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Module 2

Errors

Why doesn't a handheld GPS receiver that costs a couple of hundred bucks get you the
surveying grade accuracy? It sthe error budget; sounds like you ought to be able to buy something
with it, doesn't it? It'sjust a breskdown of the sources of errors affecting GPS pogtioning [the figures

arein 2drms meters (95%)):

Slective Availability (SA)  46.5 (Thiserror source has been eliminated, hooray!)
lonosphere 13.6
Satellite clock and ephemeris 7.0

Average DOP 3.9
Receiver clock and noise 2.9
Typicd Multipath 2.3
Troposphere 1.3
TOTAL without SA 31.0

Let'slook at these error sources one at atime.

Sdective Avallability

Firgt, abit of higtory, I'll keep it short. Theintentiond dithering of the satellite clocks by the

Department of Defense caled Sdlective Avallability, or SA, was indtituted right after the first Block |1
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GPS satdllites were launched. The accuracy of the C/A point positioning was too good! The accuracy
was supposed to be £100 meters, horizontaly, 95% of the time with a verticd accuracy of about +£175
meters. But in fact, it turned out that the C/A-code point positioning gave civilians access to accuracy
of about +20 metersto +40 meters. That wasn't according to plan, so they degraded the satellite
clocks accuracy on the C/A code on purpose until £100 meters was al you could get. The good news

isthis error source is gone now!

Sdective Availability was switched off on May 2, 2000 by presidentia order. The
intentiona degradation of the satellite clocksis athing of the past. To tdl you the truth Selective
Avallability never did hinder the surveying gpplication of GPS much anyway, more about that later. But

don’t think that the satellite clocks don’t contribute error to GPS positioning any more, they do.

Oh, by the way, remember the Navigation Code from the previous module?
Instructions by which receivers can make some corrections for most of the errors discussed here are
actualy built into that Navigation message. It ismodulated onto carriers, L1 and L2. But some of the
information in the Navigation message can get outdated pretty quickly o its renewed every day by
government upload facilities around the world caled The Control Segment. Thefirst big error sourceis

the ionosphere, that’ s fill with us.

lonosphere



The GPS sgnd does just fine in space, but when it hits the atmosphere, oh boy.
From about 50 km to 1000 km above the earth, the ionosphereis the first layer it comesto. Thislayer
gopears to delay the GPS signd. The magnitude of the delay depends on the density and dtratification of
the ionosphere when the sgnd passesthroughit.  Actudly it is the codes, the modulations on the carrier

waves gppear to be delayed, the carrier wave itself appears to be advanced.

The dengty of the ionosphere changes with the number and disperson of free eectrons released
when gas molecules are ionized by the sun's ultraviolet radiation. This dendty is measured by something
cdled the total eectron content or TEC. That's the number of free dectrons in a column through the
ionosphere with a cross-sectiona area of 1 square meter. Y ou see the ionosphere is pretty inconsistent.

It changes from layer to layer, it changes with the time of day and even the season. During the daylight
hours in the midlatitudes the ionospheric dday may be as much asfive times greater than it isat night,
and it'susudly least between midnight and early morning. When the earth isnearing its perihdion in
November, that' sits closest gpproach to the sun, the ionospheric dday is nearly four times greater than

itisin July near the earth's gphdion, the farthest point from the sun.

I’'m auredl of thisiswildly interesting, but now here is some redly practicd information. The
severity of the ionospheric effect varies with the amount of time the GPS sgnd spends traveling through
it. A d9gnd originating from a satellite near the observer's horizon passes through more of the
ionosphere than asigna coming in from asatellite sraight overhead. Thelonger the sgnd isinthe

ionosphere, the greater the ionospheric effect. So if you want to avoid receiving GPS sgnaswith
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severe delay you set amask angle onyour GPS recaiver S0 it just ignores any sgnd within, say, 15° of

the horizon.

How am | doing? Ok, here's some more practica information. The gpparent ionospheric
delay affects higher frequencies less than lower frequencies. Thisis cdled the ionosphere s dispersive
property. That meansthat L1, 1575.42 MHz, is not affected as much as L2, 1227.60 MHz. And
right there is one of the greatest advantages of a dud-frequency receiver over the sngle-frequency
recaivers. By tracking both carriers, a dua-frequency receiver can remove not al, but a sgnificant

portion of the ionospheric error.

But as | mentioned there is an ionospheric correction available to the single frequency receiver in
the Navigation message. The Control Segment’s monitoring stations find the gpparent delay by looking
at the different propagation rates of the two carrier frequencies. A correction is calculated and
uploaded to the satellites to broadcast to GPS receivers. Well that’ s fine, but the atmosphere over
Kwajdein in the Pacific probably isn't much like the atmosphere where you are, so this broadcast

correction should not be expected to remove more than about three-quarters of the ionospheric effect.

Satellite Clock

GPS clocks keep GPS Time. The rate of the GPS Time is kept within 1 microsecond of
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Coordinated Universal Time, UTC, and UTC is determined by the more than 150 atomic clocks around

the globe.

UTC isactudly more stable than the rotation of the earth itsdf. Believeit or not, thereisa
discrepancy between UTC and the earth's actual motion, so leap seconds are put in oncein awhileto
keep it from getting too far out of whack with the planet. But GPS doesn’'t use legp seconds, so UTC
and GPS Time keep getting further gpart. They Started off together back on midnight January 5, 1990,
since then many legp seconds have been added to UTC but none have been added to GPS Time.
Confused yet? OK, even though their rates are the same, the numbers expressing a particular ingtant in

GPS Time are dways different by some seconds from the numbers expressing the same ingtant in UTC.

To make it even more interesting each GPS satdllite carries its own onboard clocks in the form
of very stable and accurate atomic clocks regulated by the vibration frequencies of the atoms of two
elements. Two of the onboard clocks are regulated by cesum and two are regulated by rubidium,
except on the Block IR satdlites, where dl the clocks are rubidium. Since the clocks in any one
satdlite are completely independent from those in any other, they are dlowed to drift up to one
millisecond from the gtrictly controlled GPS Time sandard.  That might seem alittle strange at first, but
the dternative would be to have the Control Segment constantly tweaking the satellite's onboard clocks.

That is the only way they could keep them dl in lockstep with each other and with GPS Time. Instead,
ther individud drifts are carefully monitored. And the government stations record each satellite clock's

deviation from GPS Time. That drift is uploaded into each satellite's Navigation message, it is known as



the broadcast clock correction.

In other words, there are three kinds of time are involved here. Thefirst isUTC per the United
States Naval Observatory (USNO). The second is GPS time. The third isthe time determined by each

independent GPS satellite.

Hereis how they work together. ThereisaMaster Control Station (MCS) at Schriever
(formerly Falcon) Air Force Base near Colorado Springs, Colorado gathers the GPS satdllites data
from monitoring Sations around the world.  After processing, thisinformation is uploaded back to each

satdlite to become the broadcast clock correction.

The actud specification for GPS Time demands that it be within one microsecond of UTC as
determined by USNO, without consideration of legp seconds. In practice, GPS Time is much closer to
UTC than the micrasecond specification; it is usualy within about 40 nanoseconds of UTC, minus legp
seconds. The system aso makes sure that the time broadcast by each independent satellite in the GPS
congtdllation is no farther than one millisecond from GPS Time. But the drift of each satellite's clock is
not constant, nor can the broadcast clock correction be updated frequently enough to completely define

the drift. So the satdllite clocks make amgor contribution to the errorsin a GPS point position.

Now, there is one more issue regarding the GPS satdllite clocks you might have thought of

dready, rdatividic effects. Albert Einstein's specid and generd theories of rdlativity predicted thet a



clock in orbit around the earth would gppear to run faster than a clock on its surface.  And they do
indeed, dueto their greater speed and the weaker gravity around them, the clocks in the GPS satellites

do appear to run faster than the clocksin GPS recelvers.  There are actudly two parts to the effect.

Concerning the firgt part, time dilation is taken into account before the satellite’s clocks are sent
into orbit. To ensure the clocks will actudly achieve the correct fundamenta frequency of 10.23 MHz
in space, their frequency is set abit dow before launch to 10.22999999545 MHz.

The second part is attributable to the eccentricity of the orbit of GPS satdllites. The orbita
effect can be as much as 45.8 nanoseconds. Fortunately, the offset is eiminated by a cdculation in the
GPS receiver itsdf, thereby avoiding aranging error of about 14 meters. In other words, both
relatividtic effects on the satellite clocks can be accurately computed and are removed from the system,

0 don't fret.

Ephemeris

Remember that the satellites are the control points of the system. If you didn’t know where they
are, ranges to them wouldn’t be of much use. Since they are congtantly moving an ephemerisis the best
way to define thair location at a particular ingant. It is very much like usng an ephemeris to caculate the
position of the sun at a particular moment of time. For GPS satdllites the ephemeris information is

contained in the Navigation message. It is called the broadcast ephemeris and it has dl the information



the user's receiver needs to calculate earth-centered, earth-fixed, WGS 84 coordinates of any GPS

satdlite at any moment. But the broadcast ephemerisisfar from perfect.

Itisgivenin aright ascenson, RA, system of coordinates. There are Six orbitd dements, they
are the semimgor axis of the orbit, the eccentricity of the orbit, the right ascenson of its ascending
node, the inclination of its plane, the argument of its perigee and the true anomay. Now these
parameters appear Keplerian, named for the 17th century German astronomer Johannes Kepler. Butin

this case, they redly aren't.

The orbitd motion of GPS satdllites is subject to a bunch of disurbing forces. For example, the
non-spherica nature of the earth's gravity, the attractions of the sun and the moon, and solar radiation
pressure. Actudly the best way to know what al these forces are doing to the satdllitesis to watch the
motion of the satdllites themsdves. That's why government facilities distributed around the world, the
Control Segment, carefully track the satellites and using least squares and curve-fitting andyssthey

produce the broadcast ephemeris from they data they collect.

This might be agood time to say just abit more about the Control Segment. Asl’ve sad
before, the Master Control Station MCSislocated at Schriever (formerly Facon) Air Force Basein
Colorado Springs, Colorado. The 2nd Space Operations Squadron mans the sation. They compute
updates for the Navigation message, generaly, and the broadcast ephemeris, in particular, based on

about one week of tracking information they collect from five monitoring stations around the world.



It'sagood thing that the Control Segment exists, because the GPS system requires constant
maintenance. Orbital and clock adjustments and other data uploads are necessary to keep the
congtellation from degrading. So every GPS satellite is tracked by at least one monitoring dations et al
times and the orbital tracking data gathered by monitoring stations are then passed on to the Master
Control Station. There, new ephemerides are computed. This tabulation of the anticipated locations of
the satdllites with respect to timeis then transferred to four uploading sations, whereit is transmitted

back to the satdlites themsdves.

DOP

Dilution of Precison

Here s the question, “Are the satellites crowded together in one part of the sky, or are they
spread out?’  If they’re crowded together the DOP, dilution of precison, number is high and that’s
bad. If they’ re spread out the DOP number islow and that’s good. In other words, this number islike
the strength of figure consideration in the design of anetwork. DOP isdl about the geometric Srength

of the described by the positions of the satdllites with respect to one another (Figure 2.1).
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Satellites crowded together
in one part of the sky
Indicates bad DOP.

FIG2.1

Four or more satdllites must be above the observer's mask angle for the smultaneous solution of the

clock error and three dimensions of the recelver=s pogtion. But if dl of those satdllites are crowded
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together in one part of the ky, it's not going to work very well.

The larger the volume of the body defined by the lines from the receiver to the satdllites, the
better the satdllite geometry and the lower the DOP (Figure 2.2). Anided arrangement of four satdllites

would be one directly above the receiver, the others 120° from one another in azimuth near, but not too

Satellltes embraelng
a large volume

of the sky
Indicates good DOP,

z Z
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A zzzZ

FIG 2.2
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close, to the horizon. With that distribution the DOP would be nearly 1, the lowest possiblevaue. In

practice, the lowest DOPs are generdlly around 2.

There are many DOP factors used to eva uate the uncertainties in the components of a
receiver’ spogtion. For example, there is horizontd dilution of precison (HDOP) and verticd dilution
of precison (VDOP) where the uncertainty of a solution for positioning has been isolated into its
horizontal and vertical components, respectively. When both horizontal and vertical components are
combined, the uncertainty is caled PDOP, pogtion dilution of precison. Thereisaso TDOP, time
dilution of precison, that indicates only the clock offset; and RDOP, rdlative dilution of precison, that
includes the number of receivers, the number of satellites they can handle, the length of the observing

sesson as well asthe geometry of the satdllites configuration.

When a DOP factor exceeds amaximum limit in a particular location, indicating an unacceptable

levd of uncertainty exists over a period of time, that period isknown asan outage. Of course, sSince

the satdllites are dways moving an outage of thiskind is temporary.

The Receiver Clock



A receiver's measurement of phase differences and its generation of replica codesisonly as
good asitsdock, that isits oscillator. Y ou can think of it asthe interna frequency standard for a

receiver.

GPS recavers are usudly equipped with quartz crystd clocks. They're rdatively inexpensive
and compact. They have low power requirements and long life spans.  These clocks work by the
piezoeectric effect in an oven-controlled quartz crystd disk. You'll seethistype of clock symbolized
by OCXO sometimes. Therr reliability is about equd to aquarter of a second over a human lifetime.

Even so they are sengitive to temperature changes, shock, and vibration.

Multipath

Multipath occurs when part of the sgna from the satellite reaches the receiver after reflecting
from the ground, a building, or another object. These reflected sgnds interfere with the Sgnd that

reaches the recaiver directly from the satdllite.

13
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The high frequency of the GPS codes tends to limit the field over which multipath can
contaminate pseudorange observations. Once arecelver has achieved lock; that is, itsreplica code is
correlated with the incoming Sgnd from the satdllite; Sgnds outsde the expected chip length can be

rejected.

There are other factors that distinguish reflected multipath sgnas from direct sgnals. For
example, reflected signds at the frequencies used for L1 and L2 tend to be more diffuse than the
directly received Sgnds. Another differenceinvolvesthe circular polarization of the GPSsgnd. The
polarization is actudly reversed when the sgnd is reflected, Smilar to the spin of a banked billiard ball.

These characterigtics dlow some multipath sgnds to be identified and regjected at the recelver=s antenna.

GPS antenna design can play arole in minimizing the effect of multipath. Ground planes, usudly
metd sheets, are used with many antennas to reduce multipath interference by diminating sgnas from

low eevation angles.

Choke ring antennas, based on adesign firgt introduced by the Jet Propulsion Laboratory
(JPL), can reduce antenna gain a low devations. This design contains a series of concentric circular
troughs that are abit more than a quarter of awaveength deep. When a GPS signal-s wavefront arrives
a the edge of an antennass ground plane from below it can induce a surface wave on the top of the

planethat travels horizontaly. A choke ring antenna can prevent the formation of these surface waves.
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But neither ground planes nor choke rings mitigate the effect of reflected signas from above the
antenna very effectivey. There are Sgnd processing techniques that can reduce multipath, but when

the reflected sgnd originates less than afew meters from the antenna, this gpproach is not as effective.

One of the best waysto limit multipath is the 15 degree cut-off or mask angle. Thisidea
was mentioned in limiting the effect of the ionosphere. Tracking satdlites only after they are more than

15 degrees above the receiver=s horizon limits multipath too.

The Troposphere

The troposphere isthat part of the aamosphere closest to the earth. Including dl its layersit

extends up to about 50 km above the surface.

Like the ionosphere, the troposphere appears to delay the GPS signd too. But the troposphere
iselectrically neutral; meaning it is neither ionized nor dispersve for frequencies below 30 GHz. In
other words, the delay of a GPS satdllites Sgnd in the troposphere has nothing to do with its frequency.

Therefore, both L1 and L2 are equally refracted.

The dengity of the troposphere does govern the severity of its effect on the GPSsgnd. Once

agan asatdlite dose to the horizon will be more delayed than asgnd from a satdllite a zenith.
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Modeling the troposphere is one technique used to reduce the biasin GPS data processing, and
it can be up to 95 percent effective. However, the resdua 5 percent can be quite difficult to remove.
Refraction in the troposphere has a dry component and a wet component. The dry component is
closdly correlated to the atmospheric pressure and can be more easily estimated than the wet
component. It isfortunate that the dry component contributes the larger portion of range error in the
troposphere since the high cost of water vapor radiometers and radiosondes generdly restricts their use

to only the mogt high-precision GPS work.

Answering the Question

At thetop | asked, “Why doesn’'t a handheld GPS recelver that costs a couple of hundred
bucks get you the surveying grade accuracy?’ The answer isthis. Each of the errors mentioned here,
aong with afew more, are fully present in the C/A code pseudorange point positioning handheld
receivers offer. They are mitigated alittle by the corrections available from the Navigation message, but
surveying grade accuracy isjust not in the cards with point pogitioning.  Surveying accuracy begins with

Rdative GPS.

Rdative GPS involves the use of two or more GPS receivers smultaneoudy observing the

same satdlites. This gpproach atains much higher accuracy than point positioning because of the
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extensve correlation of errors. It isnot that dl the errors mentioned here are not present a dl; it isthat
they are virtudly the same for each of the recaivers.  For example, consder sgnds traveing from four
sadlites to three receivers that are close together, and please consider that even distances normaly be
consdered large are short compared with the 20,000-km dtitude of the GPS satellites. These three
receivers are operating smultaneoudy and are collecting sgnds from the same satellites. They will
record erors, yes, but the same errors. For example,

The sgna from each satdlite would pass through virtualy the same atmosphere on its way to each
recaeiver. Theionospheric delay will be present, but it will be dmost identica for each particular sgnd
when it arrives a each recalver. Itisat this point that we can begin to talk about centimeter, and even

millimeter accuracy, more about that in the next module.



