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The contribution details a post-processing approach that
uses undifferenced dual-frequency pseudorange and carrier
phase observations along with IGS precise orbit products,
for stand-alone precise geodetic point positioning (static or
kinematic) with cm precision. This is possible if one takes
advantage of the satellite clock estimates available with the
satellite coordinates in the IGS precise orbit products and
models systematic effects that cause cm variations in the
satellite to user range. This paper will describe the
approach, summarize the adjustment procedure, and spec-
ify the earth- and space-based models that must be imple-
mented to achieve cm-level positioning in static mode. Fur-
thermore, station tropospheric zenith path delays with cm
precision and GPS receiver clock estimates precise to 0.1 ns
are also obtained. © 2001 John Wiley & Sons, Inc.

INTRODUGTION

he International GPS Service (IGS) has provided

GPS orbit products to the scientific community
with increased precision and timeliness. Many users inter-
ested in geodetic positioning have adopted the IGS precise
orbits to achieve cm-level accuracy and ensure long-term
reference frame stability. Currently, a differential position-
ing approach that requires the combination of observa-
tions from a minimum of two GPS receivers, with at least
one occupying a station with known coordinates, is com-
monly used. The user position can then be estimated rela-
tive to one or multiple reference stations using differenced
carrier phase observations and a baseline or network esti-
mation approach. Baseline or network processing is an
effective way to cancel out common satellite/receiver
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errors and to connect the user position to the coordinates
of the reference stations while the precise orbit virtually
eliminates the errors introduced by the GPS space seg-
ment. This mode of processing has proven to be very effec-
tive and has received widespread acceptance. One draw-
back is the practical constraint imposed by the
requirement that simultaneous observations be made at
reference stations. An attractive alternative to differential
positioning is a single station positioning utilizing precise
orbit/satellite solutions and undifferenced observations.
Single station positioning with fixed precise orbit solutions
and Doppler satellite observations was first introduced in
the early 1970s by R.R. Anderle, who named the method
“precise point positioning” (PPP).

The Geodetic Survey Division (GSD) of Natural
Resources Canada (NRCan), formerly Energy, Mines and
Resources (EMR), has been an active participant in the
International GPS Service since its pilot phase in 1992. As
one of seven IGS Analysis Centers known as EMR, GSD
contributes daily predicted, rapid, and final GPS orbits and
clocks to the IGS combinations. Recently, an ultra-rapid
product to serve meteorological applications and support
Low Earth Orbiter (LEO) missions has been added to the
GSD’s product submissions to the IGS. GSD has also
played a key role in the past as the IGS Analysis Center (AC)
Coordination Center and is now responsible for IGS Refer-
ence Frame Coordination, contributing together with
other space techniques to the International Earth Rotation
Service (IERS) realization of the International Terrestrial
Reference Frame (ITRF). The daily computation of global
precise GPS orbits and clocks is one way the GSD has cho-
sen to support the Canadian Spatial Reference System
(CSRS) in order to connect it into the ITRF and facilitate
the integration of GPS surveys within Canada. The daily
availability of data from a number of tracking stations that



are part of the Canadian Active Control System (CACS)
along with precise GPS orbit products provide Canadian
GPS users the opportunity to link directly into the CSRS
and position themselves within a globally integrated refer-
ence frame (ITRF) with cm accuracy.

The PPP approach, with precise satellite orbit/clock
solutions held fixed and undifferenced smoothed
pseudoranges has been used by GSD since 1992 (Héroux,
Caissy, & Gallace, 1993). For GPS users interested in
meter-level positioning, a simple point pasitioning inter-
face combining pseudorange data with precise orbits and
clocks can be used. GSD uses 30-s tracking data from
selected IGS stations with stable atomic clocks (Héroux &
Kouba, 1995) and precise IGS satellite clocks at 15-min
intervals to produce 30-s precise satellite clocks. These
products satisfy GPS users observing at high data rates in
either static or kinematic modes for applications requir-
ing meter precision. For GPS users seeking to achieve
geodetic precision, sophisticated processing software
such as GIPSY (Lichten et al., 1995), BERNESE (Rothacher
& Mervart, 1996), and GAMIT (King & Bock, 1999) are
required. By using the IGS precise orbit products and
combining the GPS carrier phase data with CACS obser-
vations, geodetic users achieve precise positioning while
integrating into the CSRS. Software provided by receiver
manufacturers may also be used as long as it allows for
the input of station and orbit data in standard format.

For a number of years, PPP (Zumberge et al., 1997)
algorithms using undifferenced carrier phase observa-
tions have also been available in the GIPSY (Lichten et al.,
1995) GPS analysis software. More recently, they have
been added to the traditional double-differencing
BERNESE software (Rothacher & Mervart, 1996). Users
now have the option of processing data from a single sta-
tion to obtain positions with cm precision within the ref-
erence frame provided by the 1GS orbit products. NRCan
PPP software also evolved from its original version
{Héroux et al., 1993) to provide increasing precision. Point
positioning eliminates the need to acquire simultaneous
tracking data from a reference (base) station or a netwaork
of stations. It has given rise to centralized geodetic posi-
tioning services that require from the user the simple sub-
mission of a request and a valid GPS observation file (see,
e.g.,, Zumberge, 1999). The approach presented here is an
implementation of precise point positioning that effec-
tively distributes processing by providing portable soft-
ware that can be used on a personal computer and takes
advantage of the highly accurate global reference frame
made available through the IGS orbit products.

THE IGS GPS ORBIT PRODUCTS

The IGS Precise Orbit products come in various flavors,
from the Final, Rapid, and Predicted to the unofficial
Ultra-Rapid. They differ mainly by their varying latency
and the extent of the tracking network used for their
computation. The IGS Final orbits are combined from up
to seven contributing IGS Analysis Centers (ACs) and are
usually available on the 11th day after the last observa-
tion. The Rapid orbit product is combined 17 hours after
the end of the day of interest. The latency is mainly due to
the varying availability of tracking data from stations of
the global IGS tracking network, which use a variety of
data acquisition and communication schemes. In the
past, the IGS products have been based on a daily model
that required submissions of files containing tracking
data for 24-h periods. Recently, Data Centers have been
asked to forward hourly tracking data to accelerate prod-
uct delivery. This new submission scheme was required
for the creation of an Ultra-Rapid product, with a latency
of only a few hours, that should satisfy the more demand-
ing needs of the meteorological community and future
LEO (Low Earth Orbiter) missions. It is expected that IGS
products will continue to be delivered with increased
timeliness in the future (Kouba, Mireault, Beutler, &
Springer, 1998; Neilan, Zumberge, Beutler, & Kouba,
1997).

Regarding the IGS orbit precision, one can see that
over the past eight years (Figure 1) the quality of the IGS
Final orbits has improved from about 30 cm to the 3-5-
cm precision level currently realized by some of the ACs
(Kouba, 1998). It is also interesting to note that the Rapid
orbit combined product is as precise as the best AC Final
solution with less tracking stations and faster delivery
time. This fact confirms the belief that increasing the
number of global GPS tracking stations does not neces-
sarily translate into higher orbit precision. One element
that has not yet received much attention is the quality of
the GPS satellite clock estimates included in the IGS orbit
products. Examining the IGS Final summary reports
(http://igsch.jpl.nasa.gov/mail/igsreports/) produced
weekly by the IGS AC coordinator (Dr. R. Weber, Astro-
nomical Institute, University of Berne), we notice that
satellite clock estimates produced by different ACs agree
within 0.1-0.2-ns RMS, or 3-6 c¢m, a level compatible with
the orbit precision. The combination of precise GPS
orbits and clocks, weighted according to their correspon-
ding sigmas, is essential for PPP, given that the proper
measurements are made at the user set and the observa-
tion models are correctly implemented.
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FIGURE 1. Weighted orhit RMS of the IGS rapid and AC final orbit sclutions with respect to the IGS final orhit
products. GOD: Center for Orhit Deterinination in Europe, AIUB, Switzeriand; EMR: Natural Resources Canata,
Canada; ESA: European Space Operations Genter, ESOC, Germany; GFZ: GeoForschungsZentrum, Germany; JPL:
dJet Propulsion Lahoratory, USA; NGS: National Oceanic and Atmespheric Administration/NOAA, USA; SID: Scripps
Institution of Oceanography, USA; IGR: IGS Rapid Orbit Gombinations.

PRECISE POINT POSITIONING

Observation Equations

The ionospheric-free combinations of dual-frequen-
cy GPS pseudorange (P) and carrier phase observations
(@) are related to user position, clock, troposphere, and
ambiguity parameters according to the following simpli-
fied observation equations:

fp=p+cldt-dT) + Tr+ €p o))
Lo=p+c(dt-dTl) + N1+ €o 2)

where:

€p  is the ionosphere-free combination of L1 and L2
pseudoranges (2.54P1-1.54P2),
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{o is the ionosphere-free combination of L1 and L2
carrier phases (2.54¢1-1.54¢2),

dt  isthe station receiver clock offset from GPS time,

dr  is the satellite clock offset from GPS time,

c is the vacuum speed of light,

T;  is the signal path delay due to the neutral-atmos-
phere (primarily the troposphere),

A is the carrier, or carrier combination, wavelength,

N is the non-integer ambiguity of the carrier phase

ionosphere-free combination, and
epeg are the relevant measurement noise components,
including multipath.

Symbol p is the geometrical range computed as a
function of satellite (Xs, Ys, Zs) and station (x, y, z) coordi-
nates according to:



p=VXs —x)2+ ¥5-y)2+ (Zs —2)?

Expressing the tropospheric path delay (T3) as a
function of the zenith path delay (zpd) with mapping
function (M), relating the tropospheric delay to the eleva-
tion angle of the satellite, while removing the known
satellite clocks (dT) gives the following mathematical
model in the simplest form:

fr=p+cdt+Mzpd+ep—-€p=0 3)

Jo=p+cdt+Mzpd+NA+¢eo—-{o=0 4)

Adjustment Model

Linearization of observation equations (3) and (4) around
the a priori parameters and observations (X?, £) becomes,
in matrix form:

AS+W-V=0,

where A is the design matrix, dis the vector of corrections
to the unknown parameters X, W = fiX0, ¢) is the misclo-
sure vector, and Vis the vector of residuals.

The partial derivatives of the observation equations
with respect to X, consisting of four types of parameters:
station position (x, y, z), clock (df), troposphere zenith
path delay (zpd), and (non-integer) carrier phase ambi-
guities (), form the design matrix A:

(X Lp) Of(X.Lp) Of(X,0p) Of(X.Lp) Of(X.Lp) OF(X,lp)
ox &)y 0z odt aZp d a]\7 (J Jj=Lnsat )
A= ’
(X Llo) (X Lle) f(Xle) (X to) U (X lo) Uf(X.1le)
ox ay 0z ddt aZPd aN(jjzl,nsat)

with
XT=[xy z dt zpd N(],':L nsaf)]-

The least squares solution with a priori weighted
constraints (Px) to the parameters is given by:

8 = —(Px"+ AT PeA) L AT PeW, )]

so that the estimated parameters are

X=X+,
with covariance matrix
Cx=Pxt=(Px +ATPeA)7N ®)
Adjustment Procedure

The adjustment procedure developed is effectively a
sequential filter that adapts to varying user dynamics. The
implementation considers the variations in the states of the
parameters between observation epochs and uses appro-
priate stochastic processes to update their variances. The
current model involves four types of parameters: station
position (%, 3, 2), receiver clock (df), troposphere zenith path
delay (zpd), and carrier phase ambiguities (V). The station
position may be constant or change over time depending

’c;the user dynamics. These dynamics could vary from
tens of meters per second in the case of a land vehicle to a
few kilometers per second for a low earth orbiter (LEO). The
receiver clock will drift according to the quality of its oscil-
lator, e.g., several cm/s in the case of an internal quartz
clock with frequency stability of about 10710, Comparative-
ly, the zenith path delay will vary in time by a relatively
small amount, in the order of a few cm/h. Finally, the non-
integer carrier phase ambiguities (V) will remain constant
as long as the carrier phases are free of cycle slips, a condi-
tion that requires close monitoring. [Note that only for dou-
ble differenced data is df practically eliminated and the car-
rier phase ambiguities (V) become integers.]

Using subscript i to denote a specific time epoch, we
see that without observations between epochs, initial
parameter estimates at epoch i are equal to the ones
obtained at epoch i I:

0 o

X =Xia. (7

To propagate the covariance information from

epoch i — 1 to i, during an interval Af, Cx., has to be

updated to include process noise represented by the
covariance matrix Cear:

Px9 = [Ciiy + Cead™ (8)

where
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Ce(x)Ar 0 0
0 Ce (Y)ar 0
Cons = 0 0 Ce(Z)ar
0 0 0
0 0 0
0 0 0

Process noise can be adjusted according to user
dynamics, receiver clock behavior, and atmospheric
activity. In all instances Ce (N(],' =1, nsar))Ar = 0 since the car-
rier phase ambiguities remain constant over time. In stat-
ic mode, the user position is also constant and conse-
quently Ce (x)ar = Ce (¥)ar = Ce (z)ar= 0. In kinematic mode,
it is increased as a function of user dynamics. The receiv-
er clock process noise can vary as a function of frequency
stability but is usually set to white noise with a large
Ce (dt)ar value to accommodate the unpredictable occur-
rence of clock resets. A random walk process noise of 5
mm/V'h is assigned to the zenith path delay Ce (zpd) ar.

PRECISE POINT POSITIONING CORRECTION MODELS

Developers of GPS software are generally well aware of
corrections they must apply to pseudorange or carrier
phase observations to eliminate effects such as special
and general relativity, Sagnac delay, satellite clock offsets,
atmospheric delays, etc. (e.g., ION, 1980). All these effects
are quite large, exceeding several meters, and must be
considered even for pseudorange positioning at the
meter precision level. When attempting to combine satel-
lite positions and clocks precise to a few centimeters with
ionospheric-free carrier phase observations (with mil-
limeter resolution), it is important to account for some
effects that may not have been considered in pseudor-
ange or precise differential phase processing modes.

The following sections look at additional correction
terms that are significant for carrier phase point position-
ing. They have been grouped under “Satellite Attitude
Effects,” “Site Displacements Effects,” and “Compatibility
Considerations.” A number of the corrections listed below
require the Moon or the Sun positions, which can be
obtained from readily available planetary ephemerides
files, or more conveniently from simple formulas (as
implemented here) since a relative precision of about
1/1000 is sufficient for corrections at the millimeter preci-
sion level. Note that for centimeter-level differential posi-
tioning and baselines of less than 100 km, the correction
terms discussed below can be safely neglected.
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0 0 0
0 0 0
0 0 0
Ce (db)at 0 0
0 Ce (zpd) ar 0
0 0 Ce (N(Jj =1, nsa))ar _|

Satellite Attitude Effects

Satellite antenna offsels

The requirement for satellite-based corrections origi-
nates from the separation between the GPS satellite cen-
ter of mass and the phase center of its antenna. Because
the force models used for satellite orbit modeling refer to
its center of mass, the IGS GPS precise satellite coordi-
nates and clock products also refer to the satellite center
of mass, unlike the orbits broadcast in the GPS navigation
message that refer to satellite antenna phase center.
However, the measurements are made to the antenna
phase center; thus one must know satellite phase center
offsets and monitor the orientation of the offset vector in
space as the satellite orbits the Earth. The phase centers
for most satellites are offset both in the body z-coordi-
nate direction (toward the Earth) and in the body x-coor-
dinate direction, which is on the plane containing the
Sun (see Figure 2).

Phase wind-up correciion

GPS satellites transmit right circularly polarized (RCP)
radio waves, and therefore the observed carrier phase
depends on the mutual orientation of the satellite and
receiver antennas. A rotation of either receiver or satellite
antenna around its bore (vertical) axis will change the
carrier phase up to one cycle (one wavelength), which
corresponds to one complete revolution of the antenna.
This effect is called “phase wind-up” (Wu et al,, 1993). A
receiver antenna, unless mobile, does not rotate around
its vertical axis and it is oriented toward a reference
azimuth direction (usually north). However, satellite
antennas undergo slow rotations (around vertical axes)
as their solar panels are being oriented toward the Sun
and the station-satellite geometry changes. Besides, dur-
ing eclipsing seasons, satellites are also subjected to
rapid rotations, so-called “noon” (when a straight line,
starting from the Sun, intersects the satellite and then the
center of the Earth) and “midnight turns” (when the line
from the Sun intersects the center of the Earth, then the
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FIGURE 2. IGS conventional antenna phase center
in satellite fixed reference frame (m). Block II/IA
X =0.279, Y = 0.000, Z = 1.023; Block IiR X = 0.000,
Y = 0.000, Z = 0.000.

satellite), to reorient their solar panels toward the Sun.
This can represent antenna rotations of up to one revolu-
tion within less than 30 min. During such noon or mid-
night turns, phase data needs to be corrected for this
effect (Bar-Sever, 1996), or simply edited out.

The phase wind-up correction has been generally
neglected even in the most precise differential posi-
tioning software, as it is quite negligible for double-dif-
ference positioning on baselines/networks spanning
up to a few hundred kilometers—although it has been
shown that it can reach up to 4 cm for a baseline of 4000
km (Wu et al., 1993). However, this effect is quite signif-
icant for undifferenced point positioning when fixing
IGS satellite clocks because it can reach up to one half
of the wavelength. Since about 1994, most of the IGS
Analysis Centers (and therefore the combined IGS
orbit/clock products) apply this phase wind-up correc-
tion. Neglecting it and fixing IGS orbits/clocks will
result in position and clock errors at the dm level. For
receiver antenna rotations (e.g., during kinematic posi-
tioning/navigation) phase wind-up is fully absorbed
into station clock solutions (or eliminated by double
differencing).

The phase wind-up correction can be evaluated
from dot (- ) and vector (x) products according to Wu et al.
(1993) as follows:

8¢ = sign(¢) cos1(D'- D/|D'|D)), 9)
where ¢ =k - (D' x D), k is the satellite-to-receiver unit

vector and D', D are the effective dipole vectors of the
satellite and receiver computed from the current satellite

body coordinate unit vectors (¥, ¥, z') and the local
receiver unit vectors north, east, and up (, ¥, z).

D' =x'—k(kx)-kxy,
D=x—k(k x) +kx}y.

Continuity between consecutive phase observation
segments must be ensured by adding full cycle terms of
+27 to the correction (9).

Site Displacements Effects

In a global sense, a station undergoes real or apparent
periodic movements reaching a few dm that are not
included in the corresponding ITRF position. Conse-
quently, if one is to obtain a precise station coordinate
solution consistent with the current ITRF conventions,
the above station movements must be modeled by
adding the site displacement correction terms listed
below to the conventional ITRF coordinates. Effects with
magnitude of less than 1 cm such as atmospheric and
snow build-up loading have not been considered in the
following.

Solid Earth tides
The “solid” Earth is in fact pliable enough to respond to
the same gravitational forces that generate the ocean
tides. The periodic vertical and horizontal site displace-
ments caused by tides are represented by spherical har-
monics of degree and order (n‘m) characterized by the
Love number hnm and the Shida number lyy. The effec-
tive values of these numbers weakly depend on station
latitude and tidal frequency (Wahr, 1981) and need to be
taken into account when an accuracy of 1 mm is desired
in determining station positions (see, e.g., IERS, 1996).
However, for 5-mm precision, only the second-degree
tides and a height correction term are necessary.

For the site displacement vector in Cartesian coordi-
nates AFT = [Ax Ay Azl (IERS, 1989):

. GM 5 |7, af 12 5.2 Tl
— E . ; _ L2
o _j:2 GM R}?’{[ng(R] r):|R]+3< 2 12)(R] & 2 :|r}+

[~0.025 sing cos¢ sin(@g + M)} 1 (10)

where GM, GM;j are the gravitational parameters of the
Earth, the Moon (j = 2), and the Sun (j = 3); 1, R; are geo-
centric distances of the station, the Moon, and the Sun
with the corresponding unit vectors r and R;, respective-
ly; I and h2 are the nominal second-degree Love and
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Shida dimensionless numbers (0.609, 0.085); ¢, A are the
site latitude and longitude (positive east) and 6;is Green-
wich Mean Sidereal Time. The tidal correction (10) can
reach about 30 cm in the radial and 5 cm in the horizon-
tal direction. It consists of a latitude-dependent perma-
nent displacement and a periodic part with predomi-
nantly semidiurnal and diurnal periods of changing
amplitudes. The periodic part is largely averaged out for
static positioning over a 24-h period. However, the per-
manent part, which can reach up to 12 cm in mid-lati-
tudes (along the radial direction) remains in such a 24-h
average position. The permanent tidal distortion, accord-
ing to the ITRF convention (IERS, 1996), has to be used as
well. In other words, the complete correction (10), which
includes both the permanent and periodical tidal dis-
placements, must be applied to be consistent with the
ITRF convention. Even when averaging over long peri-
ods, neglecting the correction (10) in point positioning
would result in systematic position errors of up to 12.5
and 5 cm in the radial and north directions, respectively.
Note that for differential positioning over short baseline
(<100 km), both stations have almost identical tidal dis-
placements so that the relative positions over short base-
lines will be largely unaffected by the solid Earth tides. If
the tidal displacements in the north, east, and vertical
directions are required, they can be readily obtained by
multiplying (10) by the respective unit vectors.

Ocean loading

Ocean loading is similar to solid Earth tides as it is domi-
nated by diurnal and semidiurnal periods, but it results
from the load of the ocean tides. While ocean loading is
almost an order of magnitude smaller than solid Earth
tides, it is more localized, and, by convention, it does not
have a permanent part. For single epoch positioning at the
5-cm precision level, or mm static positioning over a 24-h
period and/or for stations that are far from the oceans,
ocean loading can be safely neglected. On the other hand,
for cm-precise kinematic point positioning or precise stat-
ic positioning along coastal regions over intervals signifi-
cantly shorter than 24 h, this effect has to be taken into
account. Note that when the tropospheric zpd or clock
solutions are required, the ocean load effects also have to
be taken into account even for a 24-h static point position-
ing processing, unless the station is far (>1000 km) from
the nearest coast line. Otherwise, the ocean load effects
will map into the tropospheric zpd/clock solutions
(Dragert, James, & Lambert, 2000), which may be signifi-
cant particularly for the coastal stations.
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The ocean load effects can be modeled in each prin-
cipal direction by the following correction term (IERS,
1996):

Ac = Zi fi Acj cos(wjt + yj + uj — Dej), (11)

where fj and u; depend on the longitude of lunar node (at
1-3-mm precision fj = 1 and u; = 0); the summation of j
represents the 11 tidal waves designated as Mz, Sz, N2, Kz,
K1, O1, P1, Q1, M Mm, and Ssq; @j and y; are the angular
velocity and the astronomical arguments at time 7= 0 h,
corresponding to the tidal wave component j. The argu-
ments y;j can be readily evaluated by a FORTRAN routine
ARG available from the IERS Convention ftp site:
ftp://maia.usno.navy.mil/conventions/chapter7/arg.f.

The station specific amplitudes As; and phases @ for
the radial, south (positive), and west (positive) directions
are computed by convolution of Green functions utilizing
the latest global ocean tide models as well as refined
coastline database (e.g., Scherneck, 1991; Pagiatakis,
1992; Agnew, 1996). A table of the amplitudes Ag and
phases &; for most ITRF stations, computed by Scher-
neck (1993), is also at ftp://maia.usno.navy.mil/conven-
tions/chapter7/olls25.bld. Alternatively, software for
evaluation of Ag and & at any site is available from
Pagiatakis (1992). Typically, the M2 amplitudes are the
largest and do not exceed 5 cm in the radial and 2 cm in
the horizontal directions for coastal stations. For cm
accuracy it is also necessary to augment the global tidal
model with local ocean tides digitized, for example, from
the local tidal charts. Future ITRF convention will likely
also require a model for the geocenter variation (at the
cm level), which is also of tidal origin. Consequently the
station specific amplitude A¢j and phases @ would then
include the geocenter (tidal) variation. In fact, the [ERS
tabulation at the above ftp site already includes the tidal
geocenter variation. One consequence of this new con-
vention/approach is that for cm station position preci-
sion, the ocean load effect corrections must be included
at all stations, even for those far from the ocean.

Farth rotation parameters (ERP)

The Earth rotation parameters (i.e., Pole position Xp, ¥y,
and UTI-UTC), along with the conventions for sidereal
time, precession, and nutation facilitate accurate transfor-
mations between terrestrial and inertial reference frames
that are required in global GPS analysis (see, e.g., IERS,
1996). Then, the resulting orbits in the terrestrial conven-
tional reference frame (ITRF), like the IGS orbit products,



imply, quite precisely, the underlying ERP. Consequently,
IGS users who fix or heavily constrain the IGS orbits and
work directly in ITRF need not worry about ERP. However,
when using software formulated in an inertial frame, the
ERP corresponding to the fixed orbits are required.

For point positioning processing formulated within
the terrestrial frame, with the AC orbits held fixed, the so
called sub-daily ERP model, which is also dominated by
diurnal and sub-diurnal periods of ocean tide origin, may
still be required to attain sub-cm positioning precision.
This results from the IERS convention for ERP, i.e., the
IERS/IGS ERP series as well as ITRF positions do not
include the sub-daily ERP variations, which can reach up
to 3 cm at the surface of the Earth. However, the IGS
orbits imply the complete ERP removed, i.e., the conven-
tional ERP plus the sub-daily ERP model. In order to be
consistent, in particular for precise static positioning
over intervals much shorter than 24 h, this sub-daily
effect may have to be taken into account. Note that,
much like the ocean tide loading, the sub-daily ERP are
averaged out to nearly zero over a 24-h period.

This effect can be modeled, like all the tidal displace-
ments, as apparent corrections (Ax, Ay, Az) to the conven-
tional (ITRF) station coordinates (x, y, z). It can be evalu-
ated from the instantaneous sub-daily ERP corrections
(6Xp, 6Yp, SUT1L) and the standard coordinate transfor-
mation (using the IERS convention and the rotation
parameters Ry = 6Yp, Ry = 6Xp, R = -6UT1), i.e.,

Ax=+y- SUTI+z - 3Xp, (12)
Ay=—x- SUTI-z- 8Yp, (13)
Az=-x- 6Xp+y- OYp, (14)

where each of the sub-daily ERP component corrections
(6Xp, 6Yp, SUTI) is obtained from the following approxi-
mation form, e.g., for the Xp pole component:

oXp = i Fjsin & + Gj cosé&;. (15)
1
where &; is the astronomical argument at the current
epoch for the tidal wave compaonent j of the eight diurnal
tidal waves considered (Ma, S2, Nz, K2, K1, O1, P1, Q1), aug-
mented with n - 7/2 (n =0, 1, or -1) and F; and Gj are the
tidal wave coefficients derived from the latest global
ocean tide models for each of the three ERP components.
The above (conventional) FORTRAN routine, evaluating
the sub-daily ERP corrections can also be obtained at the

(IERS, 1996) ftp site: ftp://maia.usno.navy.mil/conven-
tions/chapter8/ray.f.

Gompatibility Gonsiterations
Positioning and GPS analyses that constrain or fix any
external solutions/products need to apply consistent
orbit/clock weighting, models, and conventions. This is in
particular true for precise point positioning and clock solu-
tions/products. However, even for cm differential position-
ing, consistency with the IGS global solutions needs to be
considered. This includes issues such as the respective ver-
sion of ITRE the IGS ERP the IGS orbit, and station solu-
tions used, the station logs (antenna offsets) and the
adopted antenna calibration table (IGS_01.pcv) available at
the IGS Central Bureau (http://igscb.jpl.nasa.gov).

The GPS system already has some well developed
conventions, e.g., that only the periodic relativity cor-
rection

AT = —2Xs - Vsic? (16)

is to be applied by all GPS users (ION, 1980). Here Xs and
Vs are the satellite position and velocity vectors and ¢ is
the speed of light. The same convention has also been
adopted by IGS, i.e., all the IGS satellite clock solutions
are consistent with this convention.

By an agreed convention, there are no group delay
calibration corrections applied for the station and satel-
lite (L2-L1) biases in all the IGS AC analyses, thus no such
calibrations are to be applied when the IGS clock prod-
ucts are held fixed or constrained in dual-frequency point
positioning. Furthermore, a specific set of pseudorange
observations consistent with the IGS clock products
needs to be used even for point positioning utilizing
phase observations; otherwise the clock solutions are sig-
nificantly affected. This is a result of significant satellite-
dependent differences between L1 C/A (Pcia) and P (Py)
code pseudoranges, which can reach up to 2 ns (60 cm).
IGS has been using the following conventional pseudor-
ange observation set, which needs to be enforced when
using the IGS orbit/clock products (IGS Mail #2744):

Up to 02 April 2000 (GPS Week 1056): Pciaand P'z2 = Poia +
(P2 - Py1)
After 02 April 2000 (GPS Week 1056): P1 and P2

Note that, in the case of C/A and P-code carrier phase

observations, there is no such problem, and no need for
any such convention. The GPS system specifications state
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that the difference between the two types of phase obser-
vation on L1 is the same for all satellites and is equal to a
constant fraction of the L1 wavelength. Unlike pseudo-
ranges, the C/A and P-code carrier phase offset is the same
for all satellites and fully absorbed by the initial non-inte-
ger phase ambiguities, or completely eliminated by double
differencing. For more information on this convention and
how to form the above pseudorange observation set for
receivers, which do not give all the necessary observation
types, see IGS Mail #2744 available from the IGS CB
Archives: http://igschb.jpl.nasa.gov/mail/igsmail/2000/.

PRECISE POINT POSITIONING (PPP) EVALUATION

All the above correction models except for ocean and
atmospheric loading and sub-daily ERP effects were
implemented, including satellite/clock weighting, in a
program that runs on a personal computer. To evaluate
our PPP implementation, daily sessions of dual-frequen-
cy code and carrier observations from globally distributed
IGS stations were processed for GPS week 1039 (5-11
December 1999). Observations every 30 s were used to
facilitate cycle slip detection. Station positions, clock off-

sets, and troposphere zenith path delays as well as phase
ambiguity parameters were estimated at 15-min intervals
(corresponding to the epochs of available precise orbits
and clocks in the IGS and AC orbit/clock products).

This section shows the parameter convergence of the
PPP solution and evaluates the quality of the positions,
tropospheric zpds, and station clocks obtained.

PPP Sofution Convergence

PPP convergence as a function of time depends on initial
parameter variances and the synergy of GPS pseudorange
and carrier phase observations. At the initial epoch,
because of unknown carrier phase ambiguities, the solu-
tion relies entirely on the pseudorange observations and
the quality of the position reflects GPS receiver pseudor-
ange data noise and the multipath environment at the
tracking station. As time passes and phase observations
are added to the solution, the ionospheric free ambigui-
ties and station position components (in static mode)
converge to constant values while the tropospheric zpd
and receiver clock parameters vary as a function of their
assigned process noise. Figure 3 shows a daily plot of posi-

*Ad(M) ®AA(mM) * Ah(m)

Metres

-0.4

-0.5
0:00:00
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FIGURE 3. Precise point positioning solution convergence, ALGD, 10 December 1999,
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tion parameter updates at 15-min intervals. For this par-
ticular site, initial station coordinates differ from the
known values by as much as 50 cm. Considering the lati-
tude, longitude and height differences (4¢, AL, Ah) as a
function of time, we notice that cm convergence is
reached after processing 8-12 epochs or 2-3 h of observa-
tions. With high-rate satellite clocks every 30 s, this con-
vergence time can be further reduced to less than 30 min.

PPP Station Goordinates Precision Evaluation

Data for each day of GPS week 1039 (5-11 December
1999) was processed using up to 40 globally distributed
GPS stations with tracking data of acceptable quality and
continuity. The subset was selected from the 51 stations
used by IGS for ITRF97 realization (Ferland, 2000).
ITRF97 position estimates were used for comparison
because they are very precise (sub-cm). Daily differences
in %, y, and z were computed using Final orbit/clock files
from 3 IGS Analysis Centers (EMR, GFZ and JPL) and the
IGS Rapid and Final combined orbit/clock products
(IGR, I1GS). Figure 4 shows differences between the posi-

tion estimates and the ITRF97 values for the 40 stations
processed on 11 December 1999. Results obtained using
EMR [Figure 4(a}] and IGS Final orbits [Figure 4(b)] were
selected to illustrate that differences of several cm are still
present in positions estimated using the orbits from cer-
tain ACs. Tt is also apparent that these coordinate differ-
ences are globally consistent for a specific day, that they
correspond to “apparent geocenter offsets,” and that they
are greatly reduced through the IGS combination
process. Real geocenter motions are expected to be less
than 1 cm (Dong et al., 1997). This reduction is thus evi-
dence that there is some independence in the mismodel-
ing by different ACs.

Table 1 gives average Cartesian coordinate differ-
ences and standard deviations for all stations and days of
GPS week 1039. For all seven days, average differences are
consistent at the cm-level for all analysis centers except
EMR, for which Az daily bias varies by as much as 20 cm
during this particular week. Nevertheless, in terms of pre-
cision, we see fairly stable daily standard deviations
about the mean for all ACs over the entire week. It is
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FAIGURE 4(a). Precise point positioning with EMRE final orbits/clocks-ITRF position differences (cm), 11
December 1939.
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interesting to note that the IGS Rapid product (IGR) is of
comparable quality to the IGS Final and the best AC Final
orbit/clock products.

In Table 2, the daily average “apparent geocenter off-
sets” were removed from all the station Cartesian coordi-
nate differences before transforming them into ellip-
soidal. After removing the offsets, daily average
ellipsoidal coordinate differences are below 2 cm for all
centers. A negative height bias of about 1 cm is present
for all AC and IGS orbit/clock products. This bias is con-
sistent with a —2-ppb bias typically seen in all IGS/AC
final station solutions (Ferland, 2000). In terms of preci-
sion, we obtain fairly consistent standard deviations
about the mean for all ACs over the entire week. As
expected, the horizontal components are approximately
two times more precise than the vertical. Because the
standard deviations are with respect to an average differ-
ence computed from 35-40 stations, it is affected by
regional inconsistencies/biases in the global network. If
we consider the standard deviation about the weekly
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average on a per station basis, we obtain a 7-day repeata-
bility precision that is approximately two times better
(see Table 2). This is consistent with PPP repeatability
results obtained with other software using other
orbit/clock solutions (e.g., Zumberge et al., 1997).

Tropospheric Zenith Path Delay Precision Evaiuation

In addition to the station position and clock unknowns,
the station tropospheric zenith path delays (zpds) are
estimated at 15-min intervals. As for station coordinates,
zpd estimates require a certain time to converge when
the adjustment procedure is initiated using uncon-
strained parameters. One way of recovering the final zpd
estimates (as well as station clocks) for all epochs is to
smooth the parameters by a backward substitution with
the final converged satellite ambiguity parameters held
fixed. This approach, which approximates a rigorous
backward filter (or back substitution in a batch least
square processing), was implemented in the software to
obtain nearly optimal station zpd (and station clock off-



Daily average cariesian coordinate differences and standard deviations, GPS week 10329
Average AX, Ay, AZ (i)
EVIR 174 168 163 JPL
Dats #8in | AKX Ay AZ AX AY AZ AKX Ay AZ AX Ay AZ AX AY AZ
05-Dec-99 34 1.7 24 100 |05 0.3 0.8 0.2 -09 1.1 0.1 0.5 2.0 |-1.3 -0.6 4.1
06-Dec-99 32 1.3 -0.1 -4.1 0.1 0.1 0.9 0.0 0.0 0.9 0.0 0.0 0.9 |-0.8 -0.8 47
07-Dec-99 3% |16 27 71|04 00 10|-04 01 07 /|-03 04 19|10 -14 47
08-Dec-99 38 |-12 -01 38 (=02 0t 12|02 01 08-01 =01 20 |-15 -09 44
09-Dec-99 39 |20 02 10801 01 10|01 01 12|-01 -01 26]|-11 -09 47
10-Dec-99 39 |14 07 27|00 -01 12|01 -02 11|02 03 18[-1.0 -12 49
11-Dec-99 40 {-33 28 154 | 00 01 1302 -0t 10|-10 06 24 |-14 -07 45
Standard Deviation (about the mean in cm)
EMIR [74 168 5s JPL

Date #S| ok oy oZ | oX oV oZ | ok oy oZ | oKX oy oZ | ok oy oZ
05-Dec-99 34 1.5 2.3 1.7 1.7 2.0 1.3 1.9 1.8 1.5 1.5 2.1 14 1.9 2.3 1.4
06-Dec-99 32 2.3 2.2 1.6 2.1 1.9 1.2 2.3 2.1 1.2 1.9 2.0 1.2 2.1 2.3 1.3
07-Dec-99 35 2.4 2.5 1.6 2.3 2.2 1.3 2.2 1.9 1.6 1.9 2.0 1.4 2.6 2.8 1.8
08-Dec-99 38 2.3 2.9 1.8 1.8 1.7 14 1.8 1.9 1.6 1.7 1.9 1.4 1.9 2.1 1.6
09-Dec-99 39 2.1 2.1 1.3 2.4 1.7 1.3 1.7 1.8 1.5 2.4 1.5 1.4 25 2.1 1.8
10-Dec-99 39 1.8 2.3 1.7 1.9 1.6 1.5 1.7 2.0 18 1.9 1.8 1.6 1.9 2.1 1.8
11-Dec-99 40 2.4 2.2 1.6 2.1 1.7 1.3 2.7 2.0 1.4 2.2 1.6 1.4 2.1 2.1 1.2

set) time series based on all observations within the
observation session (e.g., 24 h). Without such a back sub-
stitution scheme only the parameter solutions of the last
epoch are optimal.

To evaluate the quality and consistency of our
approach, the estimated zpds for week 1039 using orbit
products from different ACs were compared with the IGS
combined tropospheric product (Gendt, 1998). IGS
presently combines zpds at 2-h intervals from contribu-
tions made by the seven ACs for up to 200 globally dis-
tributed GPS tracking stations. The IGS combined station

zpds have been compared with estimates derived from
other techniques and have proven to be quite precise
(~7-8 mm) and accurate (Gendt, 1996).

Figure 5 shows a 7-day time series of zpds obtained
with a PPP for station YELL during GPS week 1039 using
precise orbit products from EMR, GFZ, JPL, IGS, and IGR.
The IGS combined estimates (CMB) are also included. A
general agreement between all time series is obvious.

To get a more global view of the quality of the zpd
estimates, the daily means and standard deviations of
differences with respect to the 2-h IGS combined esti-

| TBLE2_

Weekly average eliipsecidsl differences and standard deviations, GPS week 1633

e 274 167 58 JPL
o A m | A m |4 A m|[O A M ioé A M
Average 06 04 1.7 |01 02 -t3 |02 07 -09 (04 01 -12 |04 04 -13
Standard Deviation 1.1 1.6 23 | 1.1 14 21 12 15 22 |11 1.4 2.1 1.2 16 24
7-Day Repeatability 06 0.8 14 | 03 0.6 1.0 | 0.5 1.0 14 | 04 07 14 | 05 0.8 1.5
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FIGURE 5. IGS combined (CMB) tropospheric zpd solutions at station YELL and PPP zpd solutions (in meters)

using IGS, IGR, GFZ, and JPL orbit/clock products.

mates are summarized in Table 3. These values were
obtained from daily comparisons of approximately 30
IGS stations over the 7 days of GPS week 1039. There are
no apparent biases in the means and standard deviations
vary from 5 to 8 mm, corresponding to about 1 mm of
integrated precipitable water (IPW).

PPP Station Clock Precision Evaluation
Evaluating the quality of PPP estimated station clocks is
somewhat complicated by the absence of an absolute
standard for comparison and the fact that different refer-
ence clocks and alignment values are used by the ACs in
the computation of their daily solutions. Therefore, the
following evaluation is an internal comparison between
the station clocks estimated with PPP and those pro-
duced by GFZ, JPL, and EMR analysis centers (ACs).
Station Wetzell (WTZR) was selected for clock com-
parison since it is equipped with a Hydrogen MASER
(HM) clock and processed by the three selected ACs for
most days of GPS week 1039. The WTZR station clock
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solutions were extracted from daily station/satellite clock
files submitted by EMR, GFZ, and JPL in support of the
IGS/BIPM precise timing pilot project (Ray, 1998). Table 4
shows the reference clock used by each AC in their daily
clock computation. Note that the two reference stations
(ALGO, NRC1) are also equipped with high-quality HM
clocks. Because of the requirement to set a station clock
as reference in the AC network solutions, the WTZR sta-
tion clock estimates will contain effects from both WIZR
and the reference clocks.

To remove the effect introduced by the different ref-
erence clocks’ offsets and drifts, and to check the solution
quality, a daily linear regression was applied to the AC
(EMR, GFZ, JPL) and PPP station clock estimates
(EMR_SP3, GFZ_SP3, JPL_SP3) for WTZR. Since WTZR
and all the clock reference stations are equipped with
high-quality HM clocks, 24-h straight-line RMS of fit of
only a few cm should be expected. Table 4 gives the daily
regression RMS of the WTZR 15-min clock residuals
obtained from the AC and PPP processing. These statis-



Tropospheric zod daily average differences and standard deviations with respect to IGS combined zpd (in
cm), GPS week 1039
EMB (174 IGR 168 JPL

Date #8tn | Azpd ozpd AZpd ozpd Azpd ozl Azpd oz Azpd ozpd
05-Dec-99 28 -0.3 0.7 -0.2 0.6 0.5 0.7 -0.3 0.7 -0.2 0.6
06-Dec-99 28 -0.1 0.7 -0.2 0.6 -0.2 0.6 0.1 0.6 0.0 0.8
07-Dec-99 31 -0.2 0.7 0.1 0.7 -0.1 0.8 -0.1 0.7 -0.1 0.7
08-Dec-99 32 0.0 0.6 0.1 0.6 0.0 0.7 0.1 0.8 0.0 0.7
09-Dec-99 32 -0.3 0.6 -0.2 0.5 -0.2 0.7 -0.1 0.6 -0.5 0.6
10-Dec-99 33 0.0 0.7 0.1 0.7 0.3 0.7 0.1 0.7 0.1 0.6
11-Dec-99 32 -0.1 0.8 0.1 0.7 -0.2 0.9 0.0 0.8 -0.2 0.6

tics show that the AC and PPP solutions of the WTZR
clock have regression RMS at the 3-6-cm level (100-200
ps), which is consistent with the expected HM clock sta-
bility at or below 10714/100 s. It is interesting to note that
even though the IGS statistics for the quality of the AC
satellite clock solutions (as reported in igsl10397.sum)
vary from 15 cm to 3 cm, the WIZR station clock obtained
from PPP with the AC orbits/clock products is of compa-
rable quality.

Figure 6 shows the residuals for the six different solu-
tions over the 7 days of week 1039. There is a systematic
effect with peak-to-peak amplitude of ~20 cm (0.6 ns)
that corresponds well to what is expected from station
GPS antenna cable temperature sensitivity (Larson,
2000). The AC and PPP solutions both contain the effects

of such unmodeled temperature variations affecting the
WTZR and the reference clocks (i.e., ALGO or NRC1). In
this instance, no detectable temperature-related clock
variations are expected from ALGO or NRC1 since at both
sites the antenna cables are shielded from the local envi-
ronment.

10 and 11 December are the only two days of week
1039 where WTZR clock solutions are available from the
three ACs as a common reference. For those days, the lin-
ear regression residuals from the different solutions were
differenced with respect to a particular AC to cancel out
the common signal (e.g., temperature variation, HM
clock instabilities) in order to assess the quality of the dif-
ferent solutions. Figure 7 shows the differenced WTZR
clock residuals for five solutions with respect to GFZ. In

TABLE4
Daily regression RMS of 15-min clock residuals for station WTZR, GPS week 1039
EVIR [ 74 JPL
Bate Ref SP3 AC- PPP Rer §P3 AC- PPp Ref §P3 AC- ppp
Cleck Sateflite WTZR WIZR | Glock Satellite WTZR WrZR | Cleck Satellite WTIR WTZR
Clock  Clock  Clock Gleck  Clock  Clock Glock  Cleck  Clock
RS RS BuUS RIS RIS RMS RS RIS RS
(cm) (cm) {em) {cm) (cm) (cm) {em) {cm) (cm)
05-Dec-99 NRCH1 15 4.0 40 |ALGO 3 3.3 36 |ALGO 12 4.0 6.2
06-Dec-99 ALGO 15 2.7 40 | ALGO 6 29 31 ALGO 12
07-Dec-99 ALGO 15 2.0 40 | ALGO 3 3.3 3.3 | ALGO 15
08-Dec-99 NRC1 15 33 46 | ALGO 3 2.0 36 | NRC1 12 3.4 6.3
09-Dec-99 NRC1 15 5.1 46 | ALGO 3 3.8 4.1 ALGO 12 3.1 2.7
10-Dec-99 ALGO 12 3.7 53 | ALGO 3 4.0 5.1 ALGO 12 3.4 6.2
11-Dec-99 ALGO 18 3.2 39 |ALGO 3 3.7 4.1 ALGO 15 2.9 2.4
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FIGURE 6. 24-h linear regression clock residuals from AC and PPP estimates for station WIZR clock, GPS

weel 1039.

comparison to the undifferenced clocks, there is a defi-
nite reduction in the RMS from the 3-6 ¢cm to the 1.3-3
cm (40-100 ps) level. Nevertheless, there are still some
systematic effects noticeable in the time series (and Table
4), mainly in the PPP estimates, possibly because no PPP
clock weighting was employed. This requires further
investigation.

CONCLUSIONS

The observation equations, estimation technique, and
station/satellite models used for the implementation of
GPS precise point positioning using IGS orbit/clock
products were described. A post-processing approach
that uses dual-frequency pseudorange and carrier phase
observations from a single GPS receiver and estimates
station coordinates, tropospheric zenith path delays, and
clock parameters was developed and tested. Results show
that global centimeter positioning precision can be real-
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ized, directly in ITRE when using precise orbits/clock
products from different IGS Analysis Centers (ACs) and
the IGS combinations. The results also indicate that the
station position repeatability of our implementation is
comparable to PPP repeatability typically obtained when
using a consistent set of software for both clock/orbit
determination and subsequent PPP. The PPP results also
reveal the existence of apparent geocenter offsets
between orbit products from different ACs. Furthermore,
station tropospheric zenith path delays with centimeter
precision and GPS receiver clock estimates precise to 100
ps can also be obtained using this technique. The simple
PPP mode presented here forms an ideal interface to the
IGS orbit/clock products and ITRF as it can be ported to
a personal computer and executes with minimum user
intervention. The approach is equally applicable to glob-
al kinematic positioning/navigation at the cm-dm level
as is being demonstrated daily within IGS combination
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FIGURE 7. Differenced clock residuals from AC and PPP estimates for station WTZR, 10-11 December 1598.

summary reports (see IGS Rapid and Final Combination
Summary Reports at the IGS CB archives: http://
igscb.jpl.nasa.gov/mail/igsreport/igsreport.html). Fur-
thermore, now that Selective Availability (SA) has been
permanently switched off, the 5-min IGS combined clock
products can be interpolated at cm-dm precision (Zum-
berge & Gent, 2000) and PPP (static/kinematic) can be
used to process GPS data observed at any sampling inter-
val to achieve cm to dm global positioning.
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