implementation of aircraft high precision approach [19]. the APL provides a
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‘bubble’ through which the aircraft must pass to resolve carrier cycle integer ambiguities

[25].

The size of this bubble is limited by the near/far problem. Figure 77 shows the maximum
size of an APL ‘bubble’ if the APL transmits a C/A code. This figure is based on the 24dB
signal-to-interference (S/I) margin inherent in length 1023 Gold codes. and on receivers
that require a 10dB minimum S/ margin for operation. For the IBLS system. it is

desirable to increase the size of the APL bubble.
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Figure 77: Near-Far Problem with Pseudolite located 1KM from Runway
Threshold

The APL signal should be designed to minimize interference to non-participating receivers.
as well as to participating receivers. A non-participating receiver is a GPS receiver which
is not re-designed or modified in any way to receive or ignore the APL signal. Therefore to
guarantee the efficient operation of this class of receivers in the vicinity of an APL. effort
should be focused primarily on the design of the APL signal. rather than the redesign of
specific receivers. This approach is adopted for this work. It is desirable also to have the
APL signal compatible with existing receiver designs. and minimize cost of integration into

participating receivers.
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Figure 7 shows the signal processing path for a generic GPS receiver. Incoming signals
are downconverted. digitized. and fed to the correlators. A locally generated signal with
the C/A code being searched for is generated by the receiver and correlated with the

incoming signal.

C/A codes. which are Gold codes of length 1023. have a 4-valued autocorrelation function:
0 dB (perfect match). -23.9 dB. -24.2 dB. and -60.2 dB. The cross correlation function. a
measure of the level of interference from other signals. is 3-valued. with values -23.9 dB. -
24.2 dB. and -60.2 dB. With small differences in the carrier frequencies between two
signals, say due to Doppler effect. we should expect no more than a 3 dB degeneration in
cross correlation performance [32]. To minimize the near-far interference from the APL
signal, one should therefore seek to minimize the cross correlation level of the APL signal

with the GPS Gold codes.

There have been various methods proposed to solve the near-far problem. These generally
fall under three categories: FDMA (frequency division multiple access). TDMA (ume

division multiple access). and CDMA (code division muitiple access) methods.

FDMA involves placing the APL signal on a carrier frequency different from that being
used by the GPS signal (1575.42 MHz). The frequency offset may be large or small
Alison Brown [24] proposes a frequency offset of about 40 MHz by placing the APL
signal in the 1610-1626.5 MHz band. A.J. Van Dierendonck [37] suggests placing the
APL signal on the first null of the spectrum of the GPS satellite signal. an offset of
1.023MHz from the L1 center frequency. This minimizes interference from the APL
signal. However this also requires modification to current receiver designs. TDMA

involves gating the APL signal for fractions of a full duty cycle. Thomas Stansell [34]
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proposes using a 10% duty cycle by transmitting 93 out of 1023 chips each cycle of the

APL signal.

This work focuses on CDMA solutions. combined with TDMA (pulsing). CDMA methods
have the advantage of lower costs of implementation due to their high degree of
compatibility with current receiver design. In addition. they do not introduce any inter-
frequency biases in the receiver hardware. Codes of length 4092 (4x1023) at the L1
frequency band are explored. These codes are formed using length-1023 Gold codes at the
C/A code rate. 1.023MHz. Use of P-Code rate code (10.23MHz) is also investigated. It is
shown that one can achieve greater levels of signal-to-interference margin gains. while

maintaining reasonable compatibility with current receiver design.

The following section provides an analysis of random sequences. to establish our

theoretical best case CDMA pertormance as a function of code length.

6.3.2. Random Sequence Analyses

Given two binary sequences x and v. each of length N. consisting of +1s and -ls. we

desire to know what is the RMS value of cross-correlation value. @ (7). between x and v.

The following assumptions are made about the sequences x. and y:

1) x and v are purely random sequences:
xj is independent of xj for i #j.
vi is independent of yj for i # .

i) x and v are statistically independent:

xj is independent of vj for all i. J.
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RMS(@ (1) = sqrtt E({B(D}2))

t=NTe
where O (1) = J-x(i)_\'(i+ T)dt (6.3.2.1)
=0

Tc = duration of 1 chip in seconds:

T = time offset.

For square pulses. and T = nT, equation 6.3.2.1 can be replaced with:

N-1
Br(T) = D, XD} + T)

=t}
where T is the chip offset.
Therefore:
E{(@n(?) = E{xolyt® + x1%veel? + o+ YN-12VTN-17 +

XQX|vg¥r+] +... other cross terms }
Since x and v are statistically independent:

E{xixj_vkvl} = 0 for i#j or k=l

and E{xixpo) =1 for i=j and k=l

N-1
Therefore mean(Q)_‘_w(T))2 = 21 =N
=0

and RMS(Q)_\T(T)) = V,N
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Normalized by code length. N:

VE |
RMS(@(T))= — = —
0= 73 VN

This implies that the expected rms cross correlation value between two equal length random
independent binary sequences is inversely proportional to the square root of the code

length.

For random codes of length = 1023. the expected normalized rms cross correlation value is
1/32 = 30.1dB.

By increasing code length to 2046 one would expect a 3dB improvement in cross
correlation level. A code length of 4092 (4x1023) gives an expected rms correlation value

of 36.1dB.

These results can be compared to computed values for Gold codes formed from pseudo

random sequences.

sqri(E{ {@x=(1)}2}) = sqrt{.5(-12) + 25(-652) + .25(632)}

=453 =27.1dB

This gives an expected rms value of 27.1dB, within 10% of the value predicted from
purely random code analysis. I[n addition GPS Gold codes give a worst case Cross
correlation level of 23.94dB. corresponding to the -65 cross correlation level. This
performance is expected to degrade by 3dB (to 20.94dB) when Doppler shifts in carrier

frequency are introduced [32].
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It is therefore to be expected that by using a PR code of length 4092. we would expect a

6dB improvement in cross correlation level. This is verified in the next section.

On the other hand. correlating a faster code with a slower one gives different results. Let x
be the purely random binary sequence described in the paragraphs above. and let = be
another purely random binary sequence of +1s and -1s. at a chipping rate 10 times the rate
of sequence x. As in the previous analysis x and z are assumed to be statistically
independent. The expected rms value of the cross correlation function between x and : is

given by:

RMS(D (1)) = sqrt( E{{D=(D}2} )

10.V-1
with  @e=(1)= D, x(i/10)z(i+ T)

=0

As before.
E{xixj:kq} = 0 for i#j or k=l

and E{xixjzkzi} =1 for i=j and k=l

Following similar steps as in the previous case. we arrive the result:

E{RMS(Dy ()} = — ! normalized. (6.3.2.2)

vION

Extrapolating to PR sequences. this results implies an additional 10dB cross-correlation
margin may be gained by having the APL sequence at P-code rates. and correlating for |

ms. This result gets better as the length of the APL code is extended. A 20 ms period for
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the APL sequence would be an optimal choice as this corresponds to the period of the 50
bps data modulating the C/A code. and therefore is the maximum time between decisions in
a receiver. Such a code would contain 204.600 chips. and would result in an additional

cross correlation margin gain of 13 dB for a total of 23 dB.

6.3.3 Code Realizations

This section presents a number of actual sequences to achieve the theoretical margins

discussed in the previous section.

Let x be a sequence of length 2N. formed by concatenating a single sequence from a family
of length-N Gold codes. Let v be another sequence of length 2N formed in a similar
manner as ¢ above. from a different sequence in the same length-N family of Gold codes.

Let the sign on the second half of y be reversed (see Figure 78 below).

Figure 78: Length 2N Sequences, with one have its second half switched in
sign

Then

]

—
Brp(T) = > i+ 1)=0 (6.3.3.1)
=0

!

Cross-correlating x and v with a cross correlator integration time equal to twice the duration

of the period of sequence-x (equal the period of sequence yv) would result in zero
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correlation output. or absolutely no interference (infinite dB) to signal x. assuming v is the

interfering signal.

However Doppler offsets degrade this ideal performance. With differences in carrier

frequencies of x and v equation 6.3.3.1 becomes:

IN-1
BT = 3 XDt + Dexpj2aful# 0 (6.3.3.2)

1=y

where f; is the difference in carrier frequency.

Equation 6.3.3.2. the ambiguity function. is plotted in Figure 79 using two Gold codes of
order 5 (length 31) for a frequency range of 0 to 6.5 KHz. The figure shows that for zero
frequency offset there is perfect cancellation - or zero correlation. However as the

frequency departs from zero. so does the value of the cross correlation function.

Figure 78 introduces the concept of "Switching Sequences”. A switching sequence
changes the signs of segments and/or repeats. of a given code. In the example above a
two bit switching sequence [+ -] was applied to a length 2N sequence 1o produce the
sequence v. However as is shown in Figure 79. the perfect cancellation trom this simple
switching sequence degrades when differences in GPS carrier frequencies exist. Under
normal circumstances one may expect up to + 6 KHz variation in carrier frequencies due to
Doppler. A good switching sequence would therefore produce longer sequences with good

correlation properties over both time and frequency offsets.
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Figure 79: Ambiguity Function for 2 Gold Codes of order 5 (Length 31x2,
Switch = +-)

Simulation Setup:

By using longer and more complex switching sequences it is possible to achieve low cross-
correlation over time and frequency. To verify this and to ascertain characteristics of good
switching sequences. we have exhaustively applied length-8 switching sequences to Gold
codes of order 3 (length-31). with quadruple length (4N = 124). The Gold codes were
generated from two maximal length pseudo random sequences (m-sequences). One m-
sequence was generated from a tive-stage linear feedback shift register (LFSR) with the

generating polynomial (Figure 80):

p(x) =x3 +x2 + 1

)4

Figure 80: Five Stage Linear Feedback Shift Register
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The second m-sequence was obtained by decimating the m-sequence from this polynomial
with at factor of 7. The reader is referred to the paper by Robert Gold [27] for details on
the characteristics and properties of Gold codes. and to refs. [28], [29] and [31] for more
detailed treatment of m-sequences. Each bit in the 8-bit switching sequence switches
segments of length 16 or 15 in the 124-bit sequence. The chipping rate of the composite
sequence was selected to give similar characteristics as GPS codes when correlated over O-
6.5KHz. Cross-correlation was performed over all 124-chip time offsets. and over O -

6.5KHz in increments of 35Hz.

An exhaustive analyses of the results of all possible 8-bit switches indicate that the
switching sequences which produce the best codes have low periodic autocorrelation
sidelobes. as well as low sums. This combination of properties is necessary to provide
good performance over both time and frequency. The simple switching sequence shown in
Figure 78.. "+ -". though having a low sum (+1 - | = 0). produces poor results when cross
correlation is performed over shifts in frequency (Figure 79) since it has a high

autocorrelation sidelobe.

A summary of the nominal performance (no switching sequence applied). the 4 best
performance results of cross-correlation over time and frequency. and the best cross-
correlation result over time-only, are contained in Table 13. This table shows the switching
sequence. the worst-case cross correlation peaks of each switching sequence over time and
frequency. as well as the corresponding cross-correlation peak over time-only (no Doppler

frequency shifts). The gains over nominal performance are also shown.




Table 13: Processing Gain using Length-4x31 Codes (in

Switching Over Time Only Time & Frequency

Sequence | Proc.Gain  Improved | Proc.Gain Improved
et 10.7424 0 8.28981 0
s it 15.02 +.2776 15.02 6.73019
ke 16.763 6.0206 14.4853 6.19549
et 15.02 4.2776 14.4684 6.17859
bt -t 16.763 6.0206 14.3104 6.02059
=== inf inf 10.9666 2.67679

dB)
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The best time-only cross-correlation result is the zero-interference case. or infinite dB. as
shown in Figure 79. However this performance drops to 2.67dB improvement only. when

Doppler shifts in carrier frequency are considered.

An exhaustive search was also performed using sequences based on GPS Gold codes. A
pseudolite signal was formed from four runs of an unused sequence from the GPS family
of length-1023 Gold codes. This sequence was Cross correlated with one of the 35 Gold
codes used by the GPS satellites. The results are shown in Table 14 below. The best
'worst case' gain of 5.88dB is based on the worst case time-frequency cross correlation

value. 21.3 dB. with no switch applied.

Table 14: Processing Gain using Length-4x1023 Codes (in dB)

Switching Over Time Only Time & Frequency

Sequence Proc.Gain Improved | Proc.Gain [mproved
I s 23.9392 0 21.348 0
T 29.9598 6.0206 | 27.2378  5.8898
o ——t—— 29.9598 6.0206 | 26.7108 5.3628
e s 29.9598 6.0206 26.3312 49832
bt ——— 29.9598 6.0206 | 26.3284  4.9804
bt — - inf inf 23.585 2.237

Once more the best performing switching sequences show the same characteristics as in the

previous simulation. Cross-correlation results over time only produce infinite gains in

signal to interference levels with the simple switching sequence ‘++--++--.

This
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theoretically implies absolutely no interference from an APL using this code to a non-
participating receiver. irrespective of range®. so long as there are no Doppler shifts in
carrier frequencies. With as lile as 300Hz difference in carrier frequencies. this
performance drops to nominal (23.94dB). Worst case peak over 0-6.5KHz for code

formed using this switch was 23.58 dB. 0.36 dB worst than nominal performance.

6.3.4 Pseudolite Signal Design Conclusions

Figure 81 shows the modified near-far problem for an aircraft on a 3-degree glide slope
approach, with an APL located | km from runway threshold. This figure contains the
original near-far bubble (innermost pair plotted with continuous lines). as well as the
bubbles that would result from APLs utilizing length-4092 codes at C/A code rate. and
from length 20460 codes at 10.23 MHz (both plotted with dashes). The figure shows that
the radius of the APL bubble can be doubled by an APL using a length-4092 sequence
broadcast on L1 band. A fourteen times increase in bubble radius is expected by using a

length-20460 code with a chipping rate of 10MHz.

The effect of airframe attenuation of the APL signal has not be addressed in the previous
discussions. Figure 82 shows the spherical antennae pattern for an antennae mounted on
top of a BACI1-11 aircraft. It can been seen that the aircraft fuselage attenuates GPS signals
by as much as 20dB for a transmitter directly below. This property can be an advantage in
the APL application. as it provides a natural shield to the GPS-satellite antennae mounted

on top an aircraft.

®In reality non-linearities in the receiver front end would produce interference as the APL signal power hecomes
very large.
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For an aircraft on a 3-degree glide slope, a top mounted antennae would experience a
minimum attenuation of 5dB for the signal of an APL located as shown in Figure 77. This

is the minimum expected along the chosen flight path. In reality the effect of fuselage
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shielding increases as the aircraft approaches overhead the APL. Therefore shielding from
the aircraft fuselage is expected to add at least an extra 5 dB gain over the performance of

the proposed schemes.

Taking this shielding into account the expected minimum overall performance is plotted in
Figure 81 (shown with dash-dot plot). With length-4092 sequences at C/A code rate. we
expect a minimum gain of 11 dB with a top mounted antennae for an aircraft in the
approach configuration shown in Figure 77. With length-20460 sequences at 10.23MHz

we expect a 28dB improvement.




145

Chapter 7

CONCLUSIONS AND FUTURE WORK

The first section of this chapter presents a summary of work done in this thesis. The later

section discusses options for future work.
7.1 Summary

7.1.1 Autonomous Signal Quality Monitoring

Autonomous signal quality monitoring has been demonstrated using test statistics derived
from fundamental receiver measurements. Three of these quantities. correlator output
power, the variance of correlator output power. and carrier phase jitter, are derived from
the inphase and quadrature outputs (I. Q) from the correlators, and are therefore satellite /
receiver channel specific. The fourth test statistic. AGC Gain. on the other hand is derived

from the signal digitization process. and therefore is not channel specific.

These selected test statistics have been shown to respond to interference with a measure of
consistency. as characterized by their decision test statistic slope. Correlator output power
has been shown to have the least normalized spread in slopes across different types of
interference. It therefore is least sensitive to the type of interference. and demonstrates the

most robustness of all four statistics.

The selected test statistics have been shown to complement each other. especially for the
case of signal attenuation as caused by multipath and physical blockage. Whereas AGC

gain is barely sensitive to the presence of signal attenuation, variance of correlator output
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power and carrier phase jitter are most sensitive to this type of interference. Also. whilst
correlator output power is most sensitive to coherent CW on strong spectral lines. the other

test statistics are not.

Correlator output power. when used concurrently with COP variance. along with data bit
parity checks to detect loop capture. provides greatest reliability. with maximum
robustness. Inclusion of carrier phase jitter adds some redundancy and thus extra safety.
When all used concurrently, our chosen test statistics produce a triple redundant system.
with a level of reliability and robustness to variations in types of interference. which

surpasses the performance of any one single test statistic.

When used in conjunction with the other test statistics, AGC gain provides the ability to
discern the type of interference (for pulsed interference with high peak power. and for
interference caused by signal attenuation). due to its very high and very low sensitivities 10

these types of interference respectively.

This section addressed the need for a high level of integrity, and demonstrated that by
monitoring these derived receiver parameters. the intrinsic integrity of a GPS receiver will

receive a boost.

7.1.2 Interference Mitigation via Use of Airport Pseudolites

The role of airport pseudolites in the mitigation of outages due to interference has been
demonstrated. It has been demonstrated by simulation and covariance analyses that by
augmenting with airport pseudolites. GPS stands to gain a large improvement in system

availability under interference conditions.
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Airport pseudolites have been shown to also play a key role in maintaining GPS availability
and accuracy during periods of GPS satellite outages. The pseudolite. by acting the role of
a GPS satellite. albeit ground based. ameliorates GPS system failures. Pseudolites also

enhance the geometry. providing for an overall more accurate system.

7.1.3 Pseudolite Signal Design

Designs for pseudolite signals have been presented based on code division multiple access
using concatenation to produce longer codes, which show excellent correlation properties.

both over time and frequency.

Realizations of this proposed design have been analyzed and shown to produce up to 6 dB
of extra processing gain. By implementing these codes. the effective operating range of a

pseudolite will be doubled. allowing it to service larger areas without jamming receivers.

Longer and faster sequences, P-code rate, were also proposed to further reduce cross-
correlation interference. This design now forms the basis of the adopted RTCA standard

for pseudolite signal design [38].

These proposed signals are, by design, friendly to non-participating receivers, as they rely

on methods implicitly built into every GPS receiver to minimize interference.

7.2 Recommendations for Future Work

The following is a list of potential research ideas:

. Full implementation of the suggested signal quality monitoring algorithms would

require modification to existing receiver hardware. Specifically software access to AGC
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gain values would be needed. Also signal quality monitoring by computation of the
proposed test statistics would likely be processor intensive if implemented directly on the
receiver CPU. Therefore special digital signal processors may be needed. A project option
may be to explore avenues to realize these designs using existing receivers. and/or new

components.

. Due to limitations in the capability of hardware used. full calibration bench test
results were not performed. A project idea may be to design a well controlled test facility to

serve for the verification of this and future integrity algorithms.

. [t may be possible to combine all four proposed test statistics into a single one.
using some form of a truth table. The performance of this composite test statistic can then

be examined and optimized to produce test metric with very high reliability and robustness.
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Appendix A

Simulation Results

This section contains more detailed plots showing a cross section of simulation results for a
GPS receiver subjected to various types of interference. The table below provides a guide

to the nomenclature used to classify results in this section.

Interference Type Description
Group Number

Run 501 AWGN, 0 to 40 dB NSR

Run 502 CW Interference at L1, 0 to 40 dB JSR

Run 503 Pulsed AWGN, 150 dB, 0 to 100 % duty cycle

Run 504 Pulsed CW Interference at L1, 150 dB, O to 100 % duty cycle
Run 505 Signal Attenuation, 0 to 24 dB

Run 506 CW Interference at L1 + 1 kHz, 0 to 40 dB JSR

Run 507 CW Interference at L1 + 7 kHz, 0 to 40 dB JSR

The first section of appendix A provides a comprehensive summary of all simulation runs.
for all seven interference type groups. Plots in this section are labeled in the format :
Run XYZ.all.a through f,

where XXX = interference group number = 501, 502, ...507
Within each group. plots ‘a’ through *f show COP, COP-c, carrier phase jitter, AGC

gain, pseudorange error and frequency error respectively, across the entire range of applied

levels of the specified type of interference associated with the run.

The second section of appendix A provides detailed results for specific runs within each

interference type group. Each page in this section shows the time history for a single run at




150

a single power level (or duty cycle) of a specified interference type. This permits the reader
to see not only the behavior of the receiver over time as it is subjected to step loading of
interference. but also to observe the degradation in performance as the level of interference
is increase. To minimize bulk. only a few of these plots are included. taken at close to
regular intervals of interference loading (e.g. plots are shown for AWGN interference
power levels of 0 dB. 10dB. 20dB. etc). Results just prior to. and after. loss of lock are

usually included.

The detailed plots are labeled as follows:
RUN XXX.YY.a through f.
where XXX = interference group number = 501. 502. ...507
YY = Interference power level index = 1. 11. 21, ... (=0dB. 10 dB, 20dB...)
Plots a through f show time histories of COP, carrier phase. pseudorange error. carrier

phase jitter. AGC, and frequency error respectively.
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Run 501 21. AWGN @ NSR=20 ¢B: Corretator Qutput Power aver Time
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Aun 501 39 AWGN @ NSRa33 dB. Carner Phasor over Time

Aun 501 39, AWGN & NSR=38 dB: Correlator Quiput Power over Time
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Run 502.1. CW @ JSR=0 dB. Comeiator Qutput Power over Time
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Figure 502.1.a: Correlator Output Power,
0dB CW Interference
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Figure 502.11.a: Correlator Output Power,
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Run 502 11. CW @ JSR«10 dB. Camer Phasar over Time
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Aun 502 21. CW @ JSR220 d8; Correlator Output Power over Time
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Figure 502.21.a: Correlator Output Power,
20dB CW Interference
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Figure 502.31.a: Correlator Output Power.
30dB CW Interference
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Figure 502.31.c: Pseudorange Error, 30dB
CW Interference

Aun 502.31. CW © SFR=30 dB. AGC Gan over Time

B/
S
0t / N
7
/
25F /
3 /
)
Eof /
5
ERETS -
Q
=
a
~
1of -
{
i
5+ /
!
V
at
Q 1 2 a 4 5 é
Time (3)

Figure 502.31.e: AGC. 30dB CW
Interference

167

Aun 502 31 CW @ JSR=30 ¢B. Camer Phasor over Time

Phase (dugtods)

3 < 3 s
Tima (3)
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Run 502.32. CW @ JSR=3t dB: Comrelator Cutput Power over Time
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Figure 502.32.a: Correlator Output Power,
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RAun 503 1. Puised AWGN @ Duty Cycle=0 Correlator Qutput Power aver Time

Cortetator Output Powat (J8)
v
PR

-10 F,
Ie
15 F
20} :
Q 1 2 1 4 5
Time (3)

Figure 503.1.a: Correlator Output Power,
0% Pulsed AWGN Interference duty cycle
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Qun 503 1. Puised AWGN @ Duty Cycle=0 Camer Phasor over Time
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Figure 503.1.b: Carrier Phase, 0% Pulsed
AWGN Interference duty cycle
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Figure 503.1.c: Pseudorange Error, 0%
Puised AWGN Interference duty cycle
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Aun 503 11, Puised AWGN @ Duty Cycle=20 Cometatr Output Power over Time
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Figure 503.11.a: Correlator Output Power.
20% Pulsed AWGN Interference duty cycle
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Pulsed AWGN Interference duty cycle
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Figure 503.11.d: Carrier Phase Jitter, 20%
Pulsed AWGN Interference duty cycle
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Run 503 21. Puised AWGN € Duty Cycle=40 Corretator Cutput Power aver Time
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Figure 503.21.a: Corrglzzor Output Power.
40% Pulsed AWGN Interference duty cycle
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Figure 503.21.c: Pseudorange Error, 40%
Pulsed AWGN Interference duty cycle
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Figure 503.21.e: AGC. 40% Pulsed
AWGN Interference duty cycle
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Run 503.21. Pulsed AWGN @ Duty Cycle=40 Camer Phasor over Time

vy

Phase (dugreos)
=
v o
?

8

2 1 < 5 L]

Figure 503.21.b: Carrier Phase, 40%
Pulsed AWGN Interference duty cycle
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Figure 503.21.d: Carrier Phase Jitter. 40%
Pulsed AWGN Interference duty cycle
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Run 503.31, Pulsed AWGN @ Duty Cycle=60 Corraiator Output Power over Time

Run 503 31, Puised AWGN @ Duty Cycle=60 Camer Phasor aver Time
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Figure 503.31.a: Correlator Output Power,
60% Pulsed AWGN Interference duty cycle
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Figure 503.31.b: Carrier Phase, 60%
Pulsed AWGN Interference duty cycle
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Figure 503.31.c: Pseuzinslr)ange Error. 60%
Pulsed AWGN Interference duty cycle
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Run 503 41. Puised AWGN @ Outy Cycle=80 Cormeiator Output Power aver Time
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Figure 503.41.a: Correlator Output Power.
80% Puised AWGN Interference duty cycle
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Figure 504.21.a: Correlator Output Power.
40% Puised CW Interference duty cycle

Run 504 21. Puised CN O Duty Cycle=240 Pseudorange Esror over Tume

177

Aun 504 21, Puised CW @ Duty Cycle=40 Camer Phasor aver Tune

Phase (tegises)

J ‘ 2 1 < 3 4
Time (s}
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Appendix B
Bench Test Results

This section contains time histories of bench tests performed on a GEC Plessey GPS

receiver, as described in section 4.4. For each test, there are 11 sets of plots, labeled as:
Figure XYZ.a ... ]

where XYZ is a three digit unique identifier for each test. XYZ=401. 402, ...409 for

AWGN tests. and XYZ=421. 422, ...429 for CW interference tests.

The suffixes a through j are plots described as in the table below:

" Plot " Description
Suffix
a COP vs. Time
b COP vs. Applied Interference Power Setting
¢ COP-o vs. Time
d COP-o vs. Applied Interference Power Setting
e Carrier Phase Jitter vs. Time
f Carrier Phase Jitter vs. Applied Interference Power Setting
g Horizontal Position Error vs. Time
h Vertical Position Error vs. Time
i Estimated Pseudorange Error vs. Time
J Number of Tracked Satellites vs. Time

k Applied Interference Power Setting vs. Time
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Bench Tests AWGN#1. Correlator Cutput Power vs Time Sench Tests AWGNS! Comalator Output Power vs Apphed Intertemce Power
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Figure 401.a: AWGN Bench Test: Figure 401.b: AWGN Bench Test:
Correlator Output Power vs Time Correlator Output Power vs Applied
Interference
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Figure 401.c: AWGN Bench Test: Figure 401.d: AWGN Bench Test:
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Applied Interference
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Figure 401.g: AWGN Bench Test:
Horizontal Position Error vs Time
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Figure 401.i: AWGN Bench Test: Estimate
of Pseudorange Error vs Time
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Figure 401.k: AWGN Bench Test:
Interference Load Settings vs Time

201

Bench Tests' AWGN#1. Verncal Positon Error vs Time
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Figure 401.h: AWGN Bench Test: Vertical
Position Error vs Time
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Figure 401.j: AWGN Bench Test: Number
of Tracked Satellites vs Time
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Figure 402.a: AWGN Bench Test:
Correlator Output Power vs Time
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Figure 402.c: AWGN Bench Test:
Correlator Output Power Variance vs Time
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Figure 402.e: AWGN Bench Test: Carrier
Phase Jitter vs Time
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Figure 402.b: AWGN Bench Test:
Correlator Output Power vs Applied
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Figure 402.d: AWGN Bench Test:
Correlator Output Power Variance vs
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Figure 402.g: AWGN Bench Test:
Horizontal Position Error vs Time
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Figure 402.i: AWGN Bench Test: Estimate
of Pseudorange Error vs Time
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Figure 402.k: AWGN Bench Test:
Interference Load Settings vs Time
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Bench Tests AWGN#2. Verncal Postion Esror vs Time
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Figure 402.h: AWGN Bench Test: Vertical
Position Error vs Time
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Bench Tests: AWGNSQ, Corretator Output Pawer vs Time
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Figure 403.a: AWGN Bench Test:
Correlator Qutput Power vs Time

Banch Tests: AWGN#3, Correiator Output Pawer Vanance vs Time

I3
E

wn
n

»
[ w

Stnhin saubiunes ammins el SRR
o

s

Carretator Output Power Variance (d)
w
w th t
e 8

400 405 310 115 420 125
Tune (3)

Figure 403.c: AWGN Bench Test:

Correlator Output Power Variance vs Time
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Figure 403.d: AWGN Bench Test:
Correlator Output Power Variance vs
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Figure 403.g: AWGN Bench Test:
Horizontal Position Error vs Time
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Bench Tests AWGNS4. Correlator Quiput Power vs Time Bench Tests. AWGNS4_ Correlator Output Powar vs Apphed interfernce Pawer
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Figure 404.g: AWGN Bench Test:
Horizontal Position Error vs Time
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Figure 404.k: AWGN Bench Test:
Interference Load Settings vs Time
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Figure 404.h: AWGN Bench Test: Vertical
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Bench Tests: AWGNSS. Corretator Output Power vs Time
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Bench Tests AWGNSS. Vertcal Positon Error vs Time
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Figure 405.1: AWGNhgc(:shch Test: Estimate
of Pseudorange Error vs Time
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Figure 406.2: AWGN Bench Test:
Correlator Output Power vs Time
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Correlator Output Power vs Applied
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Figure 406.i: AWGN Bench Test: Estimate
of Pseudorange Error vs Time
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Bench Tests AWGNs7. Corrstator Qutput Power vs Time
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Figure 407.a: AWGN Bench Test:
Correlator Output Power vs Time
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Figure 407.g: AWGN Bench Test:
Horizontal Position Error vs Time
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Figure 407.h: AWGN Bench Test: Vertical
Position Error vs Time
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Figure 407.i: AWGN Bench Test: Estimate
of Pseudorange Error vs Time
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Bench Tests. AWGNsS_ Correlator Output Power vs Time Sench Tests AWGN28. Correlator Quiput Power vs Apphed Interfamce Power
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Figure 409.a: AWGN Bench Test:
Correlator Output Power vs Time
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Figure 409.c: AWGN Bench Test:
Correlator Output Power Variance vs Time
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Figure 409.g: AWGN Bench Test:
Horizontal Position Error vs Time
Banch Tests: AWGN#9: Esnmated Pseuaoranga Error vs Tume
>
8- .-
\gzor f,a -
3 .
g Le
.‘g 15- ;./Qq /' V.
Z >0 :
z > >
2 10+ . -
& Fani
5.’\4~ ;_% 2 -
‘\M,
%T 405 410 415 420 425 130 435 240
Time (s)

Figure 409.i: AWGN Bench Test: Estimate
of Pseudorange Error vs Time
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Bench Tests. CW#t_ Correlator Output Power vs Time
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Figure 421.a: CW Interference Bench Test:
Correlator Output Power vs Time
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Figure 421.c: CW Interference Bench Test:
Correlator Output Power Variance vs Time
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Figure 421.e: CW Interference Bench Test:
Carrier Phase Jitter vs Time

Figure 421.f: CW Interference Bench Test:
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Figure 421.g: CW Interference Bench Test:
Horizontal Position Error vs Time
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Figure 421.i: CW Interference Bench Test:
Estimate of Pseudorange Error vs Time
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Figure 421.k: CW Interference Bench Test:
Interference Load Settings vs Time
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Number of Tracked Satellites vs Time
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Figure 422.a: CW Interference Bench Test:
Correlator Output Power vs Time
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Figure 422.k: CW Interference Bench Test:
Interference Load Settings vs Time
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Correlator Output Power vs Time
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Figure 423.c: CW Interference Bench Test:
Correlator Output Power Variance vs Time
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Figure 423.i: CW Interference Bench Test:
Estimate of Pseudorange Error vs Time
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Sench Taests' CWs4: Correlator Quput Power vs Time
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Figure 424.a: CW Interference Bench Test:
Correlator Output Power vs Time
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Figure 424.c: CW Interference Bench Test:
Correlator Output Power Variance vs Time
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Figure 424.b: CW Interference Bench Test:
Correlator Output Power vs Applied
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Correlator Output Power vs Time
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Bench Tests CV/s#S. Estmated Pseudorange Eror vs Time

LS
[$9}
~J

Sench Tests C'W#5. Vertical Posiion Error vs Tune

0-
»

20r I

. .
z QM‘VG . .
2 B
= :
3
2.0. .
k.
>

20r : -

fQ-O-O

8

gy :
00 105 410 18 420 425 130 135 10
T.me s}
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Correlator Output Power Variance vs Time
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Figure 426.g: CW Interterence Bench Test:
Horizontal Position Error vs Time
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Figure 426.h: CW Interference Bench Test:
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Figure 427.a: CW Interference Bench Test:
Correlator QOutput Power vs Time
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Figure 427.c: CW Interference Bench Test:
Correlator Output Power Variance vs Time
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Figure 427.i: CW Interference Bench Test:
Estimate of Pseudorange Error vs Time
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Figure 427 k: CW Interference Bench Test:
Interference Load Settings vs Time

Figure 427.h: CW Interference Bench Test:
Vertical Position Error vs Time
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Figure 428.c: CW Interference Bench Test:
Correlator Output Power Variance vs Time
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Estimate of Pseudorange Error vs Time
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Correlator Output Power vs Time
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Appendix C

Simulation Software Code

This section contains the software code for the GPS simulation used in this study. The
entire software was written in C programming language. The following are the main

modules of the software:

GPS_SIM.C:

Contains the main() function, and core loop. including the code and carrier tracking loops.
software correlators, A-D digitizer and AGC loop. This module calls all other modules.
including the initialization routines and noise generators. This module writes output to 2
number of files: the first. “run_info.dat “, contains a comprehensive summary of the results
of all runs performed in a batch. This file is a tab delimited ASCII text file. Column

headers are written to another file, “run_infoHdr.out”. Another set of output files contain

detailed results of each run. These files are named using the format
“f_gXXcYYpZZdAAaBB.dat", where XX = AWGN power level. in dB. for the
specific run:

YY = CW interference power level, in dB, for the specific run;
ZZ = pulse duty cycle, in %, for the specific run;
AA = Doppler offset of applied CW interference, in Hz;

BB = Attenuation of tracked GPS signal, in dB:

GOLDCODE.C:
Generates signals for GPS satellites, including code and carrier. Reads in almanac from

the ASCII text file “almanac.in”, and initializes all parameters related to the GPS signal.
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INIT.C:

Performs initialization routines on code startup. initializes all global variables, setting
receiver defaults. Reads in the receiver configuration input file “rcv_spec.in”™ and
configures the receiver and noise environment as specified in the input file. Initializes all
GPS signal and receiver channel parameters. including initial code and carrier phases and
signal strengths for al! satellites in view. To add pseudolites to the simulation, simply
modify one of the broadcast satellite signals to have the desired Gold code. carrier phase
and signal amplitude. This module writes out details of the receiver configuration to the file

“rcv_spec.out”.

GAUSSIAN.C
Generates white Gaussian numbers used for creating receiver thermal noise and any applied

AWGN interference.

R250.C

Subroutine to gaussian.c, for generation of Gaussian numbers:

RANDLCG.C

Subroutine to gauusian.c. for generation of Gaussian numbers;




FILE: GPS_SIM.C.C
AUTHOR: Awele Ndili
START DATE: June 1, 1996

* GPS_Sim.c - GPS Receiver Simulation
* by Awele Ndili
* June 1, 1996

*/

¢include <stdio.h>
#include <stdlib.h>
#include <math.h>
#include <string.h>

$include "defines.h"
¢include "structs.h”
$include "funcprot.h”
¢include "globals.h”

#define dcoQuantize(x) ((x<-0.7071)2-2:((x<0.0)2-1:((x<0.7071)?21:2)))
#define QNTZPRINT
fprintf(fp_Qntszls,“%12.6f\t%l2.éf\:%l2.éf\n",AdativeQuan:izerLevell,Ad
ativeQuantizerLevel2, AdativeQuantizerlevell)

//FILE *fp_PRerr;

FILE *fp_IF4Analog:

FILE *fp_Summary:

FILE *fp_SubRunInfo;

FILE *fp_RunSchedule;

double if3FilterBuffer;

int includeSVAttenuationTMP;

s

int main ()
{

long 1i;

char fname[40]:

long dTime; //clock_t dTime;
double sqgrtl; // 970502

sqrt2 = sqQrt(2);

OPEN_FILE(fp_Summary, "run_infoHdr.out","w"); !/ Open
Output summary File
// OPEN_FILE(fp_IF4Analog,"if4_analog.dat”,"w"); // Open IF4

Output File

/* Run Summary File: run_infc.dat




()
N
o

1 Vis. SVs

2 AWGNSR_dB

3 QTZ-

4 QTZ+

5 MaxPreacqIQ2

6 MaxIQ2

7 RunTime

8 CPUTime

9 InitCodeOffiset
10 FinalCodeOffset
11 InitFreqgOffset
12 FinalFregOffset
13 FinalCorlk

14 FinalCarfrlk

15 CWISR_dB

16 Runid

17 DutyCycle

18 CWDhopplerOfisec
19 SVAttenuation
*/

fprintf (fp_Summary, "Vis. SVs\ tAWGNSR_dB\tQTZ-
\tQTZ+\tMaxPreAchQ2\:MaxIQ2\tRunTime\tCPUTime");

fprintf(fp_Summary,"\:InicCodeOffset\tFinalCodeOffset\cInitFrerff
set\tFinalFreqOffset"!;

fprintf(fp_Summary,"\:FinalCorlk\tFinalCarfrlk\tCWISR_dB\:RunId\:D
u:yCycle\cCWDopplerOffsecx:SVActenuation\n");

fclose (fp_Summary) ;

OPEN_FTLE(fp_Summary, "run_info.dac", "w");

fclose(fp_Summary) ;

initialize();
printoutGlobals(};
bg_awgr:_std_dev =
gpsSignal{0] .carrieram
OPEN_FILE(fp_Run
Schedule File

licude/sqrtZ*sqrt(pow(l0.0,EG_AWGNSR_dB/l0.0)):
chedule, "run_spec.in”,"r"); // Open Runs

// Read Varying Parameters and apply run
while(fscanf(fp_RunSchedule,"%f\t%f\t%f\c%f\t%f",&AWGNSR_dB,&CWISR
_dB,&pulseDutyCycle,&CWIncerferenceDopplerOffsec,&SV_ATTNUATN_dB)!=EOF
&& AWGNSR_dB!=-1){
sprintf(fname,"f_g%dc%dp%dd%da%d.dat",includeAWGN ?
(int)AWGNSR_dB: 99, includeCWInterference 7
(int)CWISR_A4B:99, includePULSEInterference ? (int) {(pulseDutyCycle~100) :
99, (int) CWInterferenceDopplerOf fset, includeSVAttenuation ? (int)
SV_ATTNUATN_dB : 99):
awgn_std_dev =
gpsSignal[O].carrierAmplitude/sqrtz*sqrt(pow(l0.0,AWGNSR_dB/l0.0));
// the 1.10149 factor takes into account ampl. of tracked SV
signal
cw_interference_ampl = gpsSignal(0] .carrierAmplitude *
sqrt (pow(10.0,CWISR_dB/10.0));
sv_attenuation_ratio = pow (10.0, SV_ATTNUATN_dB/10.0);




if (includePULSEInterference) {
pulseWidth = pulseDutyCycle'accumulationTime;
pulseStartWindow = accumulationTime - pulseWidth:
}

printf("*sin", fname);

OPEN_FILE(fp_SubRunInfo,fname,"w"); // Open Run
summary File

initialize();

maxPreAcquistionIQ2=maxIQ2=0;

fFor (i=0: 1<QTZHISTORY; i++}{
stableQTZlevelP[i] = O;
stableQTZlevelM[i] = 0;

}

dTime = 2; //clock();:

includeSvattenuationTMP = includeSVAttenuation;

RunTimeLoop () :

fclose ( fp_SubRunlInfo);

for (i=1l; i<QTZHISTORY; i++) {
stableQTZlevelP [0] += stableQTZlevelP[1i];
stableQTZlevelM{0] += stableQTZlevelM(il];
}

OPEN_FILE(fp_Summary,"run_info.dat","a"); // Reopens
Output summary File

fprintf(fp_Summary,"%d\t%10.4f\t%12.69\t%12.6g\t%lu\t%lu\t%12.6g\t
%ld\t%d\t%lz.Sg\c%lz.6g\t%12.6g\t%d\t%d\t%d\t%ld\t%l2.6g\t%lo.4f\t%10.4f

\n",
NumberOfSimulatedSVs, AWGNSR_d4B,

stableQTZlevel?[O]/QTZHISTORY,stableQTZlevelM[O]/QTZHISTORY,

maxPreAcquiscionIQZ,maxIQ2,COtalRunTime,(long)(O/'clock()'/-
dTime) /60,
IFB_INIT_CAOFFSET-DCO_INIT_CAOFFSET,
gpsSignal (0] .codePhase-
(CH[O].dcoCodePhaseE+CH[O].dcoCodePhaseL)/Z.O,
Init_CarrFrqurr,gpssignal[0].carrierFrequency—
CH[O].dcoCarrierFreq,CH[O].corlk,CH[O].carfrlk,(int)CWISR_dB,run_id,

pulseDutyCycle,CWInterferenceDopplerOffsec,SV_ATTNUATN_dB);
fclose (fp_Summary);

BEEP(3);
return 1;




)
5
§)

void RunTimeLoop (void)
{ int 1i;
while (realTime < totalRunTime)
{
doOneAccum() ;
CarrierTrackingLoop():

i = CH{O].1CURACCUM; // Temp

ProcAccumPhase() ;

1

if (screenPrinting)
printf(“Lock=%d\tdFreq=%8EHz\tdCode=%f\tSNR=%5.2de\tCLId-
SNR=%5.2fdB\n",CH[0] .corlk,gpsSignal[0] .carrierFrequency-
CH[O].dcoCarrierFreq,gpsSignal[O].codePhase-
(CH[O].dcoCodePhaseE¢CH[O].dcoCodePhaseL)/2.0,10'10910(CH[0].ACCUM[i].IZ
_Plus_Q2/NOISE_FLOOR_FLOAT ,lO'loglO(CH[OI.CdLI/NOISE_FLOOR_FLOAT)):

fprintf(fp_SubRunInfo,"%12.Sg\t%d\t%d\c%u\t%12.65\:%12.6£\t%12.6f\
ts1d\tsg\tg\t$8 £ \tEd\tsd\csd\csd\cslultsdin”,
realTime,CH[O].corlk,CH[O].carfrlk,CH[O].coasting,

AdativeQuantizerLevell,AdativeQuantizerLevelZ,AdaciveQuantizerLeve
13,
((long ) fmod(gpsSignal(0].codePhase, 1023))-((long)
fmod (CH(0] .dcoCodePhaseE, 1023)),
gpsSignal (0] .codePhase-
(CH[O] .dcoCodePhaseE+CH([0] .dcoCodePhaseL} /2.0,
gpsSignal[O].codeRate—CH[O].dcoCodeRace,
gpsSignal[O].carrierFrequency-CH[O].dcoCarrierFreq,

CH[O].ACCUM[i].IP,CH[O].ACCUM[i].ID,CH[O].ACCUM[i].QP,CH[O].ACCUM[
i].QD,
CH[O].ACCUM[i].I2_Plus_Q2,whichFLL});

/* Run Detail File: f_gXcXpXdXaX.dat (X = Gaussion, CW, Pulse,
Doppler, Attenuate values)
realTime
CH([O0] .corlk
CH(O0] .carfrlk
CH[O0] .coasting
AdativeQuantizerLevell
AdativeQuantizerLevell
AdativeQuantizerLevel3l
((long ) fmod(gpsSignal (0] .codePhase, 1023))-((long)
fmod (CH[0Q] .dcoCodePhaseE, 1023) )
9 gpsSignal [0] .codePhase-
(CH[O].dcoCodePhaseE+CH[O].dcoCodePhaseL)/Z.O
10 gpsSignal [0] .codeRate-CH[0] .dcoCodeRate
11 gpssignal[O].carrierFrequency—CH[O].dcoCarrierFreq

0 ~J O WV W




12
13
14
15
16
17

CH[O] .ACCUM[1]
CH(C] .ACCUMI[1i]
CH[O].ACCUM{i]
CH[O] .ACCUM(i]
CH([O].ACCUM[1]

whichFLL

*/

accumCnt +

return;

void doOneAccum({void)

{

chanstruc *chPt
accumstruc *A;

SV_Signal *aSig
int i,j,k,subSampIdx;
double endTime;

double if4SigAn
double dcoSigAn
double dcoSigAn
double dcoSigAn
double dcoSigAn
double pulseSta
double pulseEnd

double

int
int
int
int
int
int
int
int

if4Sigbhig;

dcoSigDhiglP;
dcoSigDigQP;
dcoSigDigiID;
dcoSigbhigQD;

1if3Codeldx;

dcoCodeIdxE;
dcoCodelIdxL;

.IP
.ID
.QP
.QD
.I2_Plus_Q2

+7

r;

¢

alog:

alogIP;
alogQP;
aloglD;
alogQD;
rtTime;
Time;

filterTmpBuffer;

.

I3

’

12

.

2

double noiseCarrierPhase;

// Empty out the current accumulation buffers on

for

{

A = &CHI1i
A->IP = 0;
A->QP = 0
A->ID = O;
A->QD = 0

(i=0; i<MAXCHANNELS; i++)

] .ACCUM{CH[1i].iNXTACCUM] ;

.
.
.

each channel
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endTime = realTime - accumulationTime;

i€ {includePULSEInterference;{
if (pulsePositionIsRandom) {
pulseStarcTime = realTime -
pulseStartwindow*((double)rand()'RAND_MAX);
)
else/(
pulseStartTime = realTime;

}
pulseEndTime = pulseStartTime + pulseWidth;

while ( realTime < endTime )
{
for(subSampIdx=O;subSamp:dx<é;subSampIdx+*){ «+** SubSampling
Starts here ~*~
// Get Real Sig Values (before Quantization): ifd =

cos(2*pi*fc*Time)
i£4SigAnalog=0.0;
for (i=0; i<MaxAlmanacSize: i++)
{
aSig = &gpsSignallil:
if (aSig->elevation> 3V _Elevation_MMask && aSig->prn >

0)
1 f3CodeIdx = {(int ) fmod(aSig->codePhase,
1023): // Obtain CA code indices
// Get Real Sig Values (before Quantization) :
ifd = cos(Z2*pific~Time)
Lf(goldCodeEaSig—>prn—l][ifECodeIdx])
1Z4SigAnalog -= aSig-
>carrierAmplitude'(-cos(aSig->carrierPhase));
else
if4SigAnalog += aSig-
scarrieramplitude*cos(aSig->carrierPhase )
if(i==7Q) // SV Being Tracked
noiseCarrierPhase = aSig->carrierPhase;

// Update incoming signal Code and Carrier
phases
aSig->carrierPhase -= asSig-
>twoPIfcSubSamplePeriod; //->twoPIlfcSamplePeriod; . in radians
aSig->codePhase += aSig-
>codeRateSubSamplePeriod; //->codeRateSamplePeriod; ./ in Chips
} // Shift two lines up, to update unused satellites

if (includeSVAttenuationTMP)
(// 971016 ANN - SV Signal attenuation
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(i}

(reaiTime>delayB4SVAttenuation)

P

gpsSignal[Oj.car:ierAmplitude ;=
sgrt(sv_attenuation_ratic): // apply once, then

‘pciudeSVAttenuationTMP = 0; . turn off this
check

1{ {includeBGAWGN}
{;/ 970504 ANN - Background AWGN
box_muller2();
i fdSigAnalog +«= (Ni*cos(noiseCarrierPhase) +
Ng*sin(noiseCarrierPhase) ' :
3

ff (('includePULSEInterference) || (1ncludePULSEInterference
& realTime>pulseStarcTime & realTime<pulseEndTime) ) (

if (includeAWGN & rea.)Time>delayB4AWGN)
{/, Generate and add Gaussian noise
box_muller();
:f4SigAnalog += (Ni*cos (noiseCarrierPhase) +
Ng*sin(noiseCarrierPhase)};

;
if (includeCWInterierence &
realTime>delayB4iCWInterference)
{;,., Generate and add CW
if4SigAnalog -=
cw_interierence_ampl'cos(cwIntererence.carrier?hase);
/cwIntererence.carrierAmpiictude

N

-

cwIntererence.carrierPhase ==
cwIntererence. twoPIfcSubSamplePeriod; // 970928 Update cw
interference carrier phase

/7 Implementation of Butterworth filter, na=nb ANN 970523

f2oy(n) = b(0)x(n) + bll)x(n-1) =+ b(2)x{n-3) + ... +
b(nb)x(n-nb)

;i - a(l)y(n-1) - a(2)ly(n-2) - .... -
a(na)y(n-na)

inputX{filterIdx] = if4SigAnalog; // Store x(n})

filterTmpBuffer = GFilterB[0] *if4SigAnalog; // Accumulate

y(n}
k = filterIdx+FILTERBUFFERSIZE;

for (i=l;i<filterSizePl;i++)

j = (k-1)%FILTERBUFFERSIZE;
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filterTmpBuffer += (dFilterB(i]*inputX(j] -
dFilterA(i] *outputY[ji):
}
outputY[filterIdx] = filterTmpBuffer; // Store y(n)
filterIdx = (filterIdx+1l) % SILTERBUFFERSIZE;

//fprintf(fp_IF4Analog,"%g\t%g\c%g\n",realTime,if4SigAnalog,filter
TmpBuffer);

Y /7 Eor(subSampIdx=O;subSampIdx<4;subSampIdx++) x> gSyubSampling
Ends here ***

// Quantize 1if3 Sigrnal
1f4sigbhig = if4Quantize{ filterTmpBuffer); //if4SigAnalog

// Next, for each channel, perform the respective
correlation
for (i=0; i<MAXCHANNELS; i+-)
{
chPtr = &CHI[i};
A = &chPtr->ACCUM[chPtr->iNXTACCUM];

// Obtain CA code indices for dco sigs (=discretize
time for CA codes)

dcoCodeldxE
>dcoCodePhaseE, 1022) ;

dcoCodeIdxL
>dcoCodePhasel, 1023) ;

(int ) fmod(chPtr-

(int ) £fmod(chPtr-

if(goldCode (0] [dcoCodeIdxE] )} {

dcoSiganalogIP = -cos (chPtr->dcoCarrierPhasel) ;
dcoSiginalogQP = sin{chPtr->dcoCarrierpPhasel);
}
else (
dcoSigAnalogIP = cos {chPtr->dcoCarrierPhasel);

dcoSigAnalogQP = -sin(chPtr->dcoCarrierPhasel) ;
}

if (goldCode (0] [dcoCodeIdxLl]) {
dcoSigAnalogID = -cos (chPtr->dcoCarrierPhasek) ;

dcoSiganalogQb = sin(chPtr->dcoCarrierPhaseE) ;
}
else {
dcoSiganalogID = cos (chPtr->dcoCarrierPhaseE) ;
dcoSigAnalogQD = -sin(chPtr->dcoCarrierPhasek);

}

// Quantize dco Signals

dcoSigDigIP = dcoQuantize( dcoSigAnalogIP ) /!
inphase, prompt

dcoSigDigQP
quadrature, prompt

dcoQuantize( dcoSigAnalogQP }: 77
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dcoSigDigID = dcoQuantize( dcoSigAnalogID ) /7
inphase, dithered (or early)

dcoSigDhigQD = dcoQuantize( dcoSigAnalogQD ) ; S
quadrature, dithered

|

A->IP += dcoSigDigIP+ifdSigDig;
A->QP += dcoSigDigQP*if4SigDig;
A->ID += dcoSigDigID*if4SigDig;
A->QD -= dcoSigDigQD-*if4SigDig;

// Update dco Code and Carrier phases

chPtr->dcoCarrierPhaseE += chPtr-
>twoPiFrSamplePeriod;

chPrr->dcoCarrierPhasel -= chPtr-
>twoPiFrSamplePeriod;

chPtr->dcoCodePhaseE ~= chPtr-
>dcoCodeRateSamplePeriod; // in Chips

chPtr->dcoCodePhasel. = chPtr-
sdcoCodeRateSamplePeriod; '/ in Chips

s/ Update realtime
realTime += SamplePeriod;

7 *w
’

/¢ Update Channel and Accum Structure

chPtr->IM1 = A->I_Prompt;

chPtr->QM1 = A->Q_Prompt:

A->I_Prompt A->IP + A->ID;

A->Q_Prompt = A->QP + A->QD;

A->I2 Plus_Q2 = {((A->IP*A->IP -~ A->QP*A->QP)>>2)

- /
/

j
I_PromptMl
Q_PromptM1l Q_Prompt;

I_Prompt _AccumP + I_AccumD;

Q_Prompt = Q_AccumP + Q_AccumbD;

I2_plus_Q2 = (I_Prompt*I_Prompth_Prompc'Q_Prompt)/4:
*/

I_Prompt;

1}
=l

#i fdef NOTONAMAC
if (kbhit(}){
char ¢ = getch():
switch(c) |
case '.': // More Freq
if3CarrierFreq+=100;
twoPiFcSamplePeriod = cwoPi * if3CarrierFreq ~* SamplePeriod:
break;
case ',': // less freq
if3CarrierFreq-=100;
twoPiFcSamplePeriod = twoPi * if3carrierFreqg * SamplePeriod;
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break;
case '}': // More Freqg
if3CodeRate+=1;
i £3CodeRateSamplePeriod = lf3CodeRate ~ SamplePeriod:
break;
case ‘'(': :/ less freg
i f3CodeRate~-=1;
i fiCodeRateSamplePeriod = if3CodeRate ~ SamplePeriod:
break;
case 'q':
exit(0);
break;
defaulc:
while (!xbhic’
continue;
getch();
}
}
#endif
return;
}
//======================================================================
void CarrierTrackinglLoop(void)
{
chanstruc ~chPtr;
accumstruc TA;
int i;
/7 unsigned epoch_check; = Contents of ZPOCH_CHECK register */
long carrdco_update; ;* Update to the carrier DCO */
long delital, delzzaQ: .~ Change in I and Q over last ms ~/
/7 long Inew, Qnew; /* I and Q rotated by carrier phase error
Vs iong delta_phase_error; 7 Phase error of Inew and Qnew */
long phase_change; /* Change in carrier phase over last ms*/

long delta_carrier_dot; /* Change in carrier frequency dot over last
m S - ‘/

long delta_carrier: /= Change in carrier frequency over last
ms*/

long discriminator; /* Coarse measurement of carrier phase
change ~/
// ilong cos_phase_srror; /* Cosine of the I and Q phase error *’
/7 long sin_phase_srror; /* Sine of the I and Q phase error -/

for (i=0; i<MAXCHANNELS; 1++)
{
chPtr = &CHI[1];
A = &chPtr->ACCUM|[chPtr->iNXTACCUM] ;

A->I_Prompt (long) (A->IP + A~>ID):
A->Q_Prompt = (long) (A->QP + A->QD) ;
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/77 A->I2 Plus_Q2 = (unsigned long) ( (A->IP*A->IP + A->QP*A-
>QP)>>2);

whichFLL = 0;
i f (chPtr->corlk && chPtr->coasting==0)
{
phase_change = iSAR(A->Q_Prompt *chPtr->IM1l - A-
>I_Prompt*chPtr->QMl + 16,5);

if (chPtr->avg_phase_change<3758L)
{ // Perform a discretised Jaffe-Rechtin 2nd Order
/* Get the change in the carrier frequency

"
r
[

derivative over the
last sample period. </

whichFLL = 2;
delta_carrier_dot = (phase_change<<2);

/* Get the change in the carrier Irequency over
the last sample
period scaled by 2713. */

delta carrier = iSAR({chPtr->wdot_c + 312L,10) =~
(phase_change<<l};

/* Save the carrier frequency rate Ior next
time. */

chPtr-»>wdot_c += delta_carrier_doct;

/* Get the carrier DCO update. delta carrier s
still scaled by
2~13 but only shift by 11 places because the

scale factor
for the carrier dco unit to radians/s :is
approximately 27°-2. */
carrdco_update = iSAR (delta_carrier+1024,9);
/* Update the carrier DCO for this channel. */
chPtr->CARRDCO += carrdco_update;
/+* Now do the data demodulation loep ~/

-

/= Rotate I and Q by the current phase error ~/

/77 cos_phase_error = CosApprox(chPtr—>phase_error):

/17 sin_phase_error = SinApprox(chPtr->phase_error);

/77 Inew = A->I_Prompt*cos_phase_error + A-
>Q_Prompt*sin_phase_error;

/177 Qnew = A->Q_Prompt *cos_phase_error - A-

>I_Prompt*sin_phase_error;
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/77 A->IDataBit = Inew>>1l5;
P delta_phase_error = (Inew>=0)7? Qnew:-Jnew:
/* Update the phase error, scaled by 2713 ~~/

/77 chPtr->phase_errcor +=
iSAR(delta_phase_error+16384L,15);

eise // Use the 4-quadrant discriminator
whichFLL = 1;

A->I_ Prompt - chPtr->IM1;
A->Q_Prompt - chPtr->QM1;

deltal
deltaQ

if (labs (A->I_Procmpt) > labs(A->Q Prompt))

discrimira-zor = (A->I_Prompt > JL) 7
deltaQ: -deltaQ;
elise
discriminator = (A->Q_Prompt > QL) 7 -
deltal: deltal:
carrdco_update = :SAR(discriminator+128, 3):

chPrr->CARRDCO -= carrdco_update;

chPtr->avg_phase_change += 1SAR (carrdco_update -
chPtr->avg_phase_change + 312, 10);
}

chPtr->dcoCarrierfFreq = (double) ({(chPtr-
>CARRDCO+8)>>4) / (1<<27) ~ifd4SampleRate;

chPrr->twoPiFrSamplePeriod = twoPi * chPtr-
>dcoCarrierFreq * SamplePeriod; // radians (b/w Samples)

}

chPtr->IM1
chPtr->QM1

A->I_PromptC;
A->Q_ Prompt;

L}

if(++ChPcr—>iNXTACCUM>=NACCUM)
chPtr->iNXTACCUM=0;
//Not yet needed ++chPtr->AccumPending;

}

()

/*‘.***t*ﬂt***tfi’f"ttttt'*'f"r***'*'t't'tt'i'l‘ti’t*"'*???f"'t"*f'*'*
otk kK

void ProcAccumPhase(void)
Process accumulation data

tttttttttttt'tttt'tw'w’ttttttttt\'ttttttttttttttt*tvttvrt'ttw«twtttf*tttt
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void ProcAccumPhase (void)
{
int 1;
for (1=0; i<MAXCHANNELS; i++)

q

ProcAccum{&CH{i])

/frtwtt*f-ﬁ*tttt*tt*vtfttttt*c*tfvftf\-t'ttftftrttttrtvttttttttttt*'ttvw't

L8 B B & 4

« Function: void ProcAccum(chanstruc *CHPTR)

-

« processes the accumulation data for (i) dacta demodulation, (ii)
bitsync,

« (iii) code and carrier lock monitoring and (iv) code tracking loop
updates.

.

* Input: “CHPTR - parameter block for -—he channel in questlon.

-

* Qutput: None.

«
. . .

Recurn Value: None.
""Q'f?"""t"'t'*"l"t't""'t'f"'t'i’"'t"ff*'f*t""*"'t't'?"'f?*

*www ’

;o0id ProcAccum{chanstruc *CHPTR)
:

accumstruc YA; /* Pointer to the Accum Buffer. </
A = &CHPTR->ACCUM{CH-TR—>1CURACCUM]:

‘+ Maintain a running sum of the I arm over the past 20ms (1 dacta
biz Ls
20ms long). To maintain a sliding window of length Z0ms (20
accumula-
rions), each time a new I arm sum is added the I arm sum 20
readings
before needs to be subtracted. </

Y CHPTR->IPSUM20 += A->IDataBic
il - CHPTR->ACCUM[(CHPTR->iCURACCUM+NACCUM—20)%NACCUM].IDataEi:;

RS TH

/* Update the code and carrier lock indicators. */
UpdateLockIndicators (CHPTR,A) ;

/* Check is coast mode should be entered or aborted. ~/
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88}

CoastMode (CHPTR) ;

« Only attempt to bitsync and monitor che locks 1f we're

not
coasting and we have code and carrier lock. */
177 i f (CHPTR->coasting==0 && CHPTR->corlk!=0 && CHPTR-
>carfrik!=3J)
Y BitSync(CHPTR,A—>_lms_epoch);
/* Only attempt to monitor the locks if we're not coasting.
*/

tn
Y

(CHPTR->coascing==3)

—~

codeLockMonitor (CHPTR,A->I2_Plus_Q2);
CarrierlockMonitor (CHPTR) ;

CodeTrackingLoop (CEPTR, A) ;
s+ Tf the lms epoch counter is zero then a new data bit is
ready for
processing. */

/i if(A->_1lms_epoch==0)
F ProcessDataBit(CHPTR,(CHPTR->I?SUM20>=O),A—

{£(-=CHPTR->iCURACCUM >= NACCUM) /* Check if zhe buffer is
full. */
CHPTR->1iCURACCUM=0;
/. /for later CHEPTR->AccumPending--; /* An accumulation set has
been processed. ~/

}

/tttttttxttt*rttwQtttt't*tfrt*tttt***t*t't*t***ttttt*wtttt*trtt*t*tttttr

x XX XW

~ Function: void UpdatelLockIndicators( chanstruc *CHPTR, accumstruc
rA)

-

*~ Updates the code and carrier lock indicators.

*

~ Input: *CHPTR - parameter block for the channel in guestion.

* «3 - accumulation data for the channel in question.
~ OQutput: *CHPTR - updates to the code and carrier lock indicators.
M *A - update of the signal power.

-

* Return Value: None.

't"ti"!t"ttttttw**tY'(*f***'*t***tktf?"*'tl"t*"tttt'*ttttf*tttt*'ittt

tttt/




void UpdateLockIndicators chanstruc *CHPTR, accumstruc *A)

{

long 12; /* The inphase correlation
squared. */

long q2; ;* The quadrature correlation
squared. */

long iiml_plus_qggml; Je ifk)*i(k-1) = g(x)~ag(k-
1)y, =/

i2 = A->I_Prompt~A->I_Prompt;

g2 = A->Q_Prompt*A->Q_Prompt;

A->I2_Plus_Q2 = (i2 + q2)>>2; /* Power in the signal */

iiml_plus_gqgml = (A->I_Prompt *CHPTR->IM1 + A->Q Prompt*CHPTR-
SQMI)>>2;

CHPTR->CdLI += iSAR(A—>IZ_Plus_Q2—CHPTR—>CdLI+l28,8);
CHPTR->CrfrLI -= iSAR(iiml_plus_ggml - CHPTR->CrfrLiI+2048,12);

// Keep Track of Max Predcquisitzion and Max 3ig. Vvaiues (ZIor
offline analyses)

if (A->I2_Plus_Q2>maxIQ2) maxIQ2=A->I2_Plus_QZ2;

if (accumCnt<predcgdccumCnt && A->I2_Plus_Q2>maxPreAcquistionIQZ)

maxPreAcquiscionIQZ = A->I2 _Plus_Q2:

}

/*Vf"'*'*'t*"'"'f“"*'""tf""f"'tf?"""'"""""'f"'f"""\"""
L 2 2 & 4

*~ Function: void CoastMode( chanstruc *CHPTR)

~

« Tf coast mode is active then determines if (i) signal is back or (11}
* coasting should continue or {(iii) loss of signal. If coast mode i1s not
« acrive then determines if coast mode should be entered.

%
(]

Tnput: *CHPTR - paramete block for the channel in guestion.

"

* Qutput: *CHPTR - update
*

o the coast time-out counter.

cf

* Return Value: None.

\'*ttr**xt*rttvttt*ttt*ftttttfttttt*tttttwtttt**tttttttttttttrt:’tttr*ttwt

t*f(/

void CoastMode( chanstruc <“CHPTR)

{

/~ If the channel is already in coast mode then determine if it
should continue or abandon (due to & -imeout or the signal
re-acquired) . ~/

i f (CHPTR->coasting)

{

/* Compare the code and carrier lock indicators against
their
chreshold values. If both are above the threshold then
quic

coast mode. */
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if ( (CHPTR->CdLI>=Ta) && (CHPTR->CrfrLI>=Ta})
CHPTR->coasting=0;: /* Quit coast mode *:
else
{
,* Stiil don‘t nave the signal back so decrement the
coast
courcer. If the counter has reached zero then a
timeout occurs
ané code/carrier lock and frame sync are negated. ~/

CHPTR->coasting--:
i f (CHPTR->coasting==0) /*
Timeout. */

o~

CHPTR->carfrlk = CHPTR->bitlk = 0;
CHPTR->FrameSync = _FALSE;
CEPTR->FrameSyncAndTIC = _FALSE;
CHPTR->LostLockDuringlastTIC = _TRUE;
CHPTR->LostCodelLockDuringlastTIC = _TRUE
-

CHPTR->LoscCarrierLockDuringlLastTIC = RUE;

}
else // Not coasting
{
/* Coastz mode is =nte ier lock and bit lock
either the code or carrler
thresholds. ~.

i f(CHPTR->carfrlk /-~ && CEPTR->bitlk **/ && ((CHPTR-
>CrfrLI<Tl) || (CHPTR->CALI<TL}
CHPTR->coasz~ing = Coast: /* Determines the Timeout
period. ~/
7
}

/ttttttttttttttt'tvtt"tttttttttw"\'tt*ttt*itttttrtttttrttwttrttttttttrt

x r e ww

* Function: void CodeLockMonitor ( chanstruc *CHPTR, unsigned long I2pQ2)

* Update the code lock monitor to check if the signal is present or if
it
* nhas been lost.

* Input: *CHPTR - parameter block for the channel in question.

* I2pQ2 - signal power.

«

= Qutput: *CHPTR - code lock monitor and initial parameters for code
loop.

*

* Return Value: None.
ttt*t*t't*t'twtrtftttttttttt'kt'tw'ttvtwt*tttett*tttrttt*tttttttcvtttttt

Iti*/

void CodelLockMonitor( chanstruc *CHPTR, unsigned long I2pQ2)
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1f£(I2pQ2 > Ta)
{

8

/* Instantaneous signal power is above the acquisition

threshold.
Is this the initial acquisition? */
i £ (CHPTR->corlk==0)
{
/* Yes - initialize all the following. */
CHPTR->carfrlk = CHPTR->bitlk = 0;
CHPTR->LostLockDuringLastTIC = _TRUE;
CHPTR->LostCodeLockDuringLastTIC = _TRUE;
CEPTR->CdLI = Ta; // 20000QL;
CHPTR->EML = 0OL;
CHPTR->NEML = 0;
// ANN
CHPTR->CODEDCO = (unsigned
long)(2*DCO_CA_Code_Rate*32.0/if4SampleRate'(lL<<26));
CHPTR->dcoCodeRate = (double) ( (CHPTR-
>CODEDCO+16L)>>5)/ (1L<<27) *if4SampleRate; // sets code dco on not-

searching freq
CHPTR->dcoCodeRateSamplePeriod = CHPTR-

>dcoCodeRate*SamplePeriod; // chips (b/w Samples)

/i CHPTR->CARRDCO = CHPTR->pCARRDCO + CarrDoppFromClk -
CHPTR->CarrDoppBin;

/* 770 is the scaling to go from carrier to code

frequency and is
equal to 1575.42E6/1.023E6/2. The factor of 2

accounts for the
difference in scaling between the 2 constants

CARR_DCO_ZERO_DOPPLER and CODE_DCO_ZERQ_DOPPLER.

. -

/17 CHPTR->CODEDCO = CODE_DCO_ZERO_DOPPLER - (long) (CHPTR-
>CARRDCO-CARR_DCO_ZERO_DOPPLER+385L) /770;

0;
0;

CHPTR->wdot_c
CHPTR->CrfrLI
CHPTR->corlk=1;
} // end if corlk==0 (inicial acguisition)
} // endif I2pQ2>Ta

i f (CHPTR->CALI < T1)

{
/* Signal power 1is below the signal loss threshold. Lose

locks

on code, carrier, and also lose bit and frame sync. */
CHPTR->corlk = CHPTR->carfrlk = CHPTR->bitlk = 0;
CHPTR->FrameSync = _FALSE;
CHPTR->FrameSyncAndTIC = _FALSE;
CHPTR->LostLockDuringLastTIC = _TRUE;
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CHPTR->LostCodeLockDuringLastTIC = _TRUE;

17/ CHPTR->CARRDCO = CHPTR->pCARRDCO - CarrDoppFromClk -
CHPTR->CarrDoppBin;

i1/ CHPTR->CODEDCO = CHPTR->pCODEDCO - CodeSrchIncr -«
CodeDoppFromClk + CHPTR->CodeDoppBin;

CHPTR->CODEDCO = {(unsigned
long)(2'DCO_CA_Code_SRate'32.0/if4SampleRate'(1L<<26));

CHPTR->dcoCcdeRate = (double) ( (CHPTR-
>CODEDCO+16L)>>5)/(1L<<27) *ifd4SampleRate; // sets code dco on not-

searching freqg
CHPTR->dcoCodeRateSamplePeriod = CHPTR-
sdcoCodeRate*SamplePeriod; // chips (b/w Samples)
}
}

/**t**tt*t**'*ff*t*t*it"t'*t***ttfit*ttfit'ttt'tt"fitttf"ttttt‘tf"\'tQt
ek kW

* Function: void CarrierlLockMonitor( chanstruc *CHPTR)

w*

* Update the carrier locx moniror to check if the signal is present or
if it

* has been lost.

a*

* Input: *CHPTR - parameter block for the channel in question.

*

* Qutput: *CHPTR - carrier lock monitor and initial parameter for
carrier

* loop.

*

* Return Value: None.

'*Yt?t***t""t**t*t""'f?i't"'"'"t"rtI"'Q"""'t"'t""f"f"r'l’

tt*f/

void CarrierlLockMonitor( chanstruc *CHPTR)

{

if (CHPTR->carfrlk==0) /* No carrier ZIrequency
lock. */
{
i f (CHPTR->CrirLI > Ta) /* Got carrier frequency
lock. */
{

CHPTR->carfrlk=1;
CHPTR->phase_error = 0;
CHPTR->avg_phase_change = 12860L;

else
(
if (CHPTR->CrfrLI <= Tl) /* Lost carrier frequency
lock. */
{
/* We nave just lost carrier lock. Indicacte carrier
lock and

also set the carrier loss-of-lock flag.*/




CHPTR->carfrlk = 0;
CHPTR->LostLockDuringLastTIC _TRUE;
CHPTR->LostCarrierLockDuringLastTIC = _TRUE;
THPTR->phase_error = 0;
CHPTR->avg_phase_change = 128€0L;

/tttff**tt't"etot'f"tttt'tttttffttttttt\-t«tt't**t"t*tttrttftf*tt'*ft*
* ok kK ok

« Punction: wvoid CodeTrackingLoop( chanstruc *CHPTR, accumstruc *3)

*

* Updates the code tracking loop.

* Input: *CHPTR - parameter block for the channel in guestion.
* «A - accumulation data for the channel in guestion.

*

* OQutput: *CHPTR - updates to che code tracking parametars.

*

* Return Value: MNone.

f*tttttt*f'tt':tttttQtt**tt*ttttt**tttt'*ft"t'ttttt'twttrtttttt'ttwtttt

**t*/

void CodeTrackingLoop( chanstruc *CHPTR, accumstruc i)

long 1idZ: , * Inphase dither
squared. */

long qd2; * Quadrature dither
squared. ~/

long ip2; /* Inphase prompt
squared. */

long gp2; /* Quadrature prompt
squared. ~/

long codedco_update; /* Update to the ccde DCO cracking
loop. */

/* Get the squares of the prompt and dither correlations from the
inphase a quadrature arms. */

ip2 = ISquare(a->IP);
gp2 = ISquare(A->QP};
id2 = ISquare(A->ID);
gd2 = ISquare(A->QD)

~

/* Get the running sum early minus late. This is the measurement
of

/

the code phase error. ~/
CHPTR->EML += iSAR(id2+qgdz,2) - iSAR(ip2+qgp2.2);
/* If channel actually has code lock then tracking can occur. ~/

i f (CHPTR->corlk)
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CHPTR->NEML++; /* Increment the EML
counter. */

/* Only update the code tracking if EML has been accumulated
over
EMLREADINGS readings. */

i £ (CHPTR->NEML>=EMLREADINGS)
{
i f (CHPTR->carfrlk && carrierSmoothingOn)
/* Carrier aiding can be used. */
{
*« 770 is the scaling to go from carrier o ccde
frequency
and is equal to 1575.42E6/1.023E6/2. The
factor of 2
accounts for the difference in scaling
between the 2
constants CARR_DCO_ZERO_DOPPLER and
CODE_DCO_ZERO_DOPPLER. */

CHPTR->CODEDCO = CODE_DCO_ZERO_DOPPLER -
(long)(CHPTR—>CARRDCO-CARR_DCO_ZERO_DOPPLER+385L)/770;

/* This filter is equivalent to:

-

* codedco({i) = codedco(i-1)
. + (phase_error (i) -
phase_error(i-1))/2"16
* + phase_error (i) /2721
*/
codedco_update = iSAR(CHPTR->EML+16,5) - CHPTR-

>EML - CHPTR->EMLOLD;
CHPTR->CODEDCO +=
iSAR (codedco_update+32768L, 16} ;
}
else /* No carrier
aiding. */

/* This filter is equivalent to:

*

* codedco(i) = codedco(i-1)

* + (phase_error(i) -
phase_error(i-1})/2"16

* + phase_error (i) /2720

*/

codedco_update = iSAR{(CHPTR->EML+8,4) + CHPTR-
>EML - CHPTR->EMLOLD;
CHPTR->CODEDCO +=
iSAR {codedco_update+32768L,16);
}




/* Save the old early minus la

value for —he next

iteration
o0f —he rtracking Iccp. ~
CHPTR->EMLOLD = CHPTE->EML;
/+ Reset che early minus late running zotal and
accumulacions
counter. ~.
CHPTR->EML

"
[=)
o

CHPTR->NEML =

Epdif(CUPTR->MNEML>=EMLEEADINGS

}/* EndIf code lock. */

/* Send out the new code 2CO increment to

scaling the loop gain. See the GPS Bu:il

explaination
and derivation of these values.

// ANN

CHPTR->dcoCodeRate = {double) ( (CEPTR-
>CODEDCO+16L)>>5)/(lL<<27)'if4SampleRa:e;
searching freq

CHPTR->dcoCodeRateSample-erio
// chips (b/w Samples]

o)

f—

(doublie danalogSig)
;/ Adaptive 2-bit gquantizer

int dLevel;

if (dAanalogSig < AdariveQuantizerLevell) {

dLevel = -3;
QuantizerTrack[Cl+~;
}
else {

if (dAnalogSig < AdativeQuantizerLevell) ({

dLevel = -1;
QuantizerTrack{l]++:
}

else {

if (dAnalogSig < AdativeQuantizerLevell)

dLevel = 1;
QuantizerTrack[2]++:
}

else {

dLevel = 3;

correlator aiter
manual for an

259

sets code dco on not-

= CHPTR—>dcoCodeRace'SamplePeriod:
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QuantizerTrack([3]++:

}

if (++QuantizerCnt >= QuantizerEvaluationCount) {
unsigned long qCntl2 = QuantizerTrack(0] + QuantizerTrack([1l];
unsigned long gCnt3d = QuantizerTrack[2] + QuantizerTrack(3]:
double dSum =
QuantizerTrack[O]+QuantizerTrack[l]quantizerTrack[Z]+QuantizerTrack[3];
double binl = QuantizerTrack(0]/dSum;
double bind = QuantizerTrack([3]/dSum;

if (gCntl2 > gCnt34) {
AdativeQuantizerLevel2-= gAdjustment;
}

else if (gCntl2 < gCnt34)
AdativeQuantizerlLevel2+= gAdlustment;
}

if (binl > 0.15) {
AdativeQuantizerLevell-= gAdjustment;
}

else if (binl < 0.15) {
adativeQuantizerLevell+= gAdjustment;
}

if (bind4 > G.15) {
AdativeQuantizerLevel3+= qAdjustment;
}

else if (bin4 < 0.15) {
AdativeQuantizerLevel3-= gAdjustment;
}

QuantizerCnt = Q;
QuantizerTrack[O]=QuantizerTrack[l]=QuantizerTrack[2]=QuantizerTrack[3]=
0;

/ /QNTZPRINT;

// Keep running average of QTZ levels for lacer;

{ long qldx;
gIdx = accumCnt % QTZHISTORY;
stableQTZlevelP[gIdx] = AdativeQuantizerLevell;
stableQTZlevelM[gIdx] = AdativeQuantizerLevell;

return dLevel;




FILE:
AUTHOR:

GOLDCODE.C
Awele Ndili

START DATE: June 1, 1996

« GoldCode.c - Generate Gold Codes
* by Awele Ndili
* June 1, 1996

*/

#include
t#include

include
include
nclude

4
+*
&
&
ginclude

b4 b4 b

<stdio.h>
<match.n>

"defines.h"
"structs.n”
" funcprot.h”
"externs.n”

// Choose the PN2 cffset on the G2 register to produce desired Gold

codes

;/ See Vol 1 page 80 - Sp
// PRN Signals, #1 thru'’
int goldCodeOffsets{! =

ilker's chapter in GPS Theory & Applics
32

{ 1018,

1017,
1016,
1015,
1006,
1005,
884,
383,
8§82,
772,
771,
769,
768,
767,
766,
765,
554,
553,
552,
551,
550,
549,
514,
511,
510,
509,
508,
507,
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/ /:::::::::::::::=====:::=:=:=:=::::::::==:::::::::::::========:====:==
void generateSVsignals ( void )
{
readAlmanac () :
generateCAcodes (};
updateGPSSignal (0.0);
}
/ / ==============:::::::::::::::::::::::=:::::::::======:========:====:=
void generateCAcodes ! soid )
{

int 1,3
char XG1(2047!:
char XG2{20471:
//FILE *fp; fp=fopen ("PRNCodes.dat", "w");
// Generate the Maximal Length PRN Codes XGl1 XG2
generatePNcodes ( XG1, XG2 )

// Generate Gold Code from =zne Maximal Length PRN Codes
for ( i = 0: i < 10Z3; 1=+ ) ¢
for (3=0; j<MAXGOLDCODECOUNT: Se+)
goldCode({iilii=(int} (0x01 & (XG1!i. -

XG2 [i+goldCodeOffsers(311)): 7 ? -1 : 1;

}
//fprintf(fp,"%d\t%d\:%d\n",goldCode[O][i],goldCode[l}{il,goldCode[Z]{i]
) :

void generatePNcodes( char ~prnl, char *prn2 )

{
// Generate Maximal Length PRN Codes
int Gl = OxQFFF; /~ PN Shift register 1 (Gl) */
int G2 = 0xOFFF; /* PN Shift register 2 (G2) */
int i:
for ( i = 0; i < 1023; i++ ) |

// #ifdef PLUSMINUS_ONE

// prnl{i}=((Gl & 0xQl)==1? -1:1);
/7 prn2{i]=((G2 & 0x01)==1? -1:1);
// #else

prnl(i]=(Gl & 0xCl); //Generate zZeros and ones for these PRNs




prn2[1]=(G2 & 0Ox01};

// #endif
prnl (1023+i] = prnlii}; /* Double length for ease 1in subsequent use
*/
prn2[1023+1i] = prn2{i};
Gl <<= 1; /7 Shift registers
G2 <<= 1;
Gl |= (0x01 & ((Gl>>3)+(G1>>10))):
G2 |= (0x01 & ((G2>>2) +(G2>>3)+(G2>>6) +(G2>>8) + (G2>>93) + (G2>>10)) } ;
}
}
/ /:::::::::::::::::::==:=====:::::::::================:=:====::::::::::

void readAlmanac( veid )

FILE ~fp_alma;
float tmpfloat;

int i

// almanac(:,1) = PRN

// almanac(:,2) = Time of almanac (toa)

// almanac(:,3) = sqrt(a) (a = semi major axis)

// almanac(:.4) = e (eccentricity)

// almanac(:,5) = i (inclination)

// almanac(:,6) = OMEGA - longitude of ascending node (referenced
to start of week)

// almanac(:,7) = OMEGAdot

// almanac(:,8) = omega - argument of perigee

// almanac(:.9) = Mo (intial mean anomaly at toa)

if((fp_alma=fopen("almanac.in","r"))==NULL)(

fprintf (stderr, "%cCould not open almanac file ‘'almanac.in’
for inputi\n",7):
}

else {
for (i=0;i<SVS_IN_ALMANAC:i++)(
if(fscanf(fp_alma,“%f\t%f\c%f\c%f\t%f\c%f\t%f\c%f\t%f",&tmpfloat,

&almanac[i].toa,&almanac[i].sqrta,&almanac[i].ecc,&almanac[i].incl
in,

&almanac[i].OMEGA,&almanac[i].OMEGAdot,&almanac[i]‘omega,&almanac[
i} .Mo) == 9)

(int) tmpfloat;

almanac(i] .prn

1
(o]

almanac(i] .prn
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/S
printf("%d\c%f\:%f\c%f\:%f\t%f\t%f\:%f\c%f\n",almanac[i].prn,

/!
almanac{il.:oa,almanac[i].sqrca,almanac{i].ecc,almanac[i}.inclin,

;o
;o

almanac[i}.OMEGA,almanac[i].OMEGAdot,almanac[i].omega,almanac[i].}

ose(fp_alma);

rno—
0
b

void updateGPSSignal( double timeOffsetFromToa )
! // cimeCffsetFromToa = currentTime - Time of issue of Almanac
// This routine runs through the almanac and computes, for the
specified time offset,
/, the specifics of each SV signal:
// Elevation;
// Azimuth;
// Signal Strength
// Code & Carrier doppler;

int i;
NumberOfSimulatedsVs = O;

for (i=0; i<MaxAlmanacSize; i++)

computeSVparameters (timeOffsetFromToa, &almanac (i},
%2gpsSignal{i], Q)
if (gpsSignal(i].prn > 0 && gpsSignal(i].elevation>
SV_Elevation_Mask) NumberQOfSimulatedSVs+~-;
3

// printf(*Number of Simulated Satellites =
$d\n" , NumberOfSimulatedsSvVs) ;

void computeSVparameters( double timeOffsetFromToa, almstruc *dAlmanac,
SV_Signal *dGPSSignal, int recursefFlag)
{

double Mo_now; // Mean anomaly at this goint, in radians;

double Ea_now; // Eccentric anomaly now;

double f_ctrue; // True anomaly

double arg_of_lac; // argument of latitude

double dRadius; // Distance of SV from ref. origin
double lambda; // longitude of ascending node

double x1, yl, zl;
double x2, y2, z2;
double dInclin:

double relativeVelocity:

1
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=2}
(W)

SV_Signal aGPSSignal:

dGPSSignal->prn = dAlmanac->prn; . Set the prns
:f (dAlmanac->prn > 0) // Contains info
{
// First solve Kepler's equaticn ireratively ToO compute
The Eccentric anomaly
Mo_now = ((double) dAlmanac->Mo*DTR) + timeOfisecFromToa -
sqrt(miu)/(((double)dAlmanac—>sqrta)'((double)dAlmanac-
>sqrta)*((double)dAlmanac—>sqrta));
Ea_now = kepler (Mo_now, (double) dAlmanac->ecc) ;
f_true = atan2(sqrt(l.0—dAlmanac->ecc*dAlmanac-
>ecc)*sin(Ea_now),(cos(Ea_now)-dAlmanac->ecc));

13
0
v

arg_of_lat = dAlmanac->omega*DTR + f_true;

drRadius = dAlmanac->sqrta'dAlmanac->sqrta'(l.O—dAlmanac—
>ecc*cos (Ea_now) )} ;

lambda = (dAlmanac->OMEGA + dAlmanac-
>OMEGAdot *cimeOf fsetFromToa) *DTR - omega_sarch* (dAlmanac-
>toa-cimeOfisecFromToa) ;

dInclin = dalmanac->inclin*DTR;

// Will now rotate through five {four) ref. frames:
o

//R3: 1. rotate (around z) : X on orbit plane through arg.
of latitude to ascending node (on equatorial plane)

//Rl: 2. rotate (around x) : Z ~nrough angle of inclination
s0 earth's axis of rotation

//R3: 3/4rotace (around z} : x through _ongitude of
ascending node to Greenwich (long. ), and (4) onto user's longitude

,/R2: 3. rotate f{(around y) : x ZIrom equatorial plane chrough
users latitude to user's position.

/7 At the end of these rotations, the saceilite's local
azimuth & elevation can be easily computed.

xl=dRadius;:

y1=0.0;

z1=0.9;

J/m—mmmmmm————— Rocation l:-------==--~--

//R3: 1. rotate (around z} : X on orbit gplane through arg.
of latitude to ascending node (on equatorial plane)

x2 = xl*cos(arg_of_lat): // - vl*sin(arg_of_lat):

y2 = xl*sin(arg_of_latc}; 7/ + vi*cos(arg_cf_lat):

z2=z1;

// Reset

x1l=x2; yl=y2; //zl=2z2;

/] mmmmmmmmm———— == Rotation 2:----~----=---

//R1: 2. rotate (around x} : = ~hrough angle of inclination
to earth's axis of rotation

x2 = x1;

y2 = yl*cos(dInclin); 7/ - zl*sin(dinclin);

z2 = yl=*sin(dInclin); // + zl*cos(dInclin);

'0

// set
z1=2z2; yl=y2; //x1=x2;
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//R3: 3/4rotate (around z) : X through longitude of
ascending node to Greenwich (long. 0), and (4) onto user's longitcude

lambda -= user_ longitude*DTR; // add in location of -iser

x2 = xl*cos(lambda) - yl*sin(lambda):

y2 = xl*sin(lambda) + yl~-cos(lambda);

z2 = zl;

// Reset

xl=x2; yl=y2: //zl=22;

/) mmmmmm e~ Rotation S5:-------=----
//R2: 5. rotate (around y) : x from equatorial plane through
users latitude to user's position.
lambda = user_latitude*DTR; // set lccation of user
(laticude)
x2 = xl*cos(lambda) + zl*sin(lambda):
vz = yl;
z2 = -xl*sin{lambda) + zl*cos(lambda):
dGPSSignal->x = x2;
dGPSSignal->y = y2;
dGPSSignal->z = z2;
if (recursefFlag == 0) // Don't need to proceed beyond this
point if called recursively
{
// Now, set the user's position in this coord. system
x1 = radius_earth + user_height:
yi = 0.0;
z1 = 0.0;

// Now compute the azimuth and elevations

dGPSSignal->elevation = atan((x2-
x1l) /sgro(y2*y2+2z2*2z2)) /ETR:
dGPSSignal->azimuth = atan2(yZ,zZz)/DTR;

// Carrier Amplitude is a function of elevation
dGPSSignal->carrierAmplitude =
getSigStrengthfromElev(dGPSSignal->elevation);

// Compute doppler frequency
// Method is to find position of SV 1 second ZIrom now,
and use the difference for velocity
computeSVparameters(timeOffsetFromToa+l.0, dAlmanac,
&aGPSSignal, 1);
relativeVelocity = (aGPSSignal.x-dGPSSignal-
>x) *sin (dGPSSignal->elevation*DTR) +
((aGPSSignal.y-dGPSSignal-
>y) *sin (dGPSSignal->azimuth*DTR} +
(aGPSSignal.z-dGPSSignal-
>z) *cos (dGPSSignal->azimucth*DTR}) ~ cos (dGPSSignal->elevation*DTR) ;

dGPSSignal->carrierFrequency = SPEED_QF_LIGHT ~ L1 /
(SPEED_OF_LIGHT + relativeVelocity);
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dGPSSignal->codeRate = dGPSSignal-

>carrierFrequency/L1_TO_CA;
dGPSSignal->carrierFrequency -= L1_TO_IF3:; // Should

-his line come b4 above line? no.
dGPSSignal->twoPIlfcSamplePeriod = twoPi * 4dGPSSignal-

scarrierFrequency * SamplePeriod;
dGPSSignal—>codeRateSamplePeriod = dGPSSignal-

>codeRate * SamplePeriod;

// printf ("PRN %d: Elev %g Azim %g Amplitude %g Doppler
%g\n",dGPSSignal->prn,dGPSSignal->elevation,dGPSSignal-
>azimuth,dGPSSignal->carrierAmplitude,dGPSSignal—
>carrierFrequency+Ll1_TO_IF3-L1);

}

} //end if (dAlmanac->prn > 0)

double kepler (double Mo_now, double ecc)

{
// Iteratively solve Kepler's equation: Mo = Eo - e.Sin(Eo)

double Ea, Eb; // Eccentric anomaly now;

Ea = Mo_now;

while(1l}

{
Eb = Mo_now + ecc*sin(Ea):
if (fabs(Eb-Ea)<le-12) break;
Ea = Eb;

}

return Eb;

double.getSigStrengthfromElev(double SV_elevation)
{ // Set's satellite signal strength from its elevation
// curve-fit to observed signal performance
// Ref.l1 : LARC persentation, Oct. 96, by Per Enge & Awele Ndili
// Ref.2 page 87 of Vol. I of GPS Theory & Applics; Chap. 3 by
J.J. Spilker: Signal Structure and Theoretical Performance
// Elevation in degrees

double carrierPower; // in dBW
double maxCarrierPower;
double powerRatio;

if (SV_elevation>40.0)
carrierPower=50.0;

else
if (SV_elevation>10)
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carrierPower= 43.0 + 0.2333*(SV_elevation-10.0);
/743+(50-43)/(40-10) * (SV_elevation-10);

else
carrierPower = 35.0 + 0.8*sV_elevation: //35+ (43~

35)/(10)*Sv_elevation;

carrierPower -= 200.0;

maxCarrierPower = -150; // 50 - 200;

powerRatio = carrierPower - maxCarrierPower; // now in dB
powerRatio = pow(10.0, powerRatio/10.0);

if (Sv_elevation<-5)
powerRatio = 0.0;

return sqrt(2*powerRatio); // return signal amplitude 2?2?22
sqrt (2*powerRatio?)
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t.c - GPS Receiver Simulation
Awele Ndili
ember 23, 1996

de <stdio.h>
de <stdlib.h>
de <math.h>

de <string.h>

de "init.h”
de "defines.h"

#include "structs.h”

#include “funcprot.h”
#¢include "externs.h"
/7
void initcialize(void)
{
setDefaults();
readinGlobals () ;
generateSVsignals () // Generate CA Code & initialize
inictializeVar():
r250_init( 1 ) // Initialize gaussian random numper
generator
}
//
void setDefaults(void)
{
//----Incoming Signal Properties
// IF3_Carrier_Freq = 100.0+(35.42-1400.0/45)*1.0e6; // Hz
/7 IF3_CA_Code_Rate = 1.023e6; // cycles per second
//DelayB4NoiseInclude = 0.C00; // Delay before
inclusion of Noise (seconds)
IF3_INIT_CAOFFSET = 14; // Initial CA Code
Offset
SV_Elevation_Mask = -5.0; // Min. SV satellirte
elevation to simulate
MaxAlmanacSize = SVS_IN_ALMANAC; // Maximum number of SVs to

include in almanac, default=25

includeAWGN = 1; // Include AWGN
includeCWInterference = 1; // Include CW interference
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includeBGAWGN = O;

// Include Background

AWGN

includeSvVAttenuation = 0; // Include SV attenuation

includePULSEInterference = 0; // Include Pulsed interference

delayB4AWGN = 0.0: // Delay before addition
of AWGN

delayB4CwWInterference = 0.0; // Delay before addition of CW

delayB4SVAttenuation = 0.0; // Delay before SV signal
attenuation

BG_AWGNSR_dB = 0; // Background AWGN level, in
dB

pulsePositionIsRandom = 1; // Pulsing Scheme is random

//----Receiver Properties

IF4_Sample_Rate = (40.0/7 .0e-6); // Samples per
second
/7 MAXCHANNELS = 1; // Number of
channels this receiver has

//----Correlator Properties

INTEGRATIONTIME = 0.001; // Sample n Dump
time (seconds)

EarlyLateCorrSpace = 0.5; // Chip
Width (Note: 0.5=>.25 each side, for GEC Plessey)

carrierSmoothingOn = 0; // Carrier
smoothing of code DLL off - default

//----Acquisition Properties

DetectionThreshold = 1690000L; // Signal
acquisition threshold

LockLossThreshold = 360000L; // Signal loss-of-
lock threshold

DCO_CA_Code_SRate = 1.0232%e6; // dco ca code

rate during search (cycles per second)

DCO_CA_Code_Rate = 1.0230004e6;
rate after lock (cycles per second)
DCO_INIT_CAOFFSET = 0;
code offset
FregSearchBinWidth = 300.90;
Init_CarrFreqErr = 100.0;
Freq. error in DCO
DCOMaxDoppler = 6000;
//----Tracking Loop Properties
COASTING_PERIOD = 20.0;
in seconds
EMLREADINGS = 40;

readings to integrate for code tracking

//----Adaptive Quantizer Properties
ADAPTIVEQUANTIZERPERIOD = 0.0005;
quantizer levels, in secs (GEC Spec=0.5ms)

// dco ca code
// Initial dco ca

// Hz
// Hz; Initial Carrier

// Hz

//Coasting period,

// Number of EML

// Time to reevaluate



A_QUANTIZER_INCREMENT =
adjustment increments

//----Generic Constants
RUNTIME =
time (seconds)
run_id = J;
this run
user_latitude 7;
user_longitude = -122.0;
user_height = 0.0;
screenPrinting = 1;
defaultcs to true

I}
L

7/
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// Adaptive Quantizer

;7 Total run

'/ Unigque id Zor

// Screen printing

void readinGlobals(void)

{
// Readin Runtime parameters
int 1i;
FILE *fp_rcv;

char key[120], token[120], value[120];

// Open up recelver specification
if( (fp_rcv=£fopen('rcv_spec.in

‘rews_spec.in' for inputi\n”);
BEEP(1l};
exit(l);

}

while(i=fscanf(fp_rcv,"%s", key}, 1!

{

L]

if {!strcmp(key.“#define”))
{(// A Match occured, therefore process this token

if(fscanf (fp_rcv, "%s %s", token, value)==2)
processToken(get_cakenld(token),value):

}

else

{// No Match so skip t©
while(getc(fp_rc

}

fclose(fp_rcv):

return;

/7

end
=1

rh

o
Q)

line

void initializevVar( void )

{
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// Initialize Runtime parameters
int i;

double tmpDouble;

chanstruc ~*chPtr:

twoPi = 2.0*PI;
// Set values based on defaul:ts or overriden values

Ta = DetectionThreshold;
Tl = LockLossThreshold;
dcoCAOffset = DCO_INIT_CAOFFSET:;
totalRunTime = RUNTIME; // seconds
accumulationTime = INTEGRATIONTIME:
Coast = COASTING_PEZRIOD ¢ INTEGRATIONTIME; in epochs
if4SampleRate = IF4_Sample_Rate; // Hz
"
9]

if4SampleRate; // Seconds

SamplePeriod = 1.0/
SamplePeriod/4.0; // 3econds (sample 4x faster

SubSamplePeriod =
for upstream filtering)

for (i=(: i<MaxdAlmanacSize; i--){ .. Initlaiize phases for SV
signals in almanac
gpsSignal(i].codePhase = IF3_INIT_CAOFFSET + 1*2;
gpsSignal(i] .carrierPhase = 0.0 + 1i*4;
) gpssignal[i].CwoPIchamplePeriod = twoPi *
gpsSignalli] .carrierFrequency * SamplePeriod;
gpssignal[ii.codeRateSamplePeriod = gpsSignal{i].codeRate ~
SamplePeriod;
gpsSignal[iE.twoPIchubSamplePeriod = twoPi ~
gpsSignal(i].carrierFrequency ~ SubSamplePeriod:
gpssignal[il.codeRateSubSamplePeriod = gpsSignal[i] .codeRate
* SubSamplePeriod;

}

i/ 970828
cwlntererence.carrierfFrequency = gpsSignal(d] .carrierFrequency -
CWInterferenceDopplerOffset;

cwIntererence.carrierPhase = 0.0; // Initialize carrier
phase
cwIintererence.twoPIfcSamplePeriod = twoPi ~
cwlntererence.carrierfrequency * SamplePeriod;
cwincererence.twoPIfcSubSamplePeriod = twoPi *
cwlintererence.carrierfFrequency -~ SubSamplePeriod;
cwlintererence.carrierAmplitude = cw_interference_ampl;:
!/ dcoDwellTimePerFregBin = i £3CodeRate[0]/ (DCO_CA_Code_SRate-
if3CodeRate(0]);
/7 dcoDwellTime = QJL;
corrSpacing = EarlyLlacteCorrSpace / DCO_CA_Code_SRate; // Fraction

* Chip Width (secs)

DCOInitFreq = gpsSignal(0Q} .carrierFrequency -
Init_CarrFreqgErr: // (35.42-1400.0/45)*1.0e6; // Hz



273

//-- Initcialize Channel Structure
for (i=0; i<MAXCHANNELS: i++)
{

chPtr = &CHI{i]:

chPtr->5V = L ./ Non-zero value
chPtr->IM1l =
chPtr->QM1
chPtr->EML
chPtr->EMLOLD
chPtr->NEML
chPtr->CdLI =

=nPrr->CrirlLI =

I}

’
.
'

[l il s

0
Q
o

1}
O O

L.
chPtr->coasting = 0;
chPtr->corlk = J:

chPtr->carfrlk = 0;:
chPtr->iNXTACCUM = 0;

chPtr->:CURACCUM = 0;

chPtr->CARRDCO = (unsigned
long)(DCOIni:Freq*lS.O/if4SampleRaCe'(1L<<27));

chPtr->dcoCarrierFreq = (double) ((chPtr-
>CARRDCO+8)>>4) / {1L<<27) *if4SampleRate; // Starting Points

chPtr->twoPiFrSamplePeriod = twoPi * chPtr->dcoCarrierFreq ~
SamplePeriod: / radians (b/w Samples)

chPtr->twoPiFrCorrSpacing = twoPi ~ chPtr->dcoCarrierfFreqg ~
corrSpacing; ./ radians (between Early/Late corrs

chPtr->CODEDCO = {unsigned
long)(2'DCO_CA_Code_SRate’32.0/if4SampleRate*(1L<<26));

chPtr->dcoCodeRate = (double) ((chPtr-
>CODEDCO~16L)>>5)  (1L<<27)-if4SampleRate; /7 Starts code dco on

chPtr->dcoCodeRateSamplePeriod = chPtr-

>dcoCodeRate*SamplePeriod; / chips (b/w Samples)
chPtr->dcoCodeRateCorrSpacing = chPtr-
>dcoCodeRate*corrSpacing; ./ chips (between Early/Late corrs

chPtr->dcoCarrierPhasekE 0.0 - chPtr-
>twoPiFrCorrSpacing/2.0;

chPtr->dcoCarrierPhasel = chPtr->dcoCarrierPhaseE - chPtr-
>twoPiFrCorrSpacing;

chPtr->dcoCodePhaseE = dcoCAOffset - chPtr-
>dcoCodeRateCorrSpacing/2.0;

chPtr->dcoCodePhasel.

>dcoCodeRateCorrSpacing:

chPtr->dcoCodePhaseE + chPtr-

dcoMaxFreq = DCOInitFreq + DCOMaxDoppler:
dcoMinFreq DCOInitFreq - DCOMaxDoppler;

|




realTime = 0.0;

/7 .891+(C.82-0..7"EXP(1-C4)) *sqrt (Num.SVs)

tmpDouble = 0.391 *(0.83+0.17*exp (1l-NumberOfSimulacedSVs)) -
sqgrt (NumberOfSimuiacedsSVs): // Empirical formula derives by Awele
861114

if (!includePULSEInterference)/ // 970512

if (includeBGAWGN && tmpDouble<bg_awgn_std_dev)
-mpDouble = bg_awgn_std_dev: // Empirical formula

derived by Awele 261114

if (includeAWGN && delayB4AWGN<0.l &&
tmpDouble<awgn_std_dev)
-mpCouble = awgn_std_dev: Zmpirical Zormula
derived by Awele 961114

if (includeCWInterference && delayB4CWInterference<0.l &&
tmpDouble<cw_interference_ampl/sqrt(2))
-mpDouble = cw_interference_ampl/sqrt(2);

1)

mpirical

!

formula derived by Awele 370°S11

}

AdativeQuantizerLevell -tmpDouble;

AdativeQuantizerLevel2 = 0.0;

AdativeQuantizerlLevell tmpDouble;

/ /QNTZPRINT;

QuantizerTrack[Q}=QuantizerTrack[l]=Quan:izerTrack[2]=QuantizerTra
cki{3]1=0;

QuantizerEvaluazionCount = ADAPTIVEQUANTIZERPERIOD ~
if4SampleRate; // Samples

QuantizerCnt = {;

gAdjustment = A_QUANTIZER_INCREMENT;

// Information Tracking Variables

maxPredcquistionIQ2 = 0.0:

maxIQ2 = 0.0;

accumCnt = 0;

preAcgAccumCnt = (IF3_INIT_CAOFFSET—DCO_INIT_CAOFFSET—
2)/(DCO_CA_Code_SRate-DCO_CA_Code_Rate)/INTEGRATIONTIME;

// Initialize if4 butterworth filter

filcerIdx = 0:

filrterSizePl = ORDERCFFILTER+1;

for (i=0; i<FILTERBUFFERSIZE; 1i++)
inputXii]=outpuc?[(1]1=0.0;

7/

void printoutGlobals(void)

{
FILE *fp_Output, *fp_RunSchedule;

inc 1=0;
OPEN_FILE2 ( fp_Output, "rcv_spec.out”, "w"); // Open Qutput File
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fprintf(fp_Output,"PARAMETERS FOR RUN ID: %ld\n",run_id):
fprintf ( fp_Ouf_put, —m-cz=zzz====z=z================\n");

fprintf (£p_Output, "\nRUN PARAMETERS:\n");
fprintf (fp_Output, "\tTotal Run Time = \t%g seconds\n",RUNTIME):

fprintf(fp_Output,"\nGPS SV SIGNAL PARAMETERS:\n");

fprintf(fp_Output,"\tInitial CA Code Offset = \t%d
chips\n",IF3_INIT_CAOFFSET):

fprintf(fp_Output,”\tSV_Elevation_Mask = \t%g
degrees\n",SV_Elevation_Mask);

fprintf (fp_Output, "\tAlmanac Size = \t%d
satellites\n",MaxAlmanacSize);

fprintf (fp_Output, " \tNumber of Visible Satellites =
\t%d\n", NumberOfSimulatedsSvs) ;

fprintf(fp_Output,"\nNOISE/INTERFERENCE PARAMETERS:\n") ;

fprintf(fp_Output,"\tBackground AWGN %s included\n"”, inciludeBGAWGN
2 "is" : "is NOT"):

if(includeBGAWGN)fprintf(fp_Output,"\tBackgroud AWGNSR = \t%g
dB\n", BG_AWGNSR_dE)} ;

fprincf (fp_Output, "\tAWGN %s included\n”, includeAWGN ? "is" : "1is
NOT");

if (includeAWGN) fprintf (fp_Output, "\tDelay before AWGN = \t%g
seconds\n",delayB4AWGN) ;

fprincf (fp_Output, "\tCW Int. %s included\n®,includeCWInterference
? "is" : "is NOT"):

if(includeCWInterference)fprintf(fp_Outpuc,"\tDelay before CW
Interference = \t%g seconds\n"*,delayB4CWInterference) ;

fprintf(fp_Output,"\cPulsed Interference %s
included\n®, includePULSEInterference ? “is" : "is NOT");

if (includePULSEInterference) {

fprintf(fp_OuCput,"\tPulsing Scheme =
\t%s\n",pulsePositionIsRandom?"Random“:"Fixed");
//fprincf (fp_Output, "\tPulse Duty Cycle = \t%6.2f

percent\n",pulseDutyCycle*lO0.0);

}

fprintf (£p_Output, "\tSV Signal attenuation %s
included\n®, includeSVAttenuation ? "is" : "is NOT"):

if(includeSVAttenuation)fprintf(fp_Outpuc,"\tDelay before SV
Signal Attenuation = \t%g seconds\n",delayB4SVAttenuation);

fprintf(fp_Output,"\nGPS RECEIVER PARAMETERS:\n");
fprintf(fp_OuEput,“\tNumber of Channels = \t%d\n",6 MAXCHANNELS) ;
fprintf(fp_Output,“\tIF4_Sample_Race = \t%g samples per
second\n", IF4_Sample_Rate);
fprincf(fp_Output,"\tINTEGRATIONTIME = \t%g
seconds\n", INTEGRATIONTIME}) ;
fprintf(fp_Output,"\tEarly - Late Corr. Spacing = \t%g
chips\n",EarlyLateCorrSpace);

fprincf(fp_Output,“\nSEARCH & ACQUISITION PARAMETERS:\n");
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fprintf(fp_Outpu:,'\'Decec ionThreshold = \t%ld units (SNR = %g
dB) \n",DetectionThreshold,10.0* loglO(DetecblonThreshold/97142.0)):

fprint £ (fp_Output, "\tLockLossThreshold = \t%1ld units (SNR = %g
dB)\n", LockLossThreshold,10.0* loalO(LockLossTHresho ds97142.0)):
// FregSearchBinWidth = 300.0; // Hz
// DCOMaxDeppler = 5000; // Hz
fprintf (fp_Output, "\ 2DCO_CA_Code_sSearchRate = t¥g
Hz\n",DCO_CA_Code_SRate) ;
fprintf(fp_Outpu:,"\tDCO_CA_Code_Set:ledRace = \t%g

Hz\n",DCO_CA_Code_Rate};

fprintf (fp_Output, "\tInitial DCO CA Code Offset = \t%d
chips\n",DCO_INIT_CAOFFSET) ;

fprincf(fp_Sutpuz.” z—Initial CarrierDCO Frequerncy Error = tig
Hz\n",Init_CarrFreqgErr);

fprintf (fp_Cutpuc, " \nTRACKING LOOP PARAMETERS:"n"):
fprintf(fp_Cutpuz, "' tCOASTING_PERIOD = \t¥g
seconds\n",COASTING_PERIOD) ;

fprintf (fp_Cutpuz, " .zCcde Loop Bandwidth = \tkg
Hz\n",1000.0/EMLREADINGS] ;

fprincf (fp_OQutpuct, " cCarrier Smoothing %s on\n",carrierSmoothingOn
? "is" : "is NOT"):

fprintf (fp_ Outpuct, "\nADAPTIVE QUANTIZER PARAMETERS \nn");

fprintf(fp_ Dutou_,'\ZADAPMIVEQUANT-ZERPERIOD = \t%g
seconds\n",ADAPTIVEQUANTIZERPERIOD) ;

fprintf(fp_Qutpuc, " tA_QUANTIZER_INCREMENT =
\t%g\n",A_QUANTIZER_INCREMENT);

fprincf(fp_Outpuc, " ~nUSER POSITION:\n"};

fprincf (fp_Outpuct, "' tUser Latitude = \t%g
degrees\n",user_latitude) ;

fprincf (fp_Output, "'tiUser Longitude = \ti%g
degrees\n" ,user_longitude) ;

forintf (£fp_Outpuc, "‘tUser Height = \t$g meters\n",user_height);

fprintf (£p_Output, "\nRUN SCHEDULE:\n");
fprintf (fp_Output, "\ S/ N\ CAWGN\ tCWISR\tDutyCycle\tCW Doppler
Of fset\tSV-Attenuationit(Values in dB, dB, fraction, Hz, dB)\n");

OPEN_FILE2 { fp_RunSchedule, "run_spec.in","r"); // Open Runs
Schedule File

while(fscani(fp_ ~uuScheduTe,"%f\t%f\t%f\t%r\t%t" &AWGNSR_dB, &CWISR
_dB,&pulseDucyCyule,uCW;ntcr-erenceDoppLer fset, &SV_ATTNUATN_dB) ! =EOF
&& AWGNSR_d4B!=-1)

fprintf(fp_Output, "\c¥d\tigitigitig\cig\csgin” , ++1,AWGNSR_dB, CWISR
_dB,pulseDutyCycle, CWInterferenceDopplerOffset, SV_ATTNUATN_GRB) ;

fclose(fp_RunSchedule) ;

fclose(fp_Output);

return;

/7




int get_tokenId(char *token)
{ // Returns the associated token Id

//1f (!strcmp(token,"DelayB4NoiseInclude")) return
TOKEN_DelayB4NoiseInclude;
//1if (!strcmp(token,"IFB_CA_Code_Rate")) return

TOKEN_IF3_CA_Code_Rate;

if (!strcmp(token,“IFB_INIT_CAOFFSET")) return
TOKEN_IF3_INIT_CAQFFSET;

if (!strcmp(token,"IF4_Sample_Rate")) return
TOKEN_IF4_Sample_Rate;

//1if (!strcmp(token,"MAXCHANNELS")) return TOKEN_MAXCHANNELS;

if (!strcmp(token,"INTEGRATIONTIME")) return
TOKEN_INTEGRATIONTIME:

if (!strcmp(token,“EarlyLateCorrSpace")) return
TOKEN_EarlyLateCorrSpace;

if (!strcmp(token,”DetectionThreshold")) return
TOKEN _DetectionThreshold:

if (!strcmp(token,"LockLossThreshold")) return
TOKEN_LockLossThreshold;

if (!strcmp(token,”DCO_CA_Code_SRate")) return
TOKEN_DCO_CA_Code_SRate;

if (!strcmp(token,"DCO_CA_Code_Rate“)) return
TOKEN_DCO_CA_Code_Rate;

if (!strcmp(coken,"DCO_INIT_CAOFFSET")) return

TOKEN_DCO_INIT_CAOQOFFSET;

if (!strcmp(token,"FreqSearchBinwidth")) return
TOKEN_FreqSearchBinWidth;

//if (!strcmp(token, "DCOInitFreqg")) return TOKEN_DCOInitFreqg:

if (!strcmp(token, "DCOMaxDoppler™")) return TOKEN_DCOMaxDoppler:

if (!strcmp(token,"COASTING_PERIOD")) recurn
TOKEN_COASTING_PERIOD;

if (!strcmp(token, "EMLREADINGS")) return TOKEN_EMLREADINGS:

1f (!strcmp(token,"ADAPTIVEQUANTIZERPERIOD")) recurn
TOKEN_ADAPTIVEQUANTIZERPERIOD;

if (!scrcmp(coken,"A_QUANTIZER_INCREMENT")) return
TOKEN_A_QUANTIZER_INCREMENT;

if (!strcmp(token, "RUNTIME")) return TOKEN_RUNTIME;

if (!strcmp(token,"Init_CarrFrqurr“)) return TOKEN_INITFREQERR;

if (!strcmp(token,"SV_Elevation_Mask")) return TOKEN_SV_ELEV_MASK;

if
if
if

"INCLUDE_AWGN")) return TOKEN_INCLUDE_AWGN;
"DELAY_B4_AWGN"}) return TOKEN_DELAY_B4_AWGN;
"INCL