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Notation

= transmit time (s)

t
r

= receive time (s)

”t
r

) = transit time (s)

p = pseudorange (m)

Pp = P-code derived pseudorange (m)

f
ca

= fraction of the C/A-code phase

cycle (m)

c
ca

= continuous C/A-code phase cycle (m)

P = carrier phase (cycles)

f = fraction of carrier phase

cycle (cycles)

idop = integrated Doppler (cycles)

R = true range between satellite and
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R
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= satellite position (m)

R
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= receiver position (m)

dj_on
= ionospheric error (m)

d
trop

= tropospheric error (m)

d
ts

= satellite clock error (m)

dtr
= receiver clock error (in)

= satellite clock error (sec)

Tj_ = receiver clock error (sec)
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n = integer C/A-code phase ambiguity

L
ca

= length of C/A-code cycle (m)

N = integer carrier phase ambiguity

c = speed of light

L = distance between LI and L 2 phase center

offsets
i

L = correction to phase center offset for

two frequency corrected data

f j_
= signal carrier frequency i



CHAPTER 1

Introduction

The technology of the Global Positioning System

(GPS) receivers has been rapidly advancing over the

past few years with integrated circuits becoming

faster, smaller, more powerful and less expensive.

At the same time, the number of companies that are

building GPS receivers has been increasing, thereby

creating a more competitive market. Due to these

factors the cost of GPS receivers has been

decreasing, and the competitive environment has

provided many different types of receivers to be used

in geodetic applications.

GPS can be used for many different applications.

It has been used for tasks such as baseline

determination [Lichten et al., 1989], determination

of moving platform positions [Mader, 1986], plate

tectonics [Prescott and Svarc, 1986], and others.

Although the majority of GPS applications deal with

determination of positions, GPS has also proven to be

an effective tool for the task of time transfer

(synchronizing of clocks over long distances) [Feess

and Winn, 1988].

Over the past few years the methods used to

process GPS data have been continually improved to

give increasing accuracy from the data collected.

Accuracies achieved using current methods range from
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a few millimeters for baselines of a few meters in

length to 1 part in 10
8

for continent size baselines

[Lichten et al., 1989].

Many factors have contributed to the improvement

of the solution accuracy. Such things as orbit

determination [Schutz et al., 1989], receivers which

track more satellites simultaneously [Remondi and

Ashjaee, 1988], and antennas with reduced multipath

effects [Rocken and Meertens, 1989] have all helped

improve solution accuracies.

Many programs used to calculate baselines for

GPS data have been developed by receiver

manufacturers. These programs are usually written to

take into account the peculiarities of the data from

the manufacturer's receiver type and generally can

not process data from other receivers. In the past

this has not been a major problem because there were

not very many receiver types. When data collection

campaigns were conducted, the same receiver types

were generally used at all locations.

With companies regularly introducing new, lower

cost receivers, data collection campaigns can be

difficult to organize if just one receiver type is to

be used. If multiple receiver types could be used,

more receivers could be included in the campaign.

This presents a problem since many software packages

are only able to process one receiver’s data format.

Although software has been written to help solve this
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problem, difficulties still exist when trying to

combine data from different receivers. Some of the

obstacles encountered are discussed later in this

report.

The primary goal of this research has been to

determine the accuracy limitations encountered when

combining data collected from different types of

receivers in a single post-processing program.

Previous studies have determined accuracies

obtainable using similar receiver types. The main

objective of this study is to determine if levels of

accuracy are reduced when data from different

receiver types are mixed.

Differences between receiver types that cause

problems in processing are discussed in Chapter 2 of

this report. Chapter 3 describes some of the options

available when processing data from different

receiver types. An overview of a software package

named OMNI, developed at National Geodetic Survey,

and some of its features are given in Chapter 4.

Experiment descriptions and results are provided in

Chapter 5, while Chapter 6 discusses some problems

that were encountered and contains the conclusions of

the report. There are also two appendices.

Appendix A describes conversion of Ashtech XII and

TI-4100 data to a "generic" format. Appendix B is a

compilation of antenna phase center offsets from

various sources.



CHAPTER 2

Receiver Dependent Differences

This chapter contains a somewhat detailed review

of GPS receiver characteristics relevant to geodetic

applications. Several important receiver differences

are discussed in the sections below.

2.1 P-code, C/A-code and Carrier Phase

One of the important receiver differences is

associated with the type of code that the receiver

processes. Some receivers process the precise or P-

code, other receivers process the Coarse/Acquisition

or C/A-code and some receivers have the ability to

switch between C/A-code and P-code. GPS provides the

Precise Positioning Service (PPS) through the use of

the P-code (accuracy on the 10 centimeter level) and

a Standard Positioning Service (SPS) through the use

of the C/A-code (accuracy on the meter level).

Receivers that only use the C/A-code are sometimes

referred to as codeless receivers. They are codeless

in the sense that they do not make use of the P-code.

The P-code is a pseudo-random code generated and

transmitted by each satellite. This satellite-

dependent code consists of a series of bits (zeros

and ones) transmitted in a pattern that has some

qualities similar to a random signal, but repeats

every 7 days [Wells et al., 1986]. The P-code

4



5

receivers also generate the same code internally.

When the receiver processes the signal it has

received, it compares the code it has generated

internally with the code it has received. By

measuring how much the signal must be shifted in time

to match the receiver generated signal gives the

amount of time the signal took to travel from the

satellite to the receiver. The travel time of the

signal is referred to as the transit time and is

illustrated in Figure 2-1. This transit time is not

precisely the travel time of the signal due to biases

in both the satellite and receiver clocks.

As mentioned above the P-code is a series of

bits transmitted in a well defined pattern. The

equation used to generate this pattern is

unclassified and is available to anyone. However,

the P-code signal can be replaced with what is known

as the Y-code. The Y-code is similar to the P-code

except the equation that generates the pattern of

bits is classified. Therefore, only authorized users

have access to this code.

The C/A-code is very similar to the P-code

except that the C/A-code repeats every 1 ms while the

P-code repeats every week. The C/A-code is also

approximately 10 times less accurate. Because the

signal from the satellite takes about 70 ms to reach

the receiver and the C/A-code repeats itself every 1

ms the receiver can only measure the fractional part

of a millisecond (approximately 300 km in length)
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FIGURE 2-1

DETERMINING PSEUDORANGE FROM GPS SIGNAL
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using the method of matching received and internally

generated codes. This fraction is what is usually

recorded by the receivers that use C/A-code.

P-code receivers record the transit time

(complete pseudorange) while C/A-code receivers

record only the fractional part of a C/A-code cycle.

The term pseudorange is the range between the

receiver and the satellite plus biases. These biases

come from sources such as satellite clock biases,

receiver clock biases, orbit biases, ionospheric

delays and tropospheric delays. Some of the maximum

values for these biases are shown in Table 2-1 [Wells

et al., 1986]. The true range, R, of the satellite

to receiver distance can be expressed as:

R = Pp - biases (2-1)

R = n*L
ca

+ f
ca

- biases (2-2)

where R = satellite to receiver range,

Pp = P-code derived pseudorange,

n = integer C/A-code cycles,

L
ca

= length of a C/A-code cycle,

f
ca

= fraction of the C/A-code cycle, and

biases = measurement errors.

Equation (2-1) is the relation between the true range

and the P-code pseudorange, and Equation (2-2) is the

relation between the true range and the fraction of

the C/A-code cycle. The value n will change once
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Table 2-1

MAXIMUM RANGE BIAS VALUES

Source Macmitude

Satellite Clock

Biases

300,000 meters

10 meters if broadcast correction

is used from ephemeris

Receiver Clock

Biases

10 meters to 1000's of kilometers

depending on the receiver clock

quality

Orbit Biases 80 meters but should decrease to

10 meters when operational

tracking network in place

Ionospheric

Delay

150 meters near the horizon

50 meters near the zenith

Tropospheric

Delay

20 meters near the horizon

2 meters near the zenith
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every time the pseudorange has changed a distance of

L
ca , the length of the C/A-code cycle.

An additional difference is encountered when the

C/A-code phase measurements are recorded in another

manner. Instead of just recording the fractional

C/A-code phase cycle, some receivers record what is

called continuous C/A-code phase measurements. In

this form all C/A-code phase measurements are

recorded relative to the first point where phase lock

is established. The measurements are recorded

relative to this point until the next loss of lock.

Equation (2-3) can be used to represent these

measurements, but unlike Equation (2-2), n will

change only where there is a loss of lock.

R = n*L
ca

+ c
ca

- biases (2-3)

where c
ca

= continuous code phase.

The P-code and C/A-code are both modulated on a

higher frequency carrier signal when they are

broadcast by the satellite. This carrier signal is

recorded by receivers and is referred to as carrier

phase. There are two carrier signal frequencies that

are broadcast by the satellite, LI and L
2. Through

the use of the two frequencies the errors caused by

the ionosphere can almost be completely removed. The

LI frequency, at 1575.42 MHz, is modulated by both

the P-code and the C/A-code while the L 2 frequency,
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at 1227.60 MHz, is modulated by just the P-code

(Figure 2-2).

The P-code is modulated at a frequency of 10.23

MHz while the C/A-code is modulated at 1.023 MHz.

The accuracy at which each signal phase can be

measured is related to the frequency. Therefore, P-

code measurements are more accurate than C/A-code by

a factor of about 10 and the carrier phase

measurements are more accurate than the P-code

measurements by a factor of about 100. C/A-code

measurements have an accuracy near the meter level,

P-code accuracy is near the 10 centimeter level and

carrier phase accuracy can be obtained near the

millimeter level [King et al., 1985].

The carrier phase shares problems similar to the

C/A-code data. There is an unknown integer number of

cycles between the receiver and the satellite so the

complete range is unknown. Unlike the C/A-code, the

carrier phase integer is very difficult to determine.

As with the C/A-code the carrier phase may be

recorded as fractional phase or continuous phase.

The reason the integer number of C/A-code cycles

can be determined and the integer carrier phase

cycles are very difficult to determine may be

explained by comparing the effective wavelengths of

the signals. The effective wavelength of the C/A-

code is approximately 300,000 meters. The wavelength

of the carrier phase is about 19 centimeters for the
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FIGURE 2-2

P-CODE, C/A-CODE, AND CARRIER FREQUENCIES

FUNDAMENTAL

FREQUENCY

10.23 MHz x 154 = 1.57542 GHz L1 Carrier

10.23 MHz x 120 = 1.22760 GHz L2 Carrier

10.23 MHz x 0.1 = 1.023 MHz C/A Code

10.23 MHz x 1 = 10.23 MHz P Code

L

BAND

FREQUENCY CODES MODULATED

ON THIS L BAND

L1 1.57542 GHz C/A Code

1.023 MHz

P Code

10.23 MHz

L2
1.22760 GHz No C/A

Code

P Code

10.23 MHz
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LI frequency and 24 centimeters for the L 2 frequency.

Using the ephemeris, an initial guess of the receiver

position, and estimates of some of the biases, an

estimate of the pseudorange can be determined. Even

if the estimate of the pseudorange value is within

several thousand meters of the true pseudorange, the

proper number of 300,000 meter units to add to the

C/A-code phase is relatively easy to determine unless

the ephemeris contains unrealistically large errors.

The uncertainty of the pseudorange estimate is much

smaller than the effective wavelength of the C/A-

code. Integer number of carrier phase cycles,

however, are very difficult to determine because the

wavelength of the signal is much smaller than the

error involved in the estimated value of the

pseudorange.

2.2 Time Tags

Receivers produce observation records at

different epochs. Some receivers report data on the

full minute and at user-defined increments throughout

the minute (e.g. 2:10:00.0, 2:10:20.0, 2:10:40.0,

2:11:00.0...). Other receivers collect at set

increments throughout the minute but not on the full

minute (e.g. 2:10:01.0, 2:10:21.0, 2:10:41.0,

2:11:01.0...). Still a third method is to collect

data near a certain epoch. An exaggerated example

would be ( 2:10:00.0, 2:10:20.1, 2:10:40.2,

2:11:00.3...). The third method is used in the

Ashtech XII receivers and results from the fact that
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the clock in the Ashtech has a relatively large clock

drift, as large as 10
-6

sec/sec.

Many processing programs make the assumption

that the observation epochs occur at the same time

for all the receivers being processed. High accuracy

post-processing programs often implement methods

which involve this assumption. If data from various

types of receivers are combined and they have

different data collection epochs, the assumption is

violated and accurate position solutions can not be

calculated without the application of appropriate

correction terms.

2.3 Clock Corrections

Most receivers record the raw data without the

application of a variety of corrections, including

biases that are known to exist. This approach is

usually used because at the time of data collection

the biases are usually unknown and must be solved for

in post-processing. However, an estimate of the

satellite clock bias is broadcast in the GPS signal.

Some receivers make use of this value and apply the

correction to the raw measurements before the data

are recorded. Therefore it should be known whether

this correction has been made when processing the

data.

To complicate the matter, some receivers make

this satellite clock correction to just the
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pseudorange observations and leave the satellite

clock bias in the carrier phase data.

2.4 Transmit time vs Receive Time

There are two different methods that receivers

use to record the satellite range information. Some

receivers record the receive time of the satellite

signal, while other receivers record the transmit

time of the signal from the satellite and let the

post-processing software calculate the receive time

if needed. The transmit time of the signal is

encoded within the signal and can be extracted.

Receivers that record the receive time usually

only need to record one time tag for each collection

epoch because observations from all the satellites

being tracked are recorded at the same time. The

receive time is computed from the receiver clock so

these time tags differ from GPS time by the amount of

the receiver clock bias.

Receivers that record the transmit time usually

must record a time tag for each satellite at each

epoch. This is usually required because all of the

observations are recorded at the same time in the

receiver but satellites with different ranges and

clock biases will have signals that were transmitted

at different times. The transmit time is computed

from the satellite clocks so each time tag differs
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from GPS time by the amount of the corresponding

satellite clock bias.

2.5 Phase center offsets

While the number of receiver types is growing,

so is the number of antenna types that are available.

Antenna types that are constructed differently may

have different phase center offsets associated with

them. The phase center offset is the point in or

near the antenna where the electromagnetic signal is

effectively received. Because the phase center

offset is frequency dependent, the LI frequency

offset may be located at a different point than the

L 2 frequency offset. Typical phase center offsets

measured from the center of the antenna base range

from 1 cm to 23 cm in magnitude. The vertical

component of the phase center offset is usually much

greater than the horizontal component.

The phase center offset is not actually at a

fixed point. The phase centers of antennas depend on

the orientation of the signal source. Signals

originating from different directions are effectively

received at different locations in the antenna

causing phase center movements. The phase center

offset is the average position where the signals are

received in the antenna for a wide range of signal

origination directions. For the TI-4100 antenna the

variations are on the order of approximately 2 cm

[Sims, 1985]. However, the specific value is
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dependent on the antenna model [Prescott et al.,

1989].

Problems associated with the phase centers of

antennas can be divided into two topics. The first

topic is the phase center offset, which is the

average effective received location in the antenna

for a wide range of signal origination directions.

The second topic is the movement of the actual

received location around the average position, which

is called phase center movement.

When using antennas of the same type on a

baseline to determine a relative position, the phase

center offsets cause very little error. From

Figure 2-3(a) it can be seen that for antennas of the

same type, the distances between the bases of the

antennas, is the same distance as the distance

between the phase centers, 1
. However, for

antennas of different types, Figure 2-3(b), this is

no longer true so the phase center locations must be

taken into account.

For antennas of the same type the phase center

movements also cause very little error when measuring

short baselines in a relative positioning mode.

Because the phase center movements are dependent on

the direction of the signal, phase center movements

will cancel if both antennas receive the signal from

the same direction. As can be seen from Figure 2-4,

antennas on a short baseline receive the signals from
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FIGURE 2-3

PHASE CENTER OFFSET DIFFERENCES
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FIGURE 2-4

PHASE CENTER MOVEMENT CANCELATION
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almost the same direction. The same is not true for

antennas on a long baseline.

2.6 Receiver Comparison

This section describes characteristics of the

TI-4100 and the Ashtech XII receivers. These two

receivers are compared because they are the receivers

used in the experiments discussed later in this

report. The main characteristics to be presented are

those that have been mentioned in the sections above.

The TI-4100 is a dual frequency (LI and L2),

receiver capable of recording P-code, C/A-code, and

carrier phase. Depending on the internal software

used, the data collection may be at a fixed epoch or

may be adjusted by the user to any desired epoch.

The data rate is adjustable. Data are recorded with

the receiver and satellite clock biases still present

in the data, therefore, corrections must be applied

in post-processing. Each record is time tagged with

the receive time of the signal.

The Ashtech XII is a single frequency receiver

(dual frequency Ashtech receivers are now being

produced but have not been included in this report)

which records C/A-code and carrier phase. The data

rate is adjustable within limits, but the data

collection epoch is not. When data collection

begins, the epoch is approximately 0.5 seconds before

the full minute. However, as the receiver clock
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drifts, the receiver will adjust the data collection

epoch by 2 milliseconds, when needed, to keep the

collection near the correct epoch in GPS time, as

opposed to keeping the collection at the correct

epoch in receiver clock time. The receiver clock is

not adjusted, just the epoch at which the data are

collected. Data are recorded with receiver clock

biases still present in the data. Through the use of

the broadcast clock correction, the satellite clock

bias is removed from the C/A-code data, but the

satellite clock bias remains in the carrier phase

data. The C/A-code and carrier phase measurements

are tagged with the transmit time of the signal.



CHAPTER 3

Processing Mixed Receiver Type Baselines

If data are collected in a network containing

more than one type of receiver then it is obvious

from the above descriptions of receiver differences

that some special processing will be required.

Various methods have been devised, each with

advantages and disadvantages. Three methods

discussed by Gurtner et al. [1989], are listed below

One analysis method is to divide the data into

groups in which each group of data contains

measurements collected by only one receiver type and

where all receivers in the group have the same

antenna type. Each one of these groups of data are

processed using the software that has been

specifically designed for that type of receiver.

This produces a network solution for each set of

receiver and antenna types. If two receiver types

are allowed to share a common site then a

relationship can be found between the network

solutions for those two receiver types. One of the

main disadvantages of this method is that some sites

of the network are required to have two receivers.

The requirement of having two receivers at the

same site may be overcome if there is some other way

of relating the two networks. One such way is to

locate receivers of different types on previously

21
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surveyed locations so that their relative positions

are known. Then the known difference between these

two receivers can be used to relate the two networks.

A second method would be to convert all of the

different data types to a format required by the

post-processing software. This sometimes becomes

difficult because not all receivers provide the

information that is required by the post-processing

software.

A third method that is similar to the second is

to convert all of the data types to a common format

and develop a generic post-processing program that

will compute solutions from the data in this common

format. This method is the most versatile of the

methods mentioned. The major obstacle using this

method is trying to put the data into a common

format. All of the receiver specific characteristics

mentioned above must be taken into account and

converted in order for this to work. Although the

data must still be converted to a common format, as

must be done in the second method mentioned, this

method has the advantage that the generic format can

be defined in a way to make the conversions easier.

The last method is the method that was chosen

for this study. It appears to have the potential to

be the most accurate and the most convenient once the

problems associated with converting the data to a

common format are overcome. Software packages are
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being developed which employ this technique. Some of

the packages that currently exist are the Bernese GPS

Software [Gurtner, 1985], the Multi-type Receiver GPS

Analysis Software (GAS) [Ffoulkes-Jones, Ashkenazi,

1989], OMNI Software [Mader and Chin, 1989], and

packages at the University of Texas Center for Space

Research [Ho, 1989]. Most GPS processing packages

are in a continual state of improvement to

accommodate new receivers or improved understanding

of existing receivers.

The following sections develop some of the

methods that can be incorporated to make data from

different receivers compatible with each other. In

some cases the differences can be completely removed

while in other cases the differences can only be

reduced.

3.1 P-code versus C/A-code Solution

The two main differences between the P-code and

C/A-code phase measurements are that C/A-code has an

unknown integer number of 1 ms units (or

approximately 300 km in length) and that the C/A-code

is about ten times less accurate than the P-code.

The procedure for determining the unknown integer for

the C/A-code is explained below. The accuracy

difference is not extremely important in this study

because the code phase measurements are used only to

calculate an approximate estimate of the clock drift

and to calculate a first guess of the receiver
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position. Both the P-code and C/A-code are

sufficiently accurate to provide these estimates.

The carrier phase is the observable that is used for

the high accuracy applications.

The C/A-code phase is related to the complete

satellite to receiver pseudorange by the

Equation (3-1):

P = n*L
ca

+ f
ca

(3-1)

where n = integer C/A-code phase ambiguity,

L
ca

= length of C/A-code cycle

( 0.001 s/cycle * c m/s), and

f
ca

= fraction of C/A-code phase.

Solving for n:

n=( P ” f
ca ) / L

ca
< 3-2 >

The right-hand side of this equation contains the

only unknown, the complete pseudorange. The complete

pseudorange may be estimated using the initial guess

of the receiver position and a given satellite

ephemeris. Substituting the values in the right-hand

side of Equation (3-2) should result in a near

integer value for n. The value will not be exactly

an integer due to errors in the pseudorange estimate

but it is expected to be close, and can be rounded to

the nearest integer. Using this integer n in

Equation (3-1), the complete pseudorange may be
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obtained. A more detailed explanation of this method

is found in Appendix A where the Ashtech data

conversion is discussed.

3.2 Carrier Phase

Carrier phase may be recorded in many different

ways by various receivers. The characteristics of a

good common format are described in this section.

The carrier phase measurements have an unknown

integer ambiguity so an acceptable common format is

to express the carrier phase with the unknown bias

still present. However, this bias should be limited

to just one unknown bias throughout the data set, if

possible. This means that any cycle slips existing

in the data should be corrected. Various methods

have been developed to detect and correct these

slips. Such methods implement comparisons between

the LI and L 2 frequencies, polynomial fits to the

data, triple differences, or combinations of these

and other methods.

3.3 Time Tag Difference Solution

In many post-processing programs, data are

differenced between satellites and then differenced

between receivers. If the observations that are

being differenced are all at the same epoch, most of

the satellite and receiver errors cancel. Therefore,

it is very helpful to adjust the data and time tags
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from all the receivers to the same time for each

epoch before differencing. This adjustment to a

common time tag is used by many programs but it is

not the only way that the data can be processed. The

difference in time tags can be accounted for in the

formulation of the post-processing software. This

eliminates the need to adjust the time tags to a

common epoch but requires the addition of other

correction terms in the post-processing software.

If the time tag adjustment method is used the

first step is to calculate how far the time tag must

be adjusted to make it match the time tags of the

other receiver. Once this time difference has been

determined the change in the satellite range over

this time period is calculated from an ephemeris and

the best available station position estimate. This

change is added to the unadjusted pseudorange to

produce a time adjusted pseudorange. The change in

range is also similarly applied to the phase

measurements.

A second method that may be implemented is to

fit a polynomial to data points around the point to

be adjusted and perform a polynomial interpolation to

the common time point chosen. This is done for both

the pseudorange and phase data. One disadvantage of

this method is that cycle slips must be corrected

first. If they are not, then any polynomial fit

using points that contain a cycle slip will produce

an invalid correction. Using polynomials to project
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phase measurements to a new time point is discussed

in Clynch and Coco [1986].

3.4 Solution to Differences in Clock Corrections

The difference in clock corrections is the

problem pertaining to whether or not the satellite

clock corrections have been removed from the data.

The removal of these biases is not difficult if

ephemeris data are available. The formula to

determine the satellite clock bias is given in the

ICD-GPS-200 [1984], pp. 67-68a.

The difference in clock corrections is mainly a

problem of the convention used to store the data.

Some post-processing programs require the user to

specify whether or not the data has already been

corrected for the satellite clock errors, placing the

burden on the user to know if the clock corrections

have been applied or not [Mader and Chin, 1989]. In

an attempt to reduce confusion, other standards have

been proposed that require that all biases should be

left in the data and be removed by the post-

processing software [Gurtner, et a1.,1989].

3.5 Solution to Transmit Time versus Receive Time

Some receivers record the receive time of the

satellite signals while others record the signal

transmit time. The two are related through the

following equation:
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(3-3)

where p = pseudorange,

t
r

= receive time of signal, measured

by the receiver clock,

tt
= transmit time of signal, measured

by the satellite clock, and

c = speed of light.

The speed of light is known and the pseudorange is

recorded so if either of the two remaining terms is

known, the other one can be solved for. In some

receivers, such as the TI-4100, the receive time is

the time that is recorded. A few of the more recent

receivers, such as the Ashtech XII, report the

transmit time instead.

3.6 Solution to Phase Center Offsets

Currently, the best method of correcting for the

phase center offsets is to ignore their effects in

the first part of processing and then correct for

them in the last steps of processing. First a

position estimate is computed ignoring the phase

center offset effects. Then the phase center offset

of each antenna is subtracted from its respective

position estimate. This requires that the phase

center offset be known for each antenna. Antenna

manufacturers usually try to identify the phase

center offset and there have also been independent

p = (tr
- t

t )*C
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studies done to determine them. In Appendix B a list

of reported values has been compiled.

Phase center movements are not handled as

easily. These values are very difficult to model

because not much is known about their

characteristics. Currently, these movements are

usually ignored because their effect over a wide

range of elevations and azimuths averages out to be a

zero adjustment to the phase center offset. The best

solution to this problem will probably be the

development of antennas with very small phase center

movements.



CHAPTER 4

The OMNI Software Package

The OMNI software package mentioned in Chapter 3

is a set of programs developed and distributed by the

National Geodetic Survey. OMNI has been designed to

process data from many receiver types. A general

processing flow chart of the OMNI package is shown in

Figure 4-1, and Tables 4-1, 4-2, and 4-3 give a brief

summary of the major programs. The OMNI package was

being used for another study at the Applied Research

Laboratories, the University of Texas (ARL:UT) when

this study began. Because the OMNI package was

readily accessible, it was used for the processing of

the data collected for this study.

OMNI also has the ability to process data in a

kinematic mode but this option was not used. What

follows in this section is a brief description of

OMNI programs and various functions of those

programs. For more information refer to Mader and

Chin [1989].

4.1 ARGO

The first program in OMNI is ARGO. ARGO stands

for Automated Reformatter of GPS Observations and is

the first step in converting data from different

receivers into a compatible format. It creates three

30
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FIGURE 4-1

OMNI PROCESSING FLOW
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Table 4-1

ARGO OPERATIONS

Table 4-2

MERGE OPERATIONS

I. Converts Code Phase data to Complete Pseudorange

II. Converts Carrier Phase data to Continuous Phase

III. Converts

Format

Collected Ephemerides to an ASCII

I. Orbit Information

A. Organizes Precise Ephemeris

-or-

B. Organizes Broadcast Ephemerides

II. Corrections

A. Satellite Clock Correction

B. C/A-Code Range Restoration

C. Adjustment of Time Tags to a Common Epoch

D. Preliminary Attempt to Fix Cycle Slips

III. Miscellaneous

A. Computes Elevation Cutoff

B. Generates Plots

C. Computes Triple Difference Solution

D. Computes a Receiver Clock Solution

E. Tropospheric Correction Computed
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Table 4-3

GPS22 DOUBLE DIFFERENCE SOLUTIONS

AND OPTIONS

I. Tropospheric Corrections Applied

II. Ionospheric 1Corrections Applied

III. Integer Estimation and Integer Fixing

IV. Phase Center Offset Corrections
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ASCII data files; a phase and pseudorange file, a

navigation message file, and a summary file.

ARGO converts all data measurements to the

complete satellite to receiver pseudorange. The

unknown integer number of milliseconds absent in the

C/A-code is determined and added to the fraction,

thus giving a complete pseudorange. Some C/A-code

receivers determine the complete pseudorange

internally so ARGO does not have to determine the

unknown integer for these receivers. All

measurements are given at the receive time even if

the original data was reported with the transmit

time. All phase data are converted to continuous

phase measurements. ARGO reconstructs the continuous

phase values in any receiver that records fractional

phases. However, no attempt is made to correct for

the cycle slips that may be present in the data.

After completion of ARGO processing, the data

are placed in a common format. However, the problems

of time tag differences, differences in clock

corrections and phase center offsets are still

present.

4.2 MERGE

The next step in OMNI processing is the merging

of the data into a single database. The program

MERGE takes the ARGO format of one or more receivers l

data and combines it into a single database.
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The satellite clock correction may be applied to

the pseudorange or carrier phase data or both as

specified by the user. This correction is done using

the satellite clock bias estimates obtained from the

broadcast ephemeris.

MERGE keeps track of a fictional clock called

the "master clock". The user specifies the initial

master clock time and the clock increment between

each epoch. MERGE then shifts the time tags from

each of the receivers to the master clock time. At

each epoch the receiver time tag must be within 2

seconds of the master clock time in order for the

program to accept that point for adjustment. At this

point, MERGE, using an ephemeris, calculates the

range change of the satellite over the amount of time

the receiver needs to adjust to match the master

clock. This change in range is then used to adjust

the pseudorange and phase data.

An initial cycle slip correction may be applied

in MERGE if the user requests. Using the previous

two carrier phase measurements a linear extrapolation

is used to calculate the current value of the carrier

phase. If the difference between the actual value

and the calculated value is more than a specified

magnitude, the carrier phase is adjusted by an

integer amount to put it within the 1 cycle of the

calculated value. Using this method will not
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necessarily correct the cycle slips but will reduce

very large cycle slips.

If the user requests, MERGE will also compute a

triple difference solution of the receiver positions

to be used as an initial guess. It also uses the

pseudorange to generate a quadratic fit to give an

estimate of the receiver clock error, computes

elevation cutoffs, finds tropospheric correction

values and produces diagnostic plots.

4.3 Cycle Slip Programs

OMNI provides various programs for correcting

cycle slips in the carrier phase data [Mader and

Chin, 1989], At this point in the processing, the

MERGE program has made necessary adjustments to the

time tags, applied satellite clock corrections, etc.,

so all of the measurements stored in the database

have the same form and can be handled identically.

OMNI provides utilities to allow the user to visually

detect cycle slips and provides two programs to

attempt cycle slip corrections automatically.

Processing the data through these programs is

optional.

4.4 GPS22

GPS22 is a program that uses carrier phase

measurements to determine relative positions of

receivers in a network. A double difference method
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with a least squares estimation is implemented in

this program to produce accurate estimates of the

baselines. In the double difference approach, most

of the satellite and receiver errors cancel.

Options are given to allow the data to be

corrected for the ionospheric delay and to correct

for the tropospheric effects. The solution is

corrected for the effects of the phase center offsets

if the offsets were defined when the database was

created by MERGE.

In the double difference method, some of the

terms are estimates of integer values. These integer

values are the result of the double differenced

carrier phase integer ambiguities. If the estimates

of the integer parameters are near integers, and

their standard deviations are small, these values

rounded to the nearest integer are probably the true

integer values. GPS22 allows the user to perform the

least squares estimation again holding these integers

constant. This technique often gives an improved

estimate of the relative receiver positions because

the number of parameters that need to be estimated

are reduced [Gurtner et al., 1985].

The program GPS22 achieves high accuracy-

solutions through the use of the carrier phase. The

carrier phase may be modeled by:
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P + = (f/c)*R + f*Ti
+ f (4-1)

where = carrier phase measured for satellite j

to receiver i,

= integer phase ambiguity between

satellite j and receiver i,

f = signal frequency,

c = speed of light,

Tj_ = receiver clock bias,

= satellite clock bias,

i = receiver index, and

j = satellite index.

GPS22 implements double differences of the carrier

phase data. First measurements are differenced

between satellites and then these differences are

differenced between receivers. Thus, if observations

are assumed to be collected at the same epoch,

Equation (4-1) double differenced for receivers 1 and

2 and satellites 1 and 2 becomes:

However, even though each carrier phase observation

recorded has been adjusted in the program MERGE to

the same time tag, the time tags have not been

corrected for the receiver clock error A first

order correction estimate, which is used in GPS22,

can be expressed as:

[(Pl
1

- P
x

2
) - (Pj

1
- P

2
2
)] = (4-2)

(f/C)*[(R 1
1
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x

2
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X
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2
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P
±
j • = + T

i *dßiVdt (4-3)

where 1 = carrier phase measurement at Tj_
past the common epoch (observed

value),

Pj_3 = carrier phase measurement at common

time epoch,

= receiver clock bias, and

= first derivative of computed range.

Solving Equation (4-3) and substituting into Equation

(4-2) produces:

where K= [ ( - N
x

2
)- ( N

2
X

- N
2

2
)].

The differences of the integer values

produce an integer value represented by K. GPS22

implements Equation (4-4) in a least squares method

to estimate the difference between the coordinates of

the station positions and the double difference

integer ambiguity value, K.

[(Pl
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CHAPTER 5

Experiment Description and Results

A series of experiments were organized to

determine the level of agreement that could be

obtained from data collected on a baseline with mixed

receiver types compared with data collected on the

same baseline with similar receiver types. The

receivers chosen for this experiment were the Texas

Instrument TI-4100 and the Ashtech XII. These two

receiver types were chosen because of their

availability and because of the many characteristics

that are different between the two. The experiment

set up is shown in Figure 5-1, in which receivers are

attached to antennas separated by a specified

distance.

In the Figure 5-1 configuration several baseline

solutions were possible for comparisons. Each

receiver in Figure 5-1 has a two letter name

associated with it for simplification of the

experiment description. Two zero-baseline length

solutions were calculated, the T 1 to A 1 and T 2 to A 2

baselines. Zero-baseline solutions are solutions

computed from data collected simultaneously by two

receivers which are connected to a common antenna.

Because the data were collected from the same antenna

the length of the baseline is exactly zero. Due to

noise generated by each receiver zero length baseline

40



FIGURE 5-1

DATA COLLECTION SETUP
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solutions will not have a length of exactly zero but

are expected to be close.

The solutions for the T 1 to T 2 and A 1 to A 2

baselines were computed. These two solutions were

obtained without mixing receiver types, a TI-4100 to

TI-4100 baseline and an Ashtech to Ashtech baseline.

The level of agreement between these two baselines

can be used to estimate the accuracy lost on the

mixed receiver type baselines. Finally, two

baselines, T 1 to A 2 and A 1 to T
2,

can be computed for

the mixed receiver cases.

In order to eliminate problems that could have

been caused by phase center offsets, both sites in

the experiments used TI-4100 antennas for the data

collection. The TI-4100 antenna was used because

hardware was available at ARL:UT to split signals

from the antenna so that the TI-4100 and Ashtech

receivers could collect data simultaneously.

The experiment was conducted first with the two

antennas being separated by approximately 6 meters on

the roof of the Applied Research Laboratories. The

experiment was repeated for a baseline between ARL:UT

and the Texas State Department of Highways and Public

Transportation (TSDHPT), which is a baseline

approximately 8.5 kilometers long. This experiment

configuration allowed a comparison of mixed receiver

and similar receiver solutions on a short baseline

and medium length baseline. A long baseline
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comparison was not conducted because the Ashtech

receivers available were single frequency receivers

and a dual frequency receiver was needed to correct

for ionospheric effects.

5.1 Short Baseline Comparisons and Zero Baseline

Comparisons

The short baseline experiment was performed with

the two antennas being located approximately six

meters apart on a roof site at the Applied Research

Laboratories of the University of Texas at Austin.

Each antenna was connected to a signal splitter so

that both a TI-4100 receiver and an Ashtech XII could

be connected. Data were collected simultaneously on

all four receivers at a 20 second data rate. Antenna

1 (marker 85068) had an a priori position estimate of

Latitude North 30.38358549 degrees

Longitude West 262.27439747 degrees

Height 216.457 meters

Antenna 2 (marker 85016) had an a priori position

estimate of

Latitude North 30.38359585 degrees

Longitude West 262.27433519 degrees

Height 216.457 meters
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in the WGS-84 coordinate system. The location of

antenna 1 was used as the reference station. The

absolute position of one marker was determined from a

Defense Mapping Agency Doppler Survey and the

relative position of the antennas was determined from

National Geodetic Survey measurements. The a priori

positions given were assumed to refer locations of

the phase centers of the antennas.

Solutions were computed, using the broadcast

ephemeris, for each of the six possible baseline

combinations. The program GPS22 requires the user to

choose a reference satellite for the double

differencing process. Satellite PRN 11 was selected

as the reference satellite because it was tracked by

all the receivers for the entire collection span.

The data were processed from 22:00 to 24:00 Universal

Time (UT), June 16, 1989. Although the Ashtech

receivers collected data from all visible satellites,

only the data from common satellites that were being

tracked by both the TI-4100 and Ashtech receivers

were used. A computer program was developed to

delete Ashtech data observations collected from

satellites that the TI-4100 receivers were not

tracking.

Table 5-1 contains the baseline solutions from

the OMNI software package. Because the "true"

baseline positions were not known, just a priori

estimates, the T 1 to T 2 (TI-4100 to TI-4100) baseline

solution was chosen as the reference solution.
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This reference solution was subtracted from each of

the non-zero length baselines solutions listed in

Table 5-1. These differences are listed in Table 5-2.

The last column of Table 5-2 contains the square root

of the sum of each of the component errors squared

(RSS).

The solutions obtained from similar receiver

baselines compared to the reference differ from the

reference by a maximum of about 6 millimeters which

occurs in the X component. For the mixed receiver

solutions the maximum difference also occurs in the X

component and is also about 6 millimeters.

The zero baseline solutions were also computed

and are listed in Table 5-1. The maximum error for

the zero baseline mixed receiver solutions occurred

in the X component for the T 1 to A 1 combination and

is about 6 millimeters.

Therefore, for the zero baseline, any accuracy

degradation is only at the level of about one half of

a centimeter for the TI-4100 and Ashtech XII

combination. For baselines of this length,

accuracies that are expected from similar receiver

types are also on the level of a few millimeters.

5.2 Medium Baseline Comparison

An experiment similar to the short baseline case

was conducted for a medium length baseline. A TI-
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Table 5-1

Mixed Receiver Baseline Solutions
Short Baseline Test

June 16, 1989

Table 5-2

Mixed Receiver Baseline Solutions

Relative to T 1 to T 2 Baseline Solution

Short Baseline Test
June 16, 1989

Receiver (meters)
Comb. X Y Z Length

T1 to T2 -5.8445 1.3887 0.9885 6.0880

A1 to A2 -5.8384 1.3923 0.9842 6.0823

T1 to A2 -5.8441 1.3911 0.9865 6.0879

A1 to T2 -5.8386 1.3901 0.9861 6.0823

T1 to Al* -0.0058 -0.0015 0.0025 0.0065

T2 to A2* 0.0006 0.0023 -0.0021 0.0031

*Zero Baseline Combinations

Receiver
Comb. X

(meters)
Y Z RSS

T1 to T2 0.0000 0.0000 0.0000 0.0000

A1 to A2 0.0061 0.0036 -0.0043 0.0082

T1 to A2 0.0004 0.0024 -0.0020 0.0031

A1 to T2 0.0059 0.0014 -0.0024 0.0065
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4100 antenna was located on the roof of ARL:UT and a

second antenna was located on the roof of a building

at the Texas Department of Highways creating a

baseline approximately 8.5 kilometers long. A TI-

-4100 receiver and an Ashtech XII were connected to

each antenna and data were collected simultaneously

on all four receivers with 20 second data rate. One

TI-4100 was set to collect data near the same epoch

as the Ashtech receivers and the other TI-4100 was

set to collect data on the default epoch. This

caused the TI-4100's to have a collection epoch

offset of approximately 0.6 seconds between the two.

The a priori position estimate of antenna 1 (ARL:UT)

was:

Latitude North 30.38358549 degrees

Longitude West 262.27439747 degrees

Height 216.457 meters

and the a priori position estimate of antenna 2

(Texas Department of Highways) was:

Latitude North 30.31167998 degrees

Longitude West 262.24369339 degrees

Height 193.198 meters

Coordinates are given in the WGS-84 reference frame.

Antenna 1 was used as the reference station. It was

assumed that the a priori positions referred the

location of the phase centers.
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Unfortunately, data from one of the Ashtech receivers

exhibited significant problems. Solutions involving

the receiver A 2 were approximately 3 centimeters

different than the other receiver combinations and

the zero baseline solution that included A 2 was 2.5

centimeters long. From the previous zero baseline

experiment it was shown that much better precision

could be obtained with good data. Therefore, any

combinations including receiver A 2 were removed from

the comparisons. One of the Ashtech receivers was

returned to the factory shortly after this experiment

was conducted because of a faulty oscillator. This

could be the source of the differences seen in

baselines computed using the receiver A
2.

As a consequence of the Ashtech problem, the

possible cases included a TI-4100 to TI-4100

solution, a TI-4100 to Ashtech XII solution and a TI-

-4100 to Ashtech XII zero length baseline solution.

The zero length baseline solution is not reported

here since that case has already been conducted in

the short baseline experiment.

The data were collected on July 19, 1989 and the

time span processed was from 21:12 to 21:52 UT.

Although data were collected for a longer time

interval, this was the longest time span in which

there were no cycle slips in the data. The reason

that data without cycle slips was required is

explained in Chapter 6 in a discussion about "time

tag adjustments". Ashtech data collected from



49

satellites not tracked by the TI-4100 receivers were

again deleted as they were in the short baseline

experiment. Orbit positions were calculated from the

broadcast ephemeris. PRN 11 was chosen as the

reference satellite for the program GPS22.

Table 5-3 contains the results of the baseline

solutions and Table 5-4 contains the difference

between the mixed receiver solution and the similar

receiver solution. These two solutions differ by a

maximum of 6 millimeters which occurs in the X

component. The difference between these two baseline

solutions is a little better that one part in a

million. Baseline agreement obtainable using similar

receiver types is on the order of one part in a

million also.

5.3 Time Tag Adjustment Experiment

The GPS22 baseline solution program in the OMNI

software package was developed with the assumption

that data from all the receivers are collected at a

common time epoch. This is not always possible,

especially with different receiver types. To

overcome this problem the program MERGE adjusts the

different receiver time tags to a common epoch. At

the same time it makes adjustments to the observation

data to compensate for the adjusting of the time tag.

The adjustment of the time tags and the corresponding

adjustment of the data will be referred to as time
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Table 5-3

Mixed Receiver Baseline Solutions
Medium Baseline Test

July 19, 1989

Table 5-4

Mixed Receiver Baseline Solutions Relative to

T 1 to T 2 Baseline Solution
Medium Baseline Test

July 19, 1989

Receiver (meters)
Comb. X Y Z Length

T1 to T2 -3465.4076 -3572.1583 -6891.5325 8500.7402

A1 to T2 -3465.4016 -3572.1633 -6891.5333 8500.7406

Receiver
Comb. X

(meters)
Y Z RSS

T1 to T2 0.0000 0.0000 0.0000 0.0000

A1 to T2 0.0060 -0.0050 -0.0008 0.0079
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tag adjustment if the following discussion. The

adjustment of the observed data will be implied.

While initially processing data from the short

and medium baseline experiments, it was realized that

the time tag adjustments performed in OMNI were

causing significant differences in baseline results.

There are effectively two time tag adjustment methods

in OMNI and a third method was implemented by writing

an additional computer program to perform adjustments

before the data were processed by OMNI.

The two methods in OMNI are similar and both are

performed in the program MERGE. The first method

uses the estimated station position and satellite

positions to determine the first and second

derivatives of the computed range. The derivatives

are calculated from a 12th order polynomial fit to

the satellite positions given in the available

ephemeris, such as a "precise ephemeris." Using

these derivatives and the amount of time the data

must be shifted, a delta range is calculated and

added to the original pseudorange and carrier phase

data. The change in range is computed by:
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Rdiff
= dR, /at * Tdiff (5-i)

+ d2R'/dt 2 * Tdiff
2

where Rdiff
= estimated change in the range over

the time span

dR'/clt = first derivative of the computed

range,

d
2
R'/dt2 - second derivative of the computed

range, and

= amount time tag must be adjusted.

The pseudoranges and carrier phases are then adjusted

using:

P' = p + Rdiff (5-2)

P ' = P + Rdiff * *i / c (5-3)

where p' = adjusted pseudorange,

p = unadjusted pseudorange,

P' = adjusted carrier phase,

P = unadjusted carrier phase,
= frequency of carrier phase, and

c = speed of light.

The estimated station position used in the time

tag adjustments may come from different sources. One

source is from the receiver. Some receivers compute

an estimate of their position while they collect data

and record that estimated position. Another source

is from the user. The user will often know what the
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approximate location of the receiver was when the

data was recorded. A third source comes from the

triple difference solution in the MERGE program

itself. To use the MERGE estimate, MERGE is run

first to get a good position estimate from the triple

difference solution, and then it is run again using

this solution for the station position.

The second time tag adjustment method in MERGE

uses a broadcast ephemeris instead of an available

precise ephemeris and only uses the first derivative

to compute the delta range for the time shift.

Equations describing the adjustment are the same as

the first method except that the second derivative in

Equation (5-1) is set to zero.

Both methods adjust the data with the assumption

that only the satellite range is changing. They do

not take into account the effects of changes in the

clock biases, ionospheric changes or tropospheric

changes that may occur during the specified time

interval. Of these effects, the changes in the clock

biases are the most important. For the Ashtech

receivers the clock biases can change as much as

10~ 6
sec/sec which is effectively a 300 meter/sec

change in distance.

The third method that was developed made an

adjustment of the time tags using a quadratic fit to

the actual pseudorange and carrier phase data. For

each point required to be shifted, the point
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preceding it and the point following it were used to

calculate a quadratic polynomial. The polynomial was

then evaluated at the new time point to determine the

new value. This polynomial fit was done for both the

P-code or C/A-code derived pseudorange and carrier

phase data.

Changes in the pseudorange determined from the

carrier phase data are much more accurate than

changes derived from the P-code or C/A-code

measurements. Because of this, the adjustment

computed using the carrier phase could be used to

adjust the pseudorange data more accurately than

fitting a polynomial to the P-code or C/A-code

measurements and adjusting the pseudorange that way.

However, this method was not used in this study.

It is important to note that the first two

methods which are implemented in MERGE use only the

ephemeris and station positions to calculate the time

shifted values. The third method uses the data that

were collected to compute the time shifted values.

By adjusting the data in this manner the change in

the clock biases is included in the correction

because the clock biases are present in the data.

The short baseline (6 meter) Ashtech to Ashtech

data were used to compute several baseline solutions

using the three different methods and various

shifting intervals. This experiment was performed to

examine how the magnitude of the time tag adjustment
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effects the baseline solutions. The first time tag

shift was approximately 0.01 seconds. This was the

smallest possible shift because the time epochs

collected in the Ashtech receivers varied by this

amount during the data collection. This epoch

variation was discussed with more detail in

Section 2.6.

The "precise ephemeris" used for the first time

tag adjustment method was generated from positions

calculated from the broadcast ephemeris. The precise

ephemeris is expressed in cartesian coordinates while

the broadcast ephemeris is expressed using a set of

orbital elements. The orbital elements of the

broadcast ephemeris were converted to cartesian

coordinates to form a pseudo-precise ephemeris. The

term "pseudo-precise ephemeris" is used because the

precision of the orbit is the same as the broadcast

ephemeris, it is just expressed in a different

coordinate system. Creation of this pseudo-precise

ephemeris allowed comparison between the method in

OMNI that calculates range using just the first

derivative with the method that uses both the first

and second derivatives.

For all three methods, solutions were computed

for time tag shifts of 0.5, 1, and 2 seconds. Two

seconds was the largest allowable time shift in the

two OMNI methods. Using the third method of

quadratic data interpolation a solution for a time

tag shift of 8 seconds was generated to see what
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effect such a large time tag adjustment would have on

the solution. The results of these solutions are

shown in Table 5-5. The Tl to T 2 baseline (TI-4100

to TI-4100) solution from the short length baseline

experiment was chosen as the reference solution

because no time tag adjustments were required for the

solution. Each of the solutions was differenced with

the reference solution and the results are contained

in Table 5-6. The values in Table 5-6 (except for

the 8 second adjustment) are plotted in Figure 5-2.

For all three components and the length, the

solutions change for the first two methods depending

on how far the time tag is adjusted. For the first

two methods the time tag shift of 2 seconds causes

errors of up to 2.5 cm. For the third method the

time tag adjustment causes changes of only 0.1 to 0.2

millimeters in the solutions for all components, even

when time tag adjusting was done for as long as 8

seconds.

The estimated clock drifts for Tl, Al, T
2,

and

A 2 receivers were approximately 4.6 x 10“9
sec/sec,

-8.7 x 10~7
sec/sec, -3.7 x 10

-8
sec/sec and

-3.4 x 10~ 6
sec/sec respectively. The clock drift

magnitudes of the Ashtech receivers are much higher

than the clock drifts in the TI-4100's. If the clock

drifts were the main cause of the baseline changes

for different time tag adjustments using the methods

in the program MERGE, then the TI-4100 to TI-4100

combination should not show as much variation in



Table 5-5

Time Tag Adjustment Solutions
Ashtech Short Baseline Data

June 16, 1989
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Method: MERGE 1st Derivative Only -

Broadcast Ephemeris
Time

Shift (meters)
(sec) X Y Z Length

-.0.01 -5.8401 1.3901 0.9859 6.0837

0.5 -5.8419 1.3858 0.9877 6.0847

1.0 -5.8439 1.3815 0.9894 6.0859

2.0 -5.8474 1.3729 0.9929 6.0880

Method:

Time

Shift

MERGE 1st and 2nd Derivatives

Pseudo-Precise Ephemeris

(meters)

-

(sec) X Y Z Length

-0.01 -5.8402 1.3900 0.9860 6.0838

0.5 -5.8429 1.3835 0.9886 6.0853

1.0 -5.8458 1.3771 0.9913 6.0870

2.0 -5.8512 1.3642 0.9965 6.0902

Method

Time
Shift

: Quadratic Data Interpolation

(meters)
(sec) X Y Z Length

-0.01 -5.8385 1.3923 0.9842 6.0823

0.5 -5.8384 1.3923 0.9842 6.0823

1.0 -5.8386 1.3923 0.9842 6.0825

2.0 -5.8386 1.3923 0.9842 6.0824

8.0 -5.8384 1.3925 0.9842 6.0823



Table 5-6

Time Tag Adjustment Solutions Relative to

T 1 to T 2 Baseline Solution
Ashtech Short Baseline Data

June 16, 1989
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Method: MERGE 1st Derivative Only -

Broadcast Ephemeris
Time
Shift (meters)
(sec) X Y Z Length

_0.01 0.0044 0.0014 -0.0026 -0.0043

0.5 0.0026 -0.0029 -0.0008 -0.0033

1.0 0.0006 -0.0072 0.0009 -0.0021

2.0 -0.0019 -0.0158 0.0044 0.0000

Method:

Time
Shift

MERGE 1st and 2nd Derivatives

Pseudo-Precise Ephemeris

(meters)

-

(sec) X Y Z Length

_0.01 0.0043 0.0013 -0.0025 -0.0042

0.5 0.0016 -0.0052 0.0001 -0.0027

1.0 -0.0013 -0.0116 0.0028 -0.0010

2.0 -0.0067 -0.0245 0.0080 0.0022

Method

Time
Shift

: Quadratic Data Interpolation

(meters)
(sec) X Y Z Length

-0.01 0.0060 0.0036 -0.0043 -0.0057

0.5 0.0061 0.0036 -0.0043 -0.0057

1.0 0.0059 0.0036 -0.0043 -0.0055

2.0 0.0059 0.0036 -0.0043 -0.0056

8.0 0.0061 0.0038 -0.0043 -0.0057
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FIGURE 5-2

COMPARISON OF TIME TAG ADJUSTMENT METHODS
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solutions for different time tag adjustments.

Because the largest Ashtech clock drift is about 100

times greater than the largest TI-4100 clock drift,

it would be expected that the changes in baseline

solutions for the TI-4100 would be approximately 100

times less than the Ashtech.

Table 5-7 contains the solutions obtained using

various time tag shifts for the TI-4100 to TI-4100

short baseline data. Table 5-8 contains the

solutions relative to the solution with zero time tag

adjustment. The first derivative method in MERGE was

the only method computed but it does not exhibit the

large change in baseline solutions as was seen for

the Ashtech to Ashtech case. This supports the

supposition that the clock drifts are the main cause

of the solution differences for different time tag

adjustments.

From these results it may be concluded that the

time tag adjustments must include more information

than just the ephemeris and station positions for

receivers with large clock drifts. As was shown

above, adjusting time tags using curves fit to the

data itself may be a more accurate technique.

Therefore, that is the method that was used to adjust

the time tags for the results given in Sections 5.1

and 5.2.

Another time tag adjustment experiment was

performed to determine if time tag adjustments for



Table 5-7

Time Tag Adjustment Solutions
TI-4100 Short Baseline Data

June 16, 1989

Table 5-8

Time Tag Adjustment Solutions Relative to

T 1 to T 2 Baseline Solution with Zero Time Tag
Adj ustment

TI-4100 Short Baseline Data

June 16, 1989
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Method:

Time

Shift

(sec)

MERGE 1st Derivative Only
Broadcast Ephemeris

(meters)
X Y Z Length

0.0 5.8442 1.3887 0.9885 6.0878

0.5 5.8445 1.3887 0.9886 6.0880

1.0 5.8445 1.3886 0.9886 6.0880

2.0 5.8445 1.3884 0.9886 6.0879

Method:

Time

Shift

(sec)

MERGE 1st Derivative Only
Broadcast Ephemeris

(meters)
X Y Z Length

0.0 0.0000 0.0000 0.0000 0.0000

0.5 0.0003 0.0000 0.0002 0.0002

1.0 0.0003 -0.0001 0.0002 0.0002

2.0 0.0003 -0.0003 0.0001 0.0001
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the TI-4100 data caused significant baseline solution

changes for the medium length baseline. For the

medium baseline one TI-4100 receiver (Tl) collected

data at 0.52 seconds before the full minute and at 20

second intervals following that. The other TI-4100

(T2) collected data at 0.08 seconds after the full

minute and at 20 second intervals. Receiver Tl clock

drift was approximately 3.4 x 10“9
sec/sec and the T2

receiver clock drift was on the order of

10
-11

sec/sec.

A solution was computed by adjusting the T 2

receiver time tags to match the T 1 time tags and a

second solution was computed by adjusting the T 1 time

tags to match the T 2 time tags. These adjustments

were done using the Ist derivative method in MERGE

(broadcast ephemeris). The solutions using the data

from 21:12 to 21:52 UT are listed in Table 5-9. The

same time tag adjustments were applied again using

the quadratic fit method to adjust time tags. The

solutions using the 21:12 to 21:52 UT time span are

recorded in Table 5-10.

The time tag adjustments using the Ist

derivative method in MERGE differ by as much as 8

centimeters which occurs in the Y component. The

method using a quadratic fit to the data agrees to

the level of about 3 millimeters. This shows that

even for receivers with drifts on the order of 10“9

sec/sec a method involving more than just the change

in estimated range must be incorporated.
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Table 5-9

Time Tag Adjustment Solutions
TI-4100 Medium Baseline Data

July 19, 1989

21:12:00 to 21:52:00 UT

Table 5-10

Time Tag Adjustment Solutions
TI-4100 Medium Baseline Data

July 19, 1989

21:12 to 21:52 UT

Method: MERGE 1st Derivative Only-
Broadcast Ephemeris

Time

Epoch
(meters)

X Y Z Length

X9.48

xO. 08

-3465.3816 -3572.2724

-3465.4157 -3572.1868

-6891.5040

-6891.5190

8500.7545

8500.7446

Dif f. -0.0341 0.0856 -0.0150 0.0099

Method: Quadratic Fit to Data

Time

Epoch
(meters)

X Y Z Length

x9.48

xO. 08

-3465.4142 -3572.1880

-3465.4153 -3572.1911

-6891.5141

-6891.5128

8500.7405

8500.7412

Diff. -0.0011 -0.0031 0.0013 -0.0007
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5.4 Solution Comparisons Between Software Packages

An experiment was conducted to compare the

baseline solutions generated in OMNI and in another

software package. OMNI solutions were compared to

solutions from the Multi-Satellite Orbit

Determination Program (MSODP) which has been

developed at the Center for Space Research (CSR) at

the University of Texas at Austin.

MSODP was developed for GPS orbit determination

and is capable of processing pseudorange data, double

differenced carrier phase data or the combination of

the two. The software can also be used to estimate

baselines simultaneously with the satellite orbits or

the satellite orbits can be held fixed while the

baselines are estimated.

The baseline selected for the comparison was the

medium length TI-4100 to TI-4100 baseline from ARL:UT

to TSDHPT. Similar options have been implemented in

both the OMNI and MSODP software packages. For this

experiment, both programs used only double difference

carrier phase data. No orbit determination was

included; the orbits of all the satellites were held

fixed. Clock biases were not estimated in either

OMNI or MSODP. The satellite clock biases were

obtained from the broadcast ephemeris and the

receiver clock biases were determined from the

pseudorange measurements. The tropospheric models
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implemented in the two programs were different, thus

no tropospheric correction was applied in the

estimation. Both programs accounted for the

correlated nature of the double differenced

measurements in the least squares weighting matrix.

Fundamental differences that remained between

the programs included the method by which the

satellite positions were computed and the way the

programs dealt with data collected at slightly

different epochs. MSODP computes orbit positions by

integrating the orbit while OMNI uses either the

orbital elements in the broadcast ephemeris to

compute positions or interpolates polynomials which

have been fit to positions given in a precise

ephemeris. For the comparison between the two

programs, a precise ephemeris was generated at CSR

for the experiment. This ephemeris was generated by

a single day orbit determination using double

difference phase data from the globally distributed

CIGNET sites. This precise ephemeris was then used

by OMNI as well as MSODP for computing the satellite

positions in this experiment.

For the OMNI solutions, the data time tags had

to be adjusted to common time epochs. MSODP,

however, is able to process the data without

adjusting the time tags by accounting for the time

tag differences in the formulation of the estimation

technique.
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This first pair of solutions generated to

compare the software packages were computed using a

40 minute time span, 21:12:00 to 21:52:00 July 19,

1989. The time tag adjustments for the OMNI data

were computed using the quadratic fit method. The

baseline solutions for both programs are listed in

Table 5-11. This table shows that the agreement

between the lengths of the baselines is at a level of

a few millimeters. However, there are unexpectedly

large differences between the two solutions for

estimates of the individual components, with the Y

component differing by about 20 centimeters. The

source of the vector component differences may come

from the fact that the data span used for the

comparison is not of sufficient length.

A comparison was computed using approximately

3.5 hours of data, from 20:20:40 July 19 to 00:01:00

July 20, 1989. Because this section of data

contained cycle slips, the time tag adjustment method

in MERGE had to be used instead of the quadratic fit

method. Solutions were computed using the OMNI

package for time tags adjusted to epochs x9.48 and

xO.OB, as was done in Section 5.3, to determine the

approximate magnitude of the time tag adjustment

errors. The two OMNI solutions and the MSODP

solution are listed in Table 5-12. The differences

between the two OMNI solutions are as large as 15

centimeters which occurs in the Y component. The

MSODP solution agrees with both of the two OMNI

solutions to a level less than 15 centimeters.
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Table 5-11

OMNI versus MSODP Solutions
TI-4100 Medium Baseline Data

Quadratic Time Tag Adjustment
July 19, 1989

21:12:00 to 21:52:00 UT

Correlations Accounted For

Program (meters)
X Y Z Length

OMNI 3465.4278 -3572.0599 -6891.5853 8500.7499

MSODP - 3465.4363 -3571.8633 -6891.6868 8500.7531

Diff. 0.0085 -0.1966 0.1015 -0.0032



68

Table 5-12

OMNI versus MSODP Solutions

TI-4100 Medium Baseline Data
MERGE Time Tag Adjustment

July 19, 1989

20:20:40 to 00:01:00

Correlations Accounted For

Table 5-13

OMNI versus MSODP Solutions

TI-4100 Medium Baseline Data
MERGE Time Tag Adjustment

July 19, 1989

20:20:40 to 00:01:00
Correlations Unaccounted For

Program/
Time (meters)
Epoch X Y Z Length

MSODP -3465.7899 -3571.6650 -6891.5793 8500.7268

OMNI/
X9.48 -3465.7231 -3571.7375 -6891.6055 8500.7512

OMNI/
X0.08 -3465.7982 -3571.5814 -6891.6115 8500.7212

Program/
Time (meters)
Epoch X Y Z Length

MSODP -3465.8103 -3571.6772 -6891.5805 8500.7412

OMNI/
X9.48 -3465.7465 -3571.7200 -6891.6201 8500.7652

OMNI/
X0.08 -3465.8220 -3571.5914 -6891.6152 8500.7380
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Therefore, if the time tag adjustment errors could be

removed from the OMNI solutions, the OMNI and MSODP

programs may agree at a much better level. However,

no definite conclusions can be drawn from these

results.

Two more solution sets were computed to

determine the effects correlation corrections and to

determine the effects of using a broadcast ephemeris

instead of the precise ephemeris. As was mentioned

above, both OMNI and MSODP can account for the

correlated nature of the double differenced data.

The solutions computed for Table 5-12 were recomputed

not accounting for the correlated nature of the data.

The solutions are listed in Table 5-13. Ignoring the

correlated nature of the measurements caused the

solutions to vary up to 2 centimeters in the

individual components.

For the comparison between the OMNI and MSODP

solutions a precise ephemeris was used. Solutions

for the time span 21:12:00 to 21:52:00 UT on July 19,

1989 were computed using first the broadcast

ephemeris and then a precise ephemeris to determine

how much the solution would change. The results are

listed in Table 5-14. The difference in the

ephemerides causes the solution to change by as much

as 4.5 centimeters which occurs in the Y component.



70

Table 5-14

OMNI Solution
Broadcast versus Precise Ephemeris Solutions

TI-4100 Medium Baseline Data

MERGE Time Tag Adjustment
July 19, 1989

20:20:39.48 to 00:00:59.48 UT

Correlations Accounted For

Ephem. X
(meters)

Y Z Length

Brdcst. -3465.7378 -3571.7649 -6891.6043 8500.7678

Precise -3465.7465 -3571.7200 -6891.6201 8500.7652

Diff. 0.0087 -0.0449 0.0158 0.0026



CHAPTER 6

Discussion and Conclusions

The results in Chapter 5 verified that many of

the differences encountered when using mixed receiver

baselines can be overcome. Section 6.1 of this

chapter contains a discussion of the time tag

adjustment problem that was encountered and also

discusses the differences found between the OMNI and

MSODP software packages. Section 6.2 describes the

conclusions of this study.

6.1 Discussion

The time tag adjustment problem is the most

significant problem that still remains in trying to

compute baseline solutions using mixed receiver types

in the OMNI software. The methods currently

implemented in the OMNI software package were not

sufficient for the cases used in this study. The

quadratic fit method cannot be used across data with

cycle slips, and in OMNI cycle slips are not fixed

until after the data has been double differenced.

This is the reason that such a short time span was

used for the medium length baseline experiments.

Other methods to handle the differences in time

tags may be more accurate than the methods in OMNI

and easier to implement than the quadratic fit. One

method which could be used would involve first

71
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determining the receiver clock drift throughout the

data set. After this was done, the time tags could

be adjusted using both the change in range and the

change in receiver clock over the time the data needs

to be adjusted. This would be very similar to the

current method in OMNI except that an additional term

would have to be added to the time tag adjustment

equation and the receiver clock drift would have to

be estimated before shifting the time tags.

Another method that could be implemented is one

that was mentioned in Section 3.3 and implemented in

MSODP. The data does not need to be adjusted to a

common time epoch. The post-processing software can

be formulated to account for the fact that the time

tags are different. This method is explained in

further detail by Ho [1989].

The time tag adjustment problem will need to be

addressed in programs that process mixed receiver

type solutions. Time tags of collection epochs can

differ on the order of a second and some new

receivers are using clocks which have much larger

drifts than most of the older receivers. The

combination of these two problems can cause

relatively large errors in baseline solution programs

if they are not accounted for.

The comparison between OMNI and MSODP for a 40

minute interval, using quadratic time tag adjustment

in OMNI, showed sub-centimeter agreement in the
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length of the two solutions but the estimates of the

individual components showed a large difference,

almost 20 centimeters in one component. The cause of

this difference is unknown but could be related to

the relatively short data collection time span.

Using a longer time span, about 3.5 hours, solutions

were computed again. For the OMNI solution the time

tag adjustment method in MERGE had to be used even

though it was known to cause errors. The time tag

adjustment error was estimated to be as large as 15

centimeters. The MSODP and OMNI solutions agreed to

a level better than 15 centimeters. Since an

independent measurement by another technique is not

available, a conclusion cannot be drawn about the

respective solution accuracies. The main differences

in the way the solutions are generated in OMNI and

MSODP are the method of determining the satellite

position and the way data collected at slightly

different epochs are handled.

It would be beneficial to further investigate

the discrepancies between the solutions to gain a

better insight into the source. One possible method

would be to collect data over a known baseline and

process the data through both software packages for a

case where no time tag adjustments are required.

This may reveal a flaw or weakness in one or both of

the software packages. A second possible method

would be to generate a simulated data set and process

it using both software packages.
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6.2 Conclusions

There are several problems that may be

encountered when computing solutions using more than

one receiver type. Receivers may collect different

types of data, P-code, C/A-code and carrier phase

data. Receivers may collect data at different time

epochs. This will not allow differencing techniques

which are used in some post-processing software for

high accuracy solutions. Some receivers correct some

data for clock biases while others do not. Time tags

of the data may be either the receive time of the

signal or the transmit time.

There are different ways to solve each of these

problems, but the results of the experiments

presented in this report have shown that these

differences can be overcome. For both the 6 meter

baseline and the 8.5 kilometer baseline the largest

difference between the solutions of similar receiver

types and mixed receiver types is near 6 millimeters.

For the 8.5 kilometer baseline the 6 millimeter

difference is a little better that 1 part in 10
6

.

Antennas of different types have different phase

center offsets which are as large as 22 centimeters.

A possible method of correcting for the phase center

offsets was discussed in this report but no

experiments were conducted to test the method.
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An experiment was performed to compare the

effects of time tag adjustments in the OMNI software

package using three different methods. The two

methods that took into account only the change in the

satellite range for the adjustments caused solutions

to vary as much as 2.5 centimeters for time tag

adjustments of two seconds. The method that used a

quadratic interpolation of a fit to the data showed

solution differences of only 0.2 millimeters for time

tags adjusted as much as 8 seconds.

A comparison between the two software packages,

OMNI and MSODP, showed agreement to the sub-

centimeter level in length for a data set with a 40

minute time span. However, the individual components

showed differences as large as 20 centimeters.

Solutions using a longer time span were computed but

contained errors due to the time tag adjustment

problem in OMNI. Results from this experiment

indicate that if the time tag adjustment problem in

OMNI is overcome, better agreement between OMNI and

MSODP might be seen. Further experiments would have

to be performed to determine the cause of the

solution differences from the two software packages.



APPENDIX A

Data Conversion

This appendix was included to explain how the

measurements were extracted from the receiver raw

data files and to explain how the conversions were

performed. The TI-4100 receiver data requires mainly

multiplicative conversion factors while the Ashtech

conversion is more involved.

A.l Ashtech Data Conversion

The Ashtech is a relatively new GPS receiver on

the market. It has been available since mid 1988.

Consequently, the receiver converters are just now

being developed to allow the Ashtech data to be

converted to a generic format. In the course of the

work performed for this study it was necessary to

write a program to perform this conversion.

A partial list of elements that are recorded in

the Ashtech observation file for each satellite being

tracked is as follows, for each epoch:
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i = satellite PRN,

= transmit time (s) , corrected for

satellite clock errors,

f
ca

= fraction of C/A-code phase (m), corrected

for satellite clock errors,

idop = integrated Doppler (cycles), and

fphs = fraction of carrier phase (cycles).

The integrated Doppler and the fraction of the

carrier phase are measurements of the same

observable. The integrated Doppler is a lower

resolution measurement but keeps count of the full

number of cycles while the fraction of the carrier

phase is a higher resolution measurement but full

cycle numbers are not recorded. For each data

collection epoch, it is also possible to obtain:

R
s

= station position estimate (m), and

f£tr = fractional receiver clock error

(fraction of 1 ms).

It is important to note that at each epoch the

observations are made at the same time (within 1 ns

of each other for all satellites). Thus, although

the receive time of each signal is not recorded, it

is the same for all satellites.

Another important note is that the estimate of

the receiver clock error is a fractional part of 1 ms

in units of meters (approx. 300,000 m). In order to

get the complete receiver clock error (dtr ) the
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integer number of 1 ms "rollovers" must be monitored.

At the beginning of an observation session the

receiver synchronizes its clock with GPS time as best

as possible. Therefore, the first fractional

receiver clock errors recorded have no integer

ambiguity because the integer portion is zero. At

any epoch where the fractional receiver clock error

has a "rollover" (1 ms jump) the integer portion

should be incremented or decremented by 1 ms

depending on the direction of the rollover.

The next step in converting the Ashtech data is

to calculate the pseudorange for each satellite.

Equation (A-l) is the relation between "true" range

and the C/A-code phase:

R n*L
ca

+ f
ca

- d^. s
- d-j. r - d^Qn

- d^.rop
(A-l)

where R = "true" satellite to receiver range,

n = integer C/A-code phase ambiguity,

L
ca

= length of C/A-code cycle

( 0.001 s/cycle * c m/s),

f
ca

= fraction of C/A-code phase,

d
ts

= satellite clock error,

d
tr

= receiver clock error,

d^ on
= ionospheric error, and

dtrop= tropospheric error.

The Ashtech corrects the fractional C/A-code phase

for the satellite clock error inside the receiver.
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This is done by applying the broadcast estimate of

the clock error. Therefore:

R - n*L
ca

+ f
ca

- d^- r - dion
“

Solving for n:

n= (R f
ca

+ + + / (^-”2)

The ionospheric and tropospheric errors are unknown

but are small compared to the other terms so they can

be ignored. The only remaining unknown on the right-

hand side is R. An estimate of R can be obtained

from:

R' = |RS
- R

r | (A-4)

where R' = estimated satellite to receiver

range,

R
s

= satellite position estimate, and

R
r

= receiver position estimate.

The satellite position is obtained from the broadcast

ephemeris and the station position may be obtained

either from an initial guess from the user or from

the position solution from the receiver. Using the

receiver generated position reduces the amount of

information required from the user but occasionally

the receiver solution will be corrupted and
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consequently the receive time for that epoch be

corrupt. If R' is reasonably close to R then,

where the value of n should be close to an integer

value. This integer is the value of n that is the

ambiguous number of integer C/A-code cycles. The

complete pseudorange derived from the C/A-code is

then:

The phase is also reported in fractional form.

However, it is very difficult, if not impossible, to

determine the integer number of cycles between the

receiver and the satellite so the phase measurements

will have a bias in them. It is still necessary to

determine the phase relative to some point. In the

Ashtech the phase can be related to the previous

phase measurement through the use of the integrated

Doppler value. The integrated Doppler is effectively

a measure of the carrier phase except that in the

Ashtech the integrated Doppler measurements are less

accurate than the carrier phase measurements. The

phase can be represented as:

n = (R' " f
Ca

+ dtr> / L
ca

( A‘5 )

P = n*L
ca

+ f
ca

(A“ 6 )

where p = the pseudorange.
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Pj = Nj + fj (A-7)

where Pj = phase at epoch j,

Nj = integer portion of phase at epoch j,

and

fj = fractional portion of phase at

epoch j.

Because the integrated Doppler is equivalent to the

carrier phase, but less accurate:

where idopj = integrated Doppler at epoch j, and

errors = measurement errors.

Combining Equations (A-7) and (A-8):

Solving for (Nj - Nj _^):

The left hand side is the difference of two integers

so it should also be an integer. The term "errors"

in the equation is not known but is small.

Therefore, the left hand side can be computed using:

idopj - idopj = Pj - p j-i
+ errors (A-8)

idopj - idopj- (Nj + fj) - (A-9)

(Nj + fj-i) + errors

(Nj - Nj -1) = (idopj - idopj_ 1 ) (A-10)
- (fj - fj_]_) “ errors
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Using Equation (A-7), subtracting epoch j-1 from

epoch j, it can be shown:

where (Nj - N j-i) can be determined from Equation

(A-ll).

So the phase can now be determined from a combination

of the previous epoch measurements and the current

epoch measurements. The problem that remains is to

get the initial phase, P-j_. A common way of handling

this is to set the initial phase equal to the

fractional phase of the first point. As was

mentioned earlier, it has been accepted that there

will be an unknown bias in the phase data.

Now that the phase and pseudorange have been

calculated, all that remains to be determined is the

receive time. This can be calculated using:

(Nj - Nj_]_) = NINT [ ( idopj - idopj.!) (A-ll)

- (fj - fj-!) ]

where NINT = nearest integer function.

Pj = (Nj - Nj_ x ) + (fj - f
j_x ) + Pj_! (A-12)
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where t
r

= receive time,

= transmit time,

p = pseudorange, and

c = speed of light.

There are a few subtleties that should be

mentioned because they are important in further

processing of the data. First, the pseudorange data

has been corrected for satellite clock errors. Post-

processing programs may try to remove the satellite

clock bias again which would corrupt the data. The

carrier phase data has not been corrected for the

clock errors so the clock errors in the phase data

will have to be corrected for in post-processing.

The receiver collects data at the data rate

specified with respect to the receiver clock.

However, if the receiver determines that its internal

clock has drifted more than 2 ms from its estimate of

GPS time, the data collection time is adjusted by 2

ms so that the collection epoch is realigned with GPS

time.

A.2 TI-4100 Data Conversion

The TI-4100 receivers require that software be

downloaded into the receiver before collecting data.

The internal software for the TI-4100 receivers in

this study was Core version 5.1. The portable

t
r

= t
t

+ p/c (A-13)
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computer controlling the receiver was running BEPP

version 3.7. Data that are collected using this

software is grouped into blocks and is stored on a

computer disk. Each block is given an identification

number to describe what type of data is in the block.

The pseudorange and carrier phase measurements

are located in block 55's. Each block 55 contains

data for one epoch and up to four SV's. Values that

are used out of the block are:

t
r

* = User epoch time (receive time),

p' = LI & L 2 pseudorange, and

P’ = LI & L 2 carrier phase.

The units of the measurements need some

explanation. The User epoch time is expressed in

units of 20 msec. If this time is converted to

seconds it represents the receive time of the signal

in seconds of the week. To convert to seconds

Equation (A-14) is used:

where t
r

= receive time in seconds of week, and

t
r

*
= receive time in block 55 units.

The pseudorange is expressed in p-chips times

2
-16

. This is a measurement of time delay. This is

converted to a distance using the speed of light. A

p-chip is the length of time required for one cycle

t
r

= t
r

‘ * 0.02 (A-14)
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of a 10.23 MHz signal. The conversion is performed

as follows:

p =p» * (1/10,230,000) * 2" 16 * C (A-15)

where p = pseudorange in meters,

p» = pseudorange in block 55 units, and

c = speed of light in meters/sec.

The carrier phase measurement is expressed in

units of 2“ 16
cycles. To convert these measurements

to cycles use Equation (A-16):

P = p' * 2“ 16 (A-16)

where P = carrier phase in cycles, and

P' = carrier phase in block 55 units.

The receive time in the block 55 is listed only

once. The reason for this is that all of the

measurements have the same receive time. The receive

time is determined from the receiver clock so it

contains a receiver clock bias.



APPENDIX B

Compilation of Phase Center Offset Values

As discussed in Sections 2.5 and 3.6 the phase

center offset values may contribute a significant

amount of error to baseline solutions for mixed

antenna types if they are not accounted for in the

processing. Because of this, several studies have

been done to determine what the offset values are for

each antenna.

This appendix contains the values that have been

determined by both manufacturers and independent

studies. For some antennas there may be different

values of the offset depending on the source of the

information.

Values of the offsets are listed in Table B-l

relative to the center of the bottom antenna surface.

The column d-H is the offset in height, d-Lat and d-

Lon are the offsets in the latitude and longitude

directions. Section 8.l contains a brief description

of the sources of the values found in the table.

Refer to these sources for a more complete

description.

B.l Summary of Phase Center Offset Sources

Gurtner, et al. [1989] conducted an experiment

involving several different receivers and antenna

86
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Table B-l

Antenna Phase Center Offset Values

Frequency Ll(mm) Frequency L2(mm)
d-H d-Lat d-Lon d-H d-Lat d-Lon Ref.

FRPA-2 19 — — 19 — — {5}

Dome &

Margolin 4 — — 14 — — {2}

Minimac 104 — — 104 — — {1}

TI-4100 227 — — 202 — — {1}
227 — — 202 — — {3}
227 — ——— 212 — — {4}

Trimble SL 51 -2 3 N/A N/A N/A {1}

Trimble SLD 57 0 -3 57 -4 -2 {1}

WM-101 110 — — N/A N/A N/A {1}

WM-102 66 — — 66 — — {1}

{1} Gurtner, et al . [1989]
{2} Rocken and Meertens [1989]
{3} Sims [1985]
{4} Prescott, et al. [1989]
{5} Adams-Russell [1989]
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types to determine phase center offsets. The values

in Table B-l from this source are the values that

they had gathered from manufacturers. Values

computed in the study were relative offsets between

antennas, not the absolute phase center position.

They compared their experimental results of relative

positions with the relative values computed from the

manufacturers' values and found differences as large

as 3 cm between the two.

Rocken and Meertens [1989] performed an

experiment to determine the phase center offset of

the Dome & Margolin antenna. They found the

relative offsets between the TI-4100 and Dome &

Margolin. This difference was then added to the TI-

-4100 offset values published by Sims [1985] to get

the offset values of the Dome & Margolin relative to

its base. They report that these values differ from

values obtained by Tranquilla [l9BB] by 1.8 cm,

explaining that this difference may possibly be due

to incorrect values of the TI-4100 antenna phase

centers.

Sims [1985] did a study on the phase center

offsets and the phase center movements of the TI-4100

antennas. The experiment was conducted in an

environment controlled test range using a signal

source located approximately 17 m from the antenna.

Prescott et al. [1989] have data that implies

that the newer model TI-4100 antennas have an L 2
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phase center offset that is 1 cm higher than the

earlier production models. An older 100 series model

was tested by Sims [1985] but the newer 4000 series

models appear to have an L 2 offset 1 cm higher than

the 100 series.

Adams-Russell [1984], the manufacturer of the

Fixed Radiation Pattern Antenna (FRPA-2), reports

that the phase center offsets of LI and L 2 are both

.75 inches above the center of the base for these

antennas.

B.2 Phase Center Offsets with Two Frequency

Corrections

When ionospheric corrections are made to

collected data, the LI frequency data and the L 2

frequency data are combined. Because of this, the

effective phase center offset is a combination of the

LI and L 2 phase center offsets.

In general, given the phase center offset

locations for both fl and f 2 frequencies, the phase

center offset of the ionospheric corrected

measurements may be found. The offset is along a

line between the phase centers of the individual

frequencies beyond the higher frequency as shown in

Figure B-l. The position may be calculated using the

following equation:
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FIGURE B-1

PHASE CENTER OF lONOSPHERIC CORRECTED DATA
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(f2/f 1)
2

* L

L* (B-l)

1 - (f2/f 1)
2

where l' = the distance of the ionospheric corrected

phase center offset,

L = the fl and f 2 phase center separation

distance,

fl = the higher frequency, and

f 2 = the lower frequency.

Table B-2 contains the phase center offsets of

the antennas in Table B-l if ionospheric corrections

are applied to the data. Only the height components

have been used to calculate these values since the

latitude and longitude components are small.
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Table B-2

lonospheric Corrected

Antenna Phase Center Offset Values

(Height Only)

FRPA-2

Height
(mm)

19 {5}

Dome &

Margolin -11 {2}

Minimac 104 {1}

TI-4100 266 {1}
266 {3}
250 {4}

Trimble SL * {1}

Trimble SLD 57 {1}

WM-101 * (1)

WM-102 66 {1}

* LI antenna only

{1} Gurtner, et al. [1989]
{2} Rocken and Meertens [1989]
{3} Sims [1985]
{4} Prescott, et al. [1989]
{5} Adams-Russell [1989]
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