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Summary

The Global Positioning System is a satellite navigation system which is developed by the USAF Space
Division. This system provides highly accurate position and precise time for the user. The principle
of this system is the interaction between the satellites, the receiver and the control station. The subject
of this report is the processing of the raw data that are received from the satellites.

In this research the Magnavox MX4200D GPS receiver is used. This GPS receiver has the multi-port
as the output. One of the component of the multi-port is the raw data port. From this raw data port,
the information to calculate the user or the receiver position can be obtained. This information is given
in the form of the raw data which can be filtered and then used to calculate the user or the receiver
position. The software to convert, filter and calculate the position are developed and described in this
report.

Using the software described in this report, the user has a possibility to get the data from the receiver
into the file and it can also use this data for the calculate the user position coordinates.
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1. Introduction

The Global Positioning System is a satellite navigation system which is developed by the USAF
Space Division. This system provides highly accurate position and precise time for the user. This
system works using three different segments. These are the space segment, the control segment
and the user segment. The space segment consists of the GPS satellites which transmit data
signals to the receiver. The control segment consists of the control stations that are spread all over
the world, and the user segment is the GPS receiver that is used by each user.

The signals from the GPS satellite are received by the user using a GPS receiver. One of the
receiver types is the Magnavox MX4200D. This receiver has a multi port interface at the output.
This interface can be used to control the receiver operation and offers raw and processed data for
logging and displaying.

In this report an algorithm is described. Using this algorithm, it is possible for the user only to
obtain the corrected raw data, if necessary. It can also be written into a file or further to be
processed to calculate the position coordinates. This algorithm is written using a source code of
Turbo Pascal (version 7.0).

The theoretical description and principle of GPS is explained in chapter 2. The information about
the raw data from the GPS receiver that is used in this research is described in chapter 3. The
software which is written in Turbo Pascal is explained in chapter 4. The results of the measurement
are given in chapter 5. In the last chapter, the conclusions and recommendations are given.

Introduction



2. Theoretical description of GPS

2.1 Introduction

The Global Positioning System (GPS) is a satellite navigation system which is developed by the
Department of Defence under Air Force Management through the GPS Joint Program Office at the
US Air Force (USAF) Space Division. It provides highly accurate position and velocity information in
three dimensions, also the precise time, to users around the globe 24 hours a day.

This chapter has the objective to introduce the GPS and to present the algorithms required to
calculate the pseudo range from time of transmission from each satellite to the user. In chapter 2.2
the principle of GPS is described. In this chapter, the GPS, which consists of three different
segments, and concepts of times of transmission are defined. In chapter 2.3 the distance between
the receiver and the satellites is determined from the time of transmission. Chapter 2.4 gives the
classification of the error sources in a pseudo range measurement [4].

2.2 Principle of GPS

A GPS position calculation is based on the measurement of at least four distances between an
observer on earth and the satellites. For each distance, a satellite is needed. Therefore, with a
minimum of four satellites in view, the GPS receiver can compute its current latitude, longitude and
altitude and the time in GPS system.

The GPS design consists of three segments:

1. The Space Segment
The space segment consists of 21 satellites and three spares in six orbital planes, with four
satellites in each plane. Each plane has an inclination of 55° in relation to the equator. The
orbit period of each satellite is approximately 12 hours at an altitude of 10,898 nautical miles
(= 20,183 km). This provides a GPS receiver with six to twelve satellites in view from any point
on earth, at any particular time.

2. The Control Segment
The control segment consists of a master control station, five monitor stations and three data
uploading stations. The five monitor stations are divided evenly around the world. They are
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stationed in Hawaii, Colorado Springs (master and control station), Ascension, Diego Garcia
and Kwajalein. The control stations make the system work by determining the clock- and the
path parameters of the satellite. These parameters are sent to the satellite each 24 hours.

3. The User Segment
The user segment consists of an equipment (receiver) which tracks and receives the signals
that come from the satelltes. The GPS receiver which is used in the research which is
described in this report is the Magnavox MX4200D GPS receiver. The description of this GPS
receiver can be found in chapter 3.

The principle of GPS is shown in Figure 2.1:

space segment

ﬂ/o/ﬂPS satellites ﬂo/ﬂ

control segment user segment

Figure 2.1 Principle of GPS

To calculate the distance from the satellite to the receiver, two independent clocks that cannot be
exactly synchronized are used. These are the receiver clock and the satellite clock.! Because of
the asynchronicity between these clocks, the traveling time of the signal from the satellite to the

1 The relation between these two unsynchronized clocks will be described in chapter 2.3.1.
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receiver contains an offset. This offset is equal to the quantity of the asynchronicity between the
receiver clock and the satellite clock. This clock offset causes a constant error in the calculation of
the ranges. Because of this error, this distance is called the pseudo range.

From the four different pseudo ranges, the three-dimensional position and the unknown time
difference between the two asynchronous clocks can be calculated if the corresponding satellite
position is known. The satellite position can be calculated using the parameters that are obtained
from the signal of the accompanying satellite.?

The data signal that contains the satellite parameters is called the GPS navigation data
message. This data message has five subframes, and it identifies the satellite (satellite issue) and
provides the positioning, timing, ranging data, satellite status and the corrected ephemerides (orbit
parameters) of the satellite to the users. The precise content of this message is found in chapter
3.3.

2.3 Positioning using pseudo ranges

To calculate the position of the receiver, the four different pseudo ranges with the accompanying
satellite position have to be known. In the previous chapter, it is explained that to know the
pseudo ranges, the clock offset that comes from the two different clock systems has to be known.
The relation between these two clock systems will be discussed in chapter 2.3.1. The corrected
time that is explained in chapter 2.3.1 can be used to calculate the position of the satellite and
then the position of the receiver or the user. The calculation of the satellite position is given in
Appendix B. The algorithm to calculate the receiver position is described in chapter 2.3.2.

2.3.1 Time correction

The GPS receiver clock system is not synchronous with the satellites clock system. The receiver
clock system requires a time reference which is called the GPS time. This time reference is
established by the control station. The control station designates one of the monitor station’s
atomic frequency standards as the GPS time.

The GPS time has a zero point defined at midnight on the night of January 5, to the
morning of January 6, 1980. The longest unit used in stating the GPS-time is one week, defined as
604800 seconds. This time unit starts at the beginning of each week, i.e., Sunday 0:00 h.

The GPS time is directly related to the Universal Time Coordinated (UTC) by synchronizing
the receiver clock to the UTC calibrated clock. However, the time system of the receiver or the
receiver clock is not synchronous with the exact GPS system time. This is caused by a frequency

& The satellite position calculation is given in Appendix B.
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offset and the random variation of the internal oscillator. This asynchronicity is called the clock
offset.

The relation between these two clock systems in relation to the time reference is shown in the
following figure:

i T ' Tev In Figure 2.2:

I Tgy is the time system of the satellite clock,

¥ Try is the time system of the receiver clock which
Trx is related to a GPS time, and

i 1 GPS time is the time reference established by the
t GPS time control segment °.

Figure 2.2 GPS timing diagram

From Figure 2.2, the deviation of the satellite clock from the GPS time can be modeled as
described in ICD-GPS-200 [1]:

t =ty - Atg, 2.1)
where:

t = GPS system time at the time of transmission (seconds)

t, = satellite clock at the time of transmission (seconds)

At,, = satellite clock offset (seconds)
In equation (2.1), the satellite clock offset is given by:

Atg, = 8 + ay(t-ty) + aplt _toc)z (&2

where:
&, a4, and a, are the polynomial coefficients given in subframe 1 of GPS navigation data
message, which can be obtained in chapter 3.3,
t.. is the clock data reference time (seconds), which is also given in subframe 1 of GPS
navigation data message.

In [1] it is indicated that while the coefficient’s ay,, a4, and a, are generated using GPS time as
indicated in equation (2.2), the sensitivity of t., to t is negligible. This negligible sensitivity will allow
the user to approximate t by t  in equation (2.2). It is given as:

2 The more detailed description for this system in the used receiver is given in chapter 3.2.
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Aty = 3 + 3y (tsy 'toc) + ap(tyy 'toc)z

From equations (2.1) and (2.3), it follows that:

2.4
t =15 -{ag + ay sy —too) + Apltsy 'toc)z 24)

Because of trespassing at the beginning or the end of the week, if the value of (t,, - t,.) is greater
than 302400 seconds, subtract 604800 seconds from t . And if the value of (t, - t,.) is less than
—302400 seconds, add 604800 seconds to t,,.

The next correction that has to be applied is the relativistic effect correction. Due to the relativistic
effect, the satellite clock offset in equation (2.2) needs a correction that is described in the
following equation:

(Atgy)ok.r = Algy + At (2.5)
where At, is:
At, = Fey/A sinE, (2.6)
with:
At, is the relativistic correction (seconds),
F is a constant with value -4.442807633 10710 (seconds/ meters'/?),
e is the eccentricity of the satellite orbit (dimensionless),
A is half the long axis of the satellite orbit (meter),
E, is the eccentric anomaly of the satellite orbit (meter).
Note:

- e and A are given in subframe 2 of the GPS navigation data message (see chapter 3.3).
- E, is iterated by means of the Picard Iteration as described in Appendix A.

Except for the correction of the clock as given in the above equations, in Annex A [2] it is given
that the time of transmission has to be corrected with another correction. All of these corrections
are given in Figure 2.3. In the following paragraph, the L1-L2 correction is described.

Theoretical description of GPS



USER SIGNAL PROCESSING

So- (1. 812, les O _I
CLOCK

CORRECTION 1
POLYNOMIAL

SIGNAL PROPAGATION
e

v
<

GPS TIME o

'TGD- (]) —o——

CODE PHASE OFFSET

*

TRUE 8V CLOCK ERROR * ’> -
SV EQUIPMENT DELAY e AR o
RELATIVISTIC EFFECTS SHERESHI
an Ba (1)
CODE PHASE AT e .
SATELLITE ANTENNA IONOSPHERIC Ea b
MODEL® 1

[])  —

PATH DELAY "
GEOMETRIC . ¥ =
CSPHERIC
IONOSPHERIC e %
TROPOSPHERIC } ) CORRECTION
Py, Ny
CODE PHASE AT TROPOSPHERIC
USER ANTENNA — & CORRECTION N 6

USER CLOCK TIME € ACCUMULATED

CORRECTIONS
RAW PSEUDORANGE
SPEED OF LIGHT
CORRECTED PSEUDORANGE y E;’: :&;‘gf f.‘,'[';:
SPEED OF LIGHT RESIDUAL MODELING ERRORS

FILTER AND OTHER PSEUDDRANGES
SV EPHEMERIS ERROR } cedd COORDINATE  jg—ee §V EPHEMERIDES

USER EQUIPMENT ERROR CONVERTER CALISRATION DATA

L—‘ ESTIMATE OF GPS TIME

promened> ESTIMATE OF USER POSITION
v
USER POSITION
AND VELOCITY

NOTES:

*SINGLE FREQUENCY USER ONLY
**DUAL FAEQUENCY USER ONLY

Figure 2.3 GPS positioning according to [2]

The interface between the satellite and the receiver consists of two radio frequencies L1 and L2,
respectively 1575.42 MHz and 1227.60 MHz. The purpose of these two frequencies is to correct
the errors as the signal propagates through the ionosphere. For the user who uses only the L1-
frequency, the so-called a L1-L2 correction has to be applied. This correction is given by:

(Atsv)u = Aty, - Tgp (2.7)

where:
Tgp is group delay correction for L1 and L2, and transmitted in the GPS navigation data

message subframe 1.
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Figure 2.3 shows that the other corrections which are included in the correction of the clock are
the ionospheric and the tropospheric corrections. In appendix 6 in Annex A [2], the mathematical
models for ionospheric and tropospheric corrections are listed. In the calculation algorithm for the
corrected time of transmission, that is described in this report, these corrections are not included.

2.3.2 Position calculation

From chapter 2.2, it is known that to calculate the position of the receiver, at least four pseudo
ranges and the corresponding satellite position are needed. This position calculation is given in
this chapter. The satellite position can be calculated using coefficients that are received from the
GPS navigation data message. The content of this navigation data message is briefly described in
chapter 3.3 and can also be found in ICD-GPS-200 [1]. The calculation of the satellite position is
given in appendix B.

From the four pseudo ranges and the corresponding satellite positions, the position of the user
can be calculated. The mathematical model is given by Brouwer [3]:

R = PR+ AR = (x-x)2+(y -y)2+ (2 -2)? @8)

where:
Rl is the true range from the receiver to the satellite,
PRl is the measured pseudo range,
AR = c AT, is the error in the pseudo range,
c is the speed of light (from [1] it is given that ¢ = 2.99792458 108 m/s),
AT is the clock offset at the GPS time,
X, Y, z are the coordinates of the user,
xi, yl, Zl are the coordinates of the " satellite.

In equation (2.8), there are four unknowns x, y, z and AT. To solve this equation, it has to be
linearized as follows:

R dR = (x - ¥)dx + (y - y)dy + (z - Z)dz

or (2.9)

: —x —yl _7l
aRl = XX g V) gy L (2720
R R R
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=0 =
A measurement from a satellite j can be given as:

R =R + dR (2.10)

where:
Rol is the geometrical distance between the receiver and the satellite, and

dRi is the error of the measurement.

Substitution of dR! from equation (2.9) and R/ from equation (2.8) in equation (2.10), gives:

. —x —yl 7 -7} )
R{)+x0. dx+y0.y dy + 0 dz = PR + AR (2.11)
J J J
IRO RO F‘O

This can be written as a general matrix equation as follows:

A-u=v 2.12)

where:

XO -X2 yo -y2 ZO —22 1
R R R Ax dx
A = x0~x3 yo—y3 20—23 g r Y= iz ;o U= ZZ
R Ry RS AR dR

v = PR - Roj is the difference between the pseudo range measurement and actual

distance, and
n is the number of satellites.

If the number of satellites is equal to the number of unknowns, u can be solved as:

u=A".y (2.13)

Theoretical description of GPS
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If the number of satellites is more than the number of unknowns, u can be solved using the Least
Squares (LS) method. Using this method, the best estimate of the solution can be calculated. The
formula of Least Square method then follows:

u=ATAHTAT .y (214)

with AT is the transpose of the matrix A.

2.4 Errors in GPS positioning measurement

The GPS signal that is received by the user from the satellite, contains many errors that are
caused by several sources, such as the ionosphere, troposphere, clock errors and multipath
errors. All these errors cause inaccuracy in the position calculation.

In the article written by Braasch [4], a GPS signal model is presented. This signal model can be
used for certain simulation purposes. For a simulation using this signal model, error sources are
generated into one model that computes the observed pseudo range for each satellite in view and
that determine the perturbed user position.

The error source which is described in [4], is given as:

€ = Eck revr Y Eck,sv T Etropo * Eiono T EURE t €mp *€noise T ESA (2.19)
with:

£ ok, rovr is receiver clock offset from GPS time,

€ o sv is satellite clock offset from GPS time,

Etropo is propagation delay error caused by the troposphere,

Cians is propagation delay error caused by the ionosphere,

EURE iS user range error,

€mp is multipath errors,

€ hoise is receiver measurement noise (clock noise and diffuse multipath), and

egA is error by Selective Availability.
Note:

- The receiver clock offset is the clock offset as estimated from the observed pseudo ranges.

- The satellite clock offset is the clock offset as decoded from the satellite navigation data
message.

- The user range error contains the satellite ephemeris errors projected onto the line-of-sight
direction and the residual satellite clock errors.

Theoretical description of GPS
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- Selective Availability is a standard positioning service accuracy which is developed by the US
Department of Defense for security reasons.

These error sources can be computed for the observed pseudo range for each satellite in view
and determines the perturbed user position. From SS-GPS-300C [12], these errors are given as
follows:

Table 2.1 Error sources in GPS signal

errors (ft)
The satellite clock offset 10
Troposphere delay 6
lonospheric delay 27
Multipath 10
Receiver noise 30
Selective Availability 90

Theoretical description of GPS
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3. Raw Data Structure of
MX4200D GPS receiver

3.1 Introduction

The Magnavox MX4200D GPS receiver is the receiver used in the research described in this
report. This Magnavox GPS receiver has several operational capabilities. These capabilities are
controlled by the Magnavox developed Control and Display Unit (CDU) program. The CDU
program is used to perform the control and to operate as the display function. The description of
each function in this CDU can be found in User’s Guide of this GPS receiver [5].

The output of this GPS receiver is a multi port interface that offers the user the possibility to
control the receiver to use particular messages. It can also be used to control an interface to
external equipment and to control the output of raw and processed data for logging and display.
For one type of receiver, i.e. the MX4200D, differential corrections from a GPS reference station
can be received and processed.

The multi port interface consists of four serial bidirectional data ports. Each data port has a
specific function. The first port is a control port that can be used to initialize, monitor and control
the MX4200D. The second port is an equipment port that can be used to allow the MX4200D to
communicate with external equipment. The third port is a raw data port that is used to give an
output of raw and processed data from the MX4200D in a Magnavox defined format. This port
gives information such as raw satellite measurements, position, velocity, ephemeris and almanac
(from the GPS navigation data). The fourth port is a RTCM port that is only used by the MX4200D
(not by the MX4200 type). This port is used to receive the differential corrections from a GPS
reference station.

For the research described in this report, the raw data port and some control port types are used.
The content of the complete raw data port codes and some of the control port codes is given in
appendix C. In this chapter, two message types of raw data will be described. These are the raw
satellite data and the satellite navigation data. In chapter 3.2, the content of the raw satellite data
will be described. This data is needed to calculate the precise time of transmission that comes out
of the receiver. The structure of the satellite navigation data is given in chapter 3.3. In this chapter,
the parameters to calculate the satellite coordinates as in Appendix B, and the satellite clock error
are specified.

Raw Data Structure of MX4200D GPS Receiver
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3.2 Structure of Raw Satellite Data

The raw satellite data from the MX4200D GPS receiver is given in two forms, the record type 1
uncompressed raw satellite data and the record type 2 compressed raw satellite data. These two
record data types contain the same information. The difference between these two forms is the
difference in the control port of each record type.

The record type 1 of the raw satellite data type has the control port with record type
$PMVXG, 024. This raw satellite data type contains the information that comes from the satellite as
listed in Table 3-1. The contents of this data port (data port with record type 1 or the decoding of
record type 2) are also given in [6].

The raw satellite data from record type 2 has the control port record type $PMVXG, 027.
This raw satellite data type has five ASCIl character with header '2’° and followed by 71 data
characters and one checksum character. Each data character contains seven bits of binary data
that have been mapped into a 'printable’ subset of the extended ASCII character set. An algorithm
to decode the compressed form to the uncompressed form is given in [6], and also listed in the
source code of Turbo Pascal, as will be described in chapter 4.

Table 3-1 Raw Satellite Data Record

Byte Identifier Description Range
location

1-4 ID Record ID 1

6-7 CHNL Receiver channel number 1-6

9-10 PRN Satellite PRN 1-32

12-20 USER_MS | User time of measurement (ms) 0-604799999
22-30 CHNL_MS | Channel time of measurement (ms) 0-604799999
32-41 PHI Integrated carrier phase in L1 wavelengths -

43-48 CODE Raw code offset in L1 wavelengths -

50-53 PHI-FRAC | Integrated carrier phase, fractional portion -128 - 127
55-58 CR Costas ratio (-128 - 127)
60-63 SNR Signal-to-noise ratio at 1 Hz bandwidth, in dB-Hz 25 - 53

65 Half-cycle phase ambiguity indicator (-,+.,7)

Raw Data Structure of MX4200D GPS Receiver
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The important elements from Table 3.1 which are used here are:

- USER_MS :
This is the time of the measurement based on the local receiver clock. This time is given in

milliseconds.
- CHNL_MS :
This is the time of transmission based on the satellite clock. This time is given in
milliseconds.
- PHI:
This is the integrated carrier phase that is given in whole cycles.
- PHI_FRAC :
This is the integrated carrier phase which is given in fractional portion.
- CODE :

This is the code phase offset.

The relation between these definitions is illustrated in Figure 3.1:

PHI _ PHLFRAC 1 _ CODE
L1 256 L1 LT

<-pseudo range-~

GPS fime

Figure 3.1 Timing diagram of MX4200D GPS Receiver

Note:
- L1 is the frequency of the signal which is sent by the satellite.

There are two terms mentioned in the above definitions. These are the integrated carrier phase
and the code phase. The phase measurement is the measurement of the phase comparison
between the carrier which is sent by the satellite and the received signals in the receiver.

The code phase offset measurements are usually referred to as pseudo range
measurements. The carrier phase tracking measurements have two forms, the integrated Doppler

Raw Data Structure of MX4200D GPS Receiver
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count and the relative phase of the received carrier phase and the receiver clock phase at a

particular epoch.

Using the above definitions, in lit [6] is given that the user time or the time of measurement is:

USER_MS

[seconds] 3.1)
1000

User_Time =

And the time of transmission for the satellite is:

pH|  PHLFRAC
286 3.2
Channel_Time = CHNL_MS + = 4 CODE [seconds] (3:2)
- 1000 L1FREQ L1FREQ

From the two equations above, the pseudo range measurement is:

Pseudo_Range = (User_Time - Channel_Time) * c [meters] (3.3)

with: c is the speed of light (= 299 792 458 m/s).

3.3 Structure of Satellite Navigation Data

The satellite navigation data contains the information of the satelite at the moment of
measurement. This includes the position of the satellite and the offset of the satellite clock in
relation to the GPS time. All these parameters are given in the GPS satellite navigation data which
is transmitted by every GPS satellite. This data is illustrated in Figure 3.2.

The satellite navigation data consist of 1500 bits which is transmitted at 50 bits per second. These
bits are divided into five subframes of 300 bits each. Each subframe contains ten words. The first
two words are a TLM (Telemetry Word) and a HOW (Hand Over Word). The TLM message
contains information needed by the authorized user. The format and content of HOW can be found
in ICD-GPS-200 [1].

The GPS satellite navigation data contains five subframes followed by frame numbers.

These are:

« Subframe 1 - clock offset correction
It tells the receiver how much the satellite clock differs from GPS time.

« Subframes 2 and 3 - ephemeris predictions
Both provide precise description of the satellite orbit to obtain a position. This remains
accurate for about 4 hours.

» Subframe 4 - correction data

Raw Data Structure of MX4200D GPS Receiver
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subframe 1 data block |

TIM | HOW Satellite Clock Information
subframe 2 data block I

M | HOW Satellite Ephemeris Information
subframe 3 data block lI

M | HOW Satellite Ephemeris Information
subframe 4 message block

LM | HOW lonosphere Par.

subframe 5 data block Il

M | HOW Constellation Aimanac

Figure 3.2 The satellite navigation data

It compensates for the delay of radio waves in the atmosphere, and some data for the
conversion GPS time to Universal Time Coordinated (UTC).

« Subframe 5 - almanac information
It gives the GPS receiver the approximate location of all operating satellites. Each 30-
second message provides a subframe of the almanac.

The parameters of subframe 1 of the GPS satellite navigation data is used to calculate the satellite
clock errors as described in chapter 2.3.1. These parameters are for example week number, Issue
of Data Clock (IODC), estimated group delay differential (Tgp) and parameters of the clock
corrections (t,., ap, & and ag). The week number represents the number of the current GPS
week at the start of the data set transmission interval. The GPS week number increases at each
end/start of each week. The Issue of Data Clock gives the issue number of the data set. It provides
the user with a convenient means of detecting any change in the correction parameters.

The parameters of subframes 2 and 3 are used to calculate the position of the satellite at the time
of measurement. The content of these subframes and the equations to calculate the satellite
coordinates are given in Appendix B.

Raw Data Structure of MX4200D GPS Receiver
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4. Software Description

4.1 Introduction

In the previous chapter, the algorithm to calculate the position of the user is given. This algorithm
is implemented to a program with the source code of Turbo Pascal (version 7.0). The Turbo Pascal
program is divided into several units. A unit is a precompiled collection of Turbo Pascal program,
which can also be used in other programs. A unit can store anything that can be found in a
normal Turbo Pascal program, but it is not a complete program. It cannot be run separately.
Instead, a main program has to use the unit’s features, as if those features are declared directly in
the program.

In this chapter, the program that consists of several units to calculate the position of the receiver
using the data from the receiver is described. The block diagram, the relations between the units
and the description of the software are explained in chapter 4.2. In chapter 4.3 the filter which is
used will be described. This is the so-called Hatch filter. The choices that the user can make using
this software are illustrated in chapter 4.4.

4.2 Block diagram and description of the software

The research using the Magnavox MX4200D has been done before in two other projects by the
Telecommunication and Traffic Control System group in the Faculty of Electrical Engineering, Delft
University of Technology. These projects are Eurofix and MIAS.

The concept of Eurofix is a combination of Loran-C and GPS in which the Differential GPS
corrections are transmitted to the user by modulating the Loran-C signal. In this project, the GPS
receiver has a function as the reference station or mobile receiver.

The concept of MIAS is a hybrid approach system, based on the positioning system MLS
and DGPS. In this project, the GPS receiver provides a DGPS correction data. This correction data
is transmitted to the users through the MLS ADW data channel, where the DGPS data is used in
another GPS receiver (mobile receiver).

In the Eurofix research done by L.J.Beekhuis and reported in [8], the GPS receiver that is used is
also the MX4200D type. The diagram to obtain the differential correction from the GPS receiver are
explained in the software documentation of this research (Beekhuis [10]). General parts of the
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algorithm in that diagram are also used in the research that is described in this report. These are
stepi.exe and step2R.exe. The stepi.exe is used to convert the raw satellite data from the
compressed format to the uncompressed format. And the step2R.exe is used to calculate the
satellite positions and to obtain the range errors, if the reference station position is known. Part of
stepi.exe and the algorithm to calculate the satellite positions from step2R.exe is used here. In the
diagram from [10], the Least Square method is given in the Matlab format, and here it will be
translated in Turbo Pascal format.

The diagram which describes the position calculation algorithm explained in the following
paragraphs is given in Figure 4.1.

ephemeris data

L ot

converting > satellite | user
l: data S position po|srﬁokr;ho
i ——>| calcu n

raw satelife data x |_Cdleulation [ e

file for raw satellite data file for receiver position

'utt’ contains the comected time of fransmission
' contains the ephemeris data from the satellite xx

'sat.pos' contains the satellite position in ECEF-coordinates

Figure 4.1 Receiver position calculation algorithm

The first step in this algorithm is the conversion of the compressed raw satellite data from the raw
data port of the receiver. The compressed raw satellite data is received from the satellite receiver
with record type 2. This data is converted from the compressed format to the uncompressed
format and then kept in the memory and also stored in files. One of the important files contains the
corrected time of transmission and has an *.utt extension. Other important files contain the satellite
ephemeris data and have their own satellite number in the extension. In the conversion, the Hatch
filter is also used to filter the raw code offset from the receiver. The principle of this filter is
explained in chapter 4.3.

The second step of this algorithm is the calculation of the satellite position. This calculation can
only be done if the satellite ephemeris data is received from the satellite. This satellite ephemeris
data is sent by the receiver with record types 200 through 203. The corrected time of transmission
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and the satellite ephemeris data are then used to calculate the satellite position. The equations to
calculate the satellite position are listed in Appendix B.

The user position calculation using the Least Squares method is done as the last step. This
method is described in chapter 2.3.2. The corrected times from the first step and the calculated
satellite position from the second step are the given parameters which are needed for this
calculation.

From the algorithm described in Figure 4.1, a main Turbo Pascal program with its units is
illustrated in Figure 4.2.

raw satellite data satellite ephemeris data
MX4200
S
calc sat

4

. rec S
L

MAgNAVOX

“types" and "common” are used in all of the units

Figure 4.2 Relation between units

From Figure 4.2 it can be seen that the ‘magnavox’ is the main program of all the units. In this
program, two important units are written. They are ‘convdata’ and ‘rec_pos’. In ‘convdata’, the
compressed raw satellite data is converted into the uncompressed form. And in ‘rec_pos’, the user
position is calculated.
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In the main program ‘magnavox’, there are also two units which contain the definition of all types
and common procedures that are used in all units. These units are ‘types’ and ‘common’. In
‘types’, the type definitions which are used in all units are given. The ‘common’ contains the
functions and the procedures that are used to communicate with the user. These are for example,
the interface to the screen and the interface with the keyboard.

In the following subsections the two important units of the main program will be explained.

- convdata
In this unit the conversion of the compressed raw satellite data form to the uncompressed form is
performed using two other units:

- ‘MX4200", which converts the compressed raw satellite data form to the uncompressed
form. The listing of the program to convert this data is given in [5, Appendix D]. In this
literature, the program is written in the C-program language.

- ‘files’, in which the result is written to the files.

- rec_pos
This unit uses other units, such as:
- ‘calc_sat’, which calculates the position of the satellite. This unit has as input the result of
‘MX4200'.
- ‘calc_pos’ calculates the position of the user using the Least Squares method. In this unit,
matrix calculation is performed using ‘matrixex’ unit.

4.3 Hatch Filtering

The principle of Hatch filtering is the extrapolation of the old code measurement and the current
code measurement using the Doppler count or ’change of range’ measurement [11]. For the
current pseudo range determination, one pure code measurement is available and many ’old’
code measurements which are extrapolated using the Doppler count. By averaging all these
‘Code’ measurements, the noise of the single code measurement is reduced. In this way Hatch
filtering over two measurements becomes:

) 4.1
PR? - PR, + (PR;_, + DR} @.1)

with:
PFij2 is the Hatch filtered pseudo range over two measurements
PF{i is the measured code pseudo range at time j
DF!j is the Doppler count measurement at time j
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The general equation for Hatch filtering over N measurements becomes:

j-1 j
—x 9 (4.2)
k=j-N+1 p=k+1

with Pl’-ljN is the Hatch filtered pseudo range over N measurements.

The Hatch filter is used in the diagram in Figure 4.2 to filter the code carrier offset from the
Magnavox MX4200D GPS receiver. From the time definitions given in chapter 3.2, the non-
recursive Hatch filtering for the MX4200D becomes [8]:

PHI_FRAC,

cHNLMs; Pt —5g5 11 : (4.3)

Y CODE,

(Channel_Time); = + F ooy e
- J 1000 L1FREQ N L1FREQ | _{5.1

4.4 User Screen Information

The receiver position algorithm is given in Figure 4.1. The more detailed form of this figure is
reillustrated in Figure 4.3.
In this figure, it can be seen that the raw satellite data from the GPS receiver is processed in the
"converting data" block. From this block, the user has the choices to give the name of the output-
file. Here, it is given as a downward arrow.

The output files from this part are:

- *.utt - the file which contains the corrected time of transmission.

* * XX - the file which contains the satellite ephemeris data. The xx-code corresponds to
the satellite number.

« *.pos - the file which contains the user’s position that the MX4200D gives. This data is
taken from the raw data with record type 8.

- *.sat - the file which contains the satellite geometry. This data is obtained from the raw

data with record type 411 until 416.

After this block, the satellite positions are calculated. The result of this calculation is used as the
input for the next block. The next block is the user position calculation. From this calculation, the
user can get the file which contains the coordinates of the receiver in ECEF-coordinates. The
output of this calculation is a file with the extension *.rec.
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Il

ephemeris data

utt

|: converting
data

—

me— |

XX

raw satellite data

* utt - file
*xx - file

satellite
position
calculation

sat.pos

The content of *.utt - file is the cormection time of transmission
The content of *.xx - file is the ephemeris data from the satellite xx

The content of *.rec - file is the user position in ECEF-coordinates

user
position
calculation

U

*.rec - file

Figure 4.3 Output of receiver position calculation algorithm
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5. Measurement Results

Using the software 'magnavox’ (described in chapter 4 and listed in appendix D), the user can
obtain the output from the MX4200D in the form of a file. The output can also be stored in the form
of variables as defined in one of the units (types.pas’). These variables are then further used to
calculate the user position. The input data file of this program is a file with extension "*.dat’.

The menu that the user can get at the screen from the ‘'magnavox.exe’ is:

= Program for MX 4200D GPS Receiver
1 : Convert the raw data to files
2 : User position calculation

3 : exit

The first menu item, 'Convert the raw data to files’ means that the user has a choice which data
would be put into the file with extension ’*.utt’. There are four choices possible. These are:

- The corrected time of transmission

- The pseudo range

- The carrier phase

- The code phase

During the conversion the user can see on the screen which satellite data are used in the
calculation.

After the 'User position calculation’ menu item has been executed, the user has a file with the
extension ’*.rec’ which contains the position of the user in ECEF-coordinate system. During the
running of this part, the user can see which satellite that is being tracked, and also the calculated
position coordinates.

Using the 'User position calculation’ part, we can calculate the user position. From the data that
are measured at 18 July 1994 at Faculty of Electrical Engineering, Delft University of Technology,
the x, y, and z coordinates are computed. The errors from these calculations are given in the
figures below.
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The x-coordinates in ECEF:

Error in the x direction
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o
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Time (seconds) x 10

The y-coordinates in ECEF:
Error in the y direction
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The z-coordinates in ECEF:

Error in the z direction
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- From the above figures, the largest part of the errors is caused by SA. This error is introduced
by the US Department of Defence for security reasons.

- The jump in the calculation of the x, y, and z coordinates occured if the data from a particular
satellite dropped out or if the other satellite data is coming in.

From the error sources given in chapter 2.4, the multipath error, ionosphere errors from the
pseudo range and the carrier phase measurement, and the noise from the pseudo range
measurement can be obtained from the difference between the measurement of the pseudo range
and the carrier phase. The plot of this difference for several satellites is given in the following
figures.

The plot of the pseudo range - carrier phase from SV2.
Sv2

Error (meters)

1.37 1.38 1.39 14
Time (seconds) x10°

The plot of the pseudo range - carrier phase from SV1.
Sv1

Error (meters)

1.37 1.38 1.39 14
Time (seconds) x10°
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The plot of the pseudo range - carrier phase from SV31.
SV31

Error (meters)

1 1 1
1.37 1.38 1.39 1.4

Time (seconds) x10°
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6. Conclusions and Recommendations

Conclusions

From the results of the previous chapter, we can conclude that the position calculation is
influenced by the ephemeris data from the satellite. In the case that another satellite is used as
replacement for example, the ephemeris data received will be different, and this is the satellite
jump. This satellite jump causes a difference in the position calculation.

The pascal program used in this research works with units. This makes it possible to add other
units for different purposes.

Recommendations

This user interface can be used for further research in this group.

In the further research, the differential GPS can be applied to obtain a better accuracy than the
GPS alone.

To get a better accuracy in the position calculation, it may be better to use filter in other part(s)
of the software.

Conclusions and Recommendations
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Appendix A Eccentric Anomaly Iteration

The orbit of the satellite is illustrated in the ellipse form. This ellipse form has an eccentric anomaly
that can be described according to a Keppler equation:

M, = E, - e sinE (A1)

Note: The variable e, the eccentricity of the Kepler orbit is given in the GPS navigation data
subframe 2 and 3 (ephemeris data).

Equation (A.1) can be solved using the Picard Iteration as follows:
(Ek)n+1 = Mk + e Sln(Ek)n (A-2)

The starting value of E, is M, from equation (A.1).

Using Newton Raphson, the quadratic convergence occurs if:

(Exdn+t = (Eidn - f/(Ek)" (A.3)
' (E)n
In above equation, the function of f is:
f(Ey) = My - E; + e sin(E,) (A.4)
and
' (E,) = -1 + e cos(E,) (A.5)

This iteration is finished when the number of iteration is more than the maximal allowed number of
iterations or

[ (Ednst = (Ednl < €

Note: In the research for this report, the accuracy for Newton Raphson is 1072 and the maximal
number of iteration is 10.
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Appendix B Satellite Position Calculation

The GPS navigation data subframes 2 and 3 contain the GPS ephemeris data. This data are
needed to calculate the position of the satellite. In [1, Table 20-ll]] the contents of this data is
listed. This data is given also in the following paragraph.

The broadcasted satellite ephemeris contains:

M, = the mean anomaly at reference time (semi-circles)

An = the mean motion difference from computed value (semi-circles/seconds)

e = eccentricity (dimensionless)

(A)”2 = the square root of the semi-major axis (meters” 2)

Qp = the longitude of the ascending node of orbit plane at weekly epoch
(semi-circles)

i = the inclination angle at reference time (semi-circles)

» = the argument of perigee (semi-circles)

Q = the rate of Right Ascension (semi-circles/seconds)

IDOT = the rate of Inclination Angle (semi-circles/seconds)

Cuc = the amplitude of the cosine harmonic correction term to the argument of
latitude (radians)

Cis = the amplitude of the sine harmonic correction term to the argument of
latitude (radians)

Crc = amplitude of the cosine harmonic correction term to the orbit radius
(meters)

= amplitude of the sine harmonic correction term to the orbit radius (meters)
= amplitude of the cosine harmonic correction term to the angle of inclination

(radians)

Cis = amplitude of the sine harmonic correction term to the angle of inclination
(radians)

toe = reference time ephemeris (seconds)

IODE = issue of data (ephemeris)

The user can compute the earth fixed coordinates of the satellite antennas phase center using
variations of the equations shown in [1, Table 20-IV]. These equations are also listed in the
following paragraph.
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The WGS-84 value of the Earth’s Universal Gravitational Constant is:

3
u = 3.986005x10'4 Meter

3902

The WGS-84 value of the Earth’s rotation rate is:

05 rad

Q, = 7.2921151467x1
sec

The semi-Major Axis is:

A = (V&f

The Computed mean motion is:

If t is the time from Ephemeris Reference Epoch then:
e = quPS - toe

The Corrected mean motion is:
n= no + An

The Mean anomaly is:

Mk=M0+n‘tk

(B.1)

(B.2)

(B.3)

(B.4)

(B.5)

(B.6)

(B.7)

To get the Eccentric anomaly we solve iteratively Kepler's equation for Eccentric anomaly:

M, = E, - e - sin(Ey)
The True Anomaly is:

y1-€2 -sin(Ey)

v, = atan
cos(Ey) - e

The Argument of latitude is:

B =v*to

(B.8)

(B.9)

(B.10)
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The Argument of Latitude correction for second harmonic perturbations is:

du, =C s - sin(2q,) + C,. - cos(2q,)

The Radius correction for second harmonic perturbations is:
én, =C,. -cos(2g) + C - sin(2q,)

The correction to Inclination for second harmonic perturbations is:
8i, = G, - cos(2@,) + C;g - sin(24,)

The corrected Argument of Latitude is:
Ug = G + 8uy

The corrected Radius is:
e =A (1 -e-cos(Ey)) +38r,

The corrected Inclination is:
i =g + 8iy +IDOT - ¢,

The position in Orbital Plane is:

Xk
Yk

re * cos(u,)
Me « sin(uy)

I

The corrected Longitude of Ascending Node is:

Qk=Qo+(ﬁ—ﬁe) 'tk—ﬁe‘toe

The position of the satellite Earth Centered Earth Fixed (ECEF) coordinates is:

Xk
Yk
Zy

X © Cos(Q) -y - cos(i)sin(Q,)
X - Sin(Qy) + vy - cos(i)cos(Q,)

The calculated satellite coordinates that are obtained from the above equations have to be
corrected for the earth rotation effect. This correction is taken into account because during the
time of signal propagation, the earth rotates. The angle of this rotation can be calculated using the
difference between the time of transmission and the estimated time of reception and the average

earth’s rotation rate Q.

(B.11)

(B.12)

(B.13)

(B.14)

(B.15)

(B.16)

(B.17)

(B.18)

(B.19)
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This rotation angle can be given in an equation form as:

y = (Est_ TOR - TOT)+Q (B.20)
with:
0 the average earth rotation (radians/seconds)
Est TOR the estimated time of reception (seconds)
TOT the time of transmission (seconds)

This rotation angle can be used to calculate the new position of the satellite which is corrected for
the earth rotation. This is a rotation arround the positive (ECEF) z-axis. This correction is given in
litt [3] as:

X cosy siny O X
y = |-siny cosy 0| * |y (B.21)
Z |est TOR 0 0 1] |zhor
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Appendix C The MX4200D Multi-port Interface

The MX4200D multi-port interface consists of four serial, bi-directional data ports. These ports with
the accompanying general function are:

- Control Port . as controller

- Equipment Port : as autopilot, radar, satellite communications terminal and Loran-C
receiver

- Raw Data Port : for data logging

- RTCM Port . for differential corrections

The ports used here are the control port and the raw data port. These ports will be described in
the following sections. The equipment port is used to allow the MX4200D to communicate with
external equipment which have an interface using the NMEA-0183 electrical standard for serial
data. Standard NMEA-0183 sentences containing position, track and speed are the periodically
output of this port. The RTCM port is used by the MX4200D. This port is typically connected to a
modem data link for the reception of the differential corrections from a remote GPS differential
reference station.

C.1 Control Port

The MX4200D can be programmed with some messages of the control port. The messages, their
labels and the structure which are used here are listed in the Table C.1.

The functions of the given sentences are:

$PMVXG,000 Part A of the Initialization/Mode Control. It initializes the time, position and antenna
height of the MX4200

$PMVXG,001 Part B of the Initialization/Mode Control. It specifies various navigation parameters:
Altitude aiding, acceleration, maximum DOP limits, and satellite elevation limits.

$PMVXG,018 Restart Control. It causes the MX4200 to terminate operation and restart in either
the warm or cold state, as specified.

$PMVXG,024 Raw Data Port Record Selection. This messages controls which data records are
output on the Raw Data port.

$PMVXG,027 Raw Data Port Control Settings. This sentence is used to define the serial
configuration of the Raw Data port. In conjunction with PMVXG,024, it defines in
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which format raw measurement data is output to the Raw Data port, and whether
to output almanac and ephemeris data.

0 = Output almanac now
1
2

Output ephemeris data now

Output almanac and ephemeris data now

Table C.1 Magnavox MX4200D Control Port Input Sentence
e e
Rec.number Field Field Contents Range
$PMVXG,000 DD Day of month 1-31
MM Month of year 1-12
YYYY Year 1991-9999
HHMMSS GMT 235959
DDMM.MMMM Latitude (degrees, minutes) 0-89.9999
N North (S = South) NorS
DDDMM.MMMM  Longitude (degrees, minutes) 0-179.999
| w West (E = East) EorW
| HHHHH.H Altitude (meters) 0-99999.9
X Not used
$PMVXG,001 X Constrain Altitude: 0-3
0 = never 1 = auto
2 = always 3 = coast
X Not used
XXX Horizontal acceleration factor (m/sz) 0.50-10.0
X Not used
XXXX VDORP limit 1-9999
XXXX HDOP limit 1-9999
XX Elevation limit 0-90
X Time output mode: U L
U = UTC, L = Local time
HHHMM Local time offset (+) from GMT + 0-2359
$PMVXG,018 X Reset type: W = Warm start; C,WT
C = Cold start; T = Tepid start
$PMVXG,024 X Nav Result: +, -
+ = enable output, - = disable output
X Raw Measurements +, -
X Almanac and Ephemeris +, -
X Constellation Information +, -
X Time Recovery +, -
X Full Debug +, -
X Partial Debug +, -
$PMVXG,027 XX Input Baud Rate Selection
X Parity/No. Data Bits Selection
XX Raw Measurement Record Compression 0-2
Control: 0 = ASCII;
1 = Compressed only; 2 = Both
X Almanac/Ephemeris Request: 0-2
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C.2 Raw Data Port

The raw data records consist of ASCIl characters terminated by a carriage return/line feed. The
raw data lines with record type 1 and 2 contain the raw satellite data. The contents of these data
are given in chapter 3.2.

Table C.2 Raw Data Port Records
—

Rec.type Byte Identifier Description Range
100 1-4 ID Record ID 100
6-7 PRN Satellite PRN number used for Almanac 1-32
101-132 1-4 ID Record ID 101-132
6-76 Almanac data for satellites 1-32
133-134 1-4 D Record ID 133-134
6-76 Health indicators for satellites 1-32
135 1-4 ID Record ID 135
6-76 lonospheric correction
136-150 Reserved for special messages, spares and additional data
200 1-4 ID Record ID 200
6-7 PRN Satellite PRN number of the messages 1-32
in rec.type 201-203
201 1-4 ID Record ID 201
6-76 Subframe 1 The contents is according to ICD-GPS-200.
It contains 24 pairs of hex-ASCII digits.
202 1-4 ID Record ID 202
6-76 Subframe 2 id for subframe 2
203 1-4 ID Record ID 203
6-76 Subframe 3 id for subframe 3
411-416 1-4 Record Type: 411 = channel 1 411-416
412 = channel 2

413 = channel 3
414 = channel 4
415 = channel 5
416 = channel 6

6-7 Satellite PRN 1-32
9-11 Azimuth to satellite, in degrees 0-359
13-14 Elevation of satellite, in degrees 0-90
16-22 GPS time in seconds 0-604800

Appendix C  The MX4200D Multi-Port Interface
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Appendix D Software listing

Appendix D Software listing
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