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GNSS DATA ERRORS 

7.1 DATA ERRORS 

Ranging errors are typically grouped into six classes: 

E. 

tr
 

w
n
 

lonosphere. Errors in corrections of pseudorange measurements caused 
by ionospheric effects (free electrons in the ionosphere). 

. Troposphere. Errors in corrections of pseudorange measurements 
caused by tropospheric effects; temperature, pressure, and humidity con- 
tribute to variations in the speed of light. 

. Multipath. Errors caused by reflected signals entering the receiver 
antenna. 

Ephemeris. Ephemeris data errors in transmitted parameters in naviga- 

tion messages for satellites’ true positions. 

. Satellite Clock. Clock errors in the transmitted clock data for GNSS. 

Receiver Errors. Errors in the receiver’s measurement of range caused 
by thermal noise, software accuracy, and interchannel biases. 

These are described in detail in Sections 7.2-7.8. 
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7.2 IONOSPHERIC PROPAGATION ERRORS 

The ionosphere, which extends from approximately 50-1000 km above the 
surface of the earth, consists of gases that have been ionized by solar radiation. 
The ionization produces clouds of free electrons that act as a dispersive medium 
for GNSS signals in which propagation velocity is a function of frequency. A 
particular location within the ionosphere is alternately illuminated by the sun 
and shadowed from the sun by the earth in a daily cycle; consequently, the 
characteristics of the ionosphere exhibit a diurnal variation in which the ioniza- 
tion is usually maximum late in midafternoon and minimum a few hours after 
midnight. Additional variations result from changes in solar activity. 

The primary effect of the ionosphere on GNSS signals is to change the 
signal propagation speed as compared to that of free space. A curious fact is 
that the signal modulation (the code and data stream) is delayed, while the 
carrier phase is advanced by the same amount. Thus, the measured pseudor- 
ange using the code is larger than the correct value, while that using the 
carrier phase is equally smaller. The magnitude of either error is directly 
proportional to the total electron content (TEC) in a tube of 1 m* cross 
section along the propagation path. The TEC varies spatially due to spatial 
nonhomogeneity of the ionosphere. Temporal variations are caused not only 
by ionospheric dynamics but also by rapid changes in the propagation path 
due to satellite motion. The path delay for a satellite at zenith typically varies 
from about | m at night to 5-15 m during late afternoon. At low elevation 
angles, the propagation path through the ionosphere is much longer, so the 
typical corresponding delays can increase to several meters at night and as 
much as 50 m during the day. 

Since ionospheric error is usually greater at low elevation angles, the impact 
of these errors could be reduced by not using measurements from satellites 
below a certain elevation mask angle. However, in difficult signal environments, 
including blockage of some satellites by obstacles, the user may be forced to use 
low-elevation satellites. Mask angles of 5°-10° offer a good compromise between 
the loss of measurements and the likelihood of large ionospheric errors. 

The L1-only receivers in nondifferential operation can reduce ionospheric 
pseudorange error by using a model of the ionosphere broadcast by the satel- 

lites, which reduces the uncompensated ionospheric delay by about 70% on 
the average. During the day, errors as large as 10 m at midlatitudes can still 
exist after compensation with this model and can be much worse with increased 
solar activity. Other recently developed models offer somewhat better perfor- 
mance. However, they still do not handle adequately the daily variability of 
the TEC, which can depart from the modeled value by 25% or more. 

The L1L2 receivers in nondifferential operation can take advantage of the 
dependence of delay on frequency to remove most of the ionospheric error. 
A relatively simple analysis shows that the group delay varies inversely as the 
square of the carrier frequency. This can be seen from the following model of 

the code pseudorange measurements at the L1 and L2 frequencies:
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pi=pirs, 7.1) 
where p is the error-free pseudorange, p, is the measured pseudorange, and k 
is a constant that depends on the TEC along the propagation path. The sub- 
script i = 1, 2 identifies the measurement at the L1 or L2 frequencies, respec- 
tively, and the plus or minus sign is identified with respective code or carrier 
phase measurements, respectively. The two equations can be solved for both 
p and k. The solution for p for ionosphere free code pseudorange measure- 
ments is 

f ff RoR RHP (7.2) 

where f, and f, are the L1 and L2 carrier frequencies, respectively, and p,and 
pare the corresponding pseudorange measurements. 

An equation similar to Eq. 7.2 can be obtained for carrier phase measure- 
ments. However, in a nondifferential operation, the residual carrier phase 
error can be greater than either an L1 or L2 carrier wavelength, making ambi- 
guity resolution difficult. 

With a differential operation, ionospheric errors can be nearly eliminated 
in many applications because ionospheric errors tend to be highly correlated 
when the base and roving stations are in sufficiently close proximity. With two 
L1-only receivers separated by 25 km, the unmodeled differential ionospheric 
error is typically at the 10- to 20-cm level. At a 100-km separation, this can 
increase to as much as a meter. Additional error reduction using an iono- 
spheric model can further reduce these errors by 25-50%. 

  p= 

7.2.1 lonospheric Delay Model 

J. A. Klobuchar’s model [1, 2] for vertical ionospheric delay in seconds is 
given by 

x. s n 
T, = DC+ al1-5+3] for |x|< 37 (sec) (7.3) 

where 

= 2n(t-To) (rad) 

P 

DC = 5 ns (constant offset) 

T, = phase 

= 50,400 s 

A =amplitude 

P =period 
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t =local time of the earth subpoint of the signal intersection with mean 
ionospheric height(s) 

The algorithm assumes this latter height to be 350 km. The DC and phasing 
T,, are held constant at 5 ns and 14 h (50,400 s) local time. 

Amplitude (A) and period (P) are modeled as third-order polynomials: 

3 

A=} @,02(s) for A 20, otherwise = 0 
n=l 

3 

P= > B.05(s) for P > 72.000 s, otherwise P = 72,000 s 
n=l) 

where @,, is the geomagnetic latitude of the ionospheric subpoint and «@,, f, 
are coefficients selected (from 370 such sets of constants) by the GPS master 

control station and placed in the satellite navigation upload message for down- 
link to the user. 

A typical value of coefficients ts 

a@,, = [0.8382 x 10°, -0.745 x 10%, 0.596 x 10-7, -0.596 x 107 }, 

B,, = [0.8806 x 10°, -0.3277 x 10°*, -0.1966 x 10°, -0.1966 x 10° ]. 

The parameter @,, is calculated as follows with example values: 

1. Subtended earth angle (EA) between user and satellite is given by the 

  

approximation 

445 \* 
EA = deg), 

faq (ceg) 

where el is the elevation of the satellite and, with respect to the user, 
equals 15.5°. 

2. Geodetic latitude (lat) and longitude (long) of the ionospheric subpoint 

are found using the approximations 

lono lat 6; = @.., + EA cos AZ (deg). 

EAsin AZ 
oe Jono long Ay = Ages (deg), 

t=4.32x 10" A, +GPS time (sec) 

where @,..; is geodetic latitude = 41°, A,.., is geodetic longitude = —73°, 
and AZ is azimuth of the satellite with respect to the user = 112.5°. 

3. The geodetic latitude is converted to a geomagnetic coordinate system 
using the approximation 

Onn = 0; + 11.6°(A, ~291°)(deg).  6 of 15
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4. The final step in the algorithm is to account for elevation angle effect by 
scaling with an obliquity scale factor (SF): 

96° —el 
° 

  

3 
SF = 1+ 2 (unitless). 

With scaling, time delay due to ionospheric becomes 

2 v4 
sF|(DC)+4 1-542) xi <, 

T= ( 2 2 24 

all n 
SF(DC), |x| < 5" 

Tg = CT, 

C = speed of light 

A; t=—+UTC, 
15 

where 7, is in seconds and 7, is in meters. 
The MATLAB” programs Klobuchar fix .m and Klobuchar pseudorandom 

noise (PRN) for computing ionospheric delay (for PRN = satellite number) 
are described in Appendix A. 

7.2.2 GNSS SBAS lonospheric Algorithms 

The ionospheric correction computation (ICC) algorithms enable the compu- 
tation of the ionospheric delays applicable to a signal on LI and to the GPS 
and wide-area reference station (WRS) LI and L2 interfrequency biases. 
These algorithms also calculate grid ionospheric vertical errors (GIVEs), 
empirically derived error bounds for the broadcast ionospheric corrections. 
The ionospheric delays are employed by the space-based augmentation system 
(SBAS) user to correct the Ll measurements, as well as internally to correct 

the WRSs’ LI geostationary earth orbit (GEO) measurement for orbit deter- 
mination if dual-frequency corrections are not available from GEQOs. The 
interfrequency biases are needed internally to convert the dual-frequency- 
derived SBAS corrections to single-frequency corrections for the SBAS users. 
The vertical ionospheric delay and GIVE information is broadcast to the 
SBAS user via message types 18 and 26. See the Minimum Operational Perfor- 
mance Standards (MOPs) for details on the content and usage of the SBAS 

messages [3]. 
The algorithms used to compute ionospheric delays and interfrequency 

biases are based on those originated at the Jet Propulsion Laboratory [4]. 
The ICC models assume that ionospheric electron density is concentrated 
on a thin shell of height 350km above the mean earth surface. The estimates 
of interfrequency biases and ionospheric delays are derived using a pair of 
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Kalman filters, herein referred to as the L1L2 and ionosphere (IONO) filters. 

The purpose of the L1L2 filter is to estimate the interfrequency biases, while 
the purpose of the IONO filter is to estimate the ionosphere delays. The inputs 
to both filters are leveled WRS receiver slant delay measurements (L2 minus 
L1 differential delay), which are output from the data. Both filters perform 
their calculations in total electron count units (TECU) (I m of LI ranging 
delay = 6.16 TECU, and 1 m of L1 — L2 differential delay = 9.52 TECU). Con- 
ceptually, the measurement equation is (neglecting the noise term) 

Trecu = 9.52X Tm (7.4) 

=9.52x(t,,.—t.-) (7.5) 

= 9.52 x (bj, + bj, )+ TECrecu (7.6) 

= Biscy + Biecy + TECrec, (7.7) 

where Tis the differential delay, b' and b* are the interfrequency biases of the 
respective receiver and satellite, and TEC is the ionospheric delay. The sub- 
scripts m (meters) and TECU denote the corresponding units of each term. 
The ionospheric delay in meters for a signal on the LI frequency is 

l 
tu! = 1.5457 x 5p PEC tec (7.8) 

1 
= S16 pe Cu (7.9) 

Both Kalman filters contain the vertical delays at the vertices of a triangular 
spherical grid of height 350 km fixed in the solar-magnetic (SM) coordinate 
frame as states. The L1L2 filter also contains interfrequency biases as states. 
In contrast, the [ONO filter does not estimate the interfrequency biases, but 
instead they are periodically forwarded to the IONO filter, along with the 
variances of the estimates, from the L1L2 filter. Each slant measurement is 
modeled as a linear combination of the vertical delays at the three vertices 
surrounding the corresponding measurement pierce point (the intersection of 
the line of sight and the spherical grid), plus the sum of the receiver and satel- 
lite biases, plus noise. The ionospheric delays computed in the [ONO filter are 
eventually transformed to a latitude—longitude grid that is sent to the SBAS 
users Via message type 26. Because SBAS does not have any calibrated ground 
receivers, the interfrequency bias estimates are all relative to a single receiver 
designated as a reference, whose L1L2 interfrequency bias filter covariance is 
initialized to a small value, and to which no process noise is applied. 

The major algorithms making up the ICC discussed here are 

Initialization. The LIL2 and IONO filters are initialized using either the 
Klobuchar model or using previously recorded data.  7 of 15
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the logic associated with restarting the estimation using recorded data must 
be analyzed. The capabilities to perform thread switches and to detect anoma- 
lies must be examined, and the special cases necessitating a change of refer- 

ence receiver. In each phase of validation, the critical test is whether there is 

any significant degradation in accuracy as compared to nominal performance, 
and whether the nominal performance itself is adequate. 

7.2.2.4 Calculation of Ionospheric Delay Using Pseudoranges The calcu- 
lation of ionospheric propagation delay from P-code and C/A-code can be 

formulated in terms of the following measurement equalities: 

Perr = P+ Lioao —CTRx1 — Tops (7.10) 

Lode CTop 

Pri2 = P+ ——— — CTRx2 - 7.11 
- (fir! fir) (fer! fad (-N) 

where 

Pris = L1 pseudorange 

Pai. = L2 pseudorange 

p=geometric distance between GPS satellite 

transmitter and GPS receiver, including 

nondispersive contributions such as 

tropospheric refraction and user clock error 

fi, =L1 frequency 

= 1572.42 MHz (GPS) 

fis =L2 frequency 

= 1227.6 MHz (GPS) t (7.12) 

Tex) = receiver noise as manifested in code 

(receiver and calibration biases) at L1 (ns) 

Tex: = receiver noise as manifested in code 

(receiver and calibration biases) at L2 (ns) 

Top = satellite group delay (interfrequency bias) 

c=speed of light 

= 0,299792458-" 
ns 

Ll ono = delay at L1 (m) ,   
Subtracting Eq. 7.10 from Eq. 7.11, we get 

  

ea Prut~Pri2 _ C(Tax1 — Trx2) 
= — CTop. 7.13 Ifa! fa 1-Uul far Oe) 
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What is actually measured in the ionospheric delay is the sum of receiver bias 
and interfrequency bias. The biases are determined and taken out from the 
ionospheric delay calculation. These biases may be up to 10 ns (3 m) [6, 7]. 

However, the presence of ambiguities N; and N, in carrier phase measure- 

ments of Ll and L2 preclude the possibility of calculating the ionosphere 
delay directly and would involve the solution of the carrier cycle ambiguities 
iteratively. 

The MATLAB” program Iono_delay(PRN#) (described in Appendix A) 
uses pseudorange and carrier phase data from L1 and L2 signals. 

7.3 > TROPOSPHERIC PROPAGATION ERRORS 

The lower part of the earth’s atmosphere is composed of dry gases and water 
vapor, which lengthen the propagation path due to refraction. The magnitude 
of the resulting signal delay depends on the refractive index of the air along 
the propagation path and typically varies from about 2.5 m in the zenith direc- 
tion to 10-15 m at low satellite elevation angles. The troposphere is nondis- 
persive at the GNSS frequencies, so that delay is not frequency dependent. In 
contrast to the ionosphere, tropospheric path delay is consequently the same 
for code and carrier signal components. Therefore, this delay cannot be mea- 
sured by utilizing both L1 and L2 pseudorange measurements, and either 
models and/or differential techniques must be used to reduce the error. 

The refractive index of the troposphere consists of that due to the dry-gas 
component and the water vapor component, which respectively contribute 
about 90% and 10% of the total delay. Knowledge of the temperature, pressure, 
and humidity along the propagation path can determine the refractivity profile, 
but such measurements are seldom available to the user. However, using stan- 
dard atmospheric models for the dry delay permits determination of the zenith 
delay to within about 0.5 m and with an error at other elevation angles that 
approximately equals the zenith error times the cosecant of the elevation angle. 
These standard atmospheric models are based on the laws of ideal gases and 
assume spherical layers of constant refractivity with no temporal variation and 
an effective atmospheric height of about 40 km. Estimation of dry delay can be 
improved considerably if surface pressure and temperature measurements are 
available, bringing the residual error down to within 2—5% of the total. 

The component of tropospheric delay due to water vapor (at altitudes up 
to about 12 km) is much more difficult to model because there is considerable 

spatial and temporal variation of water vapor in the atmosphere. Fortunately, 
the wet delay is only about 10% of the total, with values of 5—30 cm in conti- 
nental midlatitudes, Despite its variability, an exponential vertical profile 
model can reduce it to within about 2-5 cm. 

In practice, a model of the standard atmosphere at the antenna location 
would be used to estimate the combined zenith delay due to both wet and 
dry components. Such models use inputs such as the day of the year and the
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latitude and altitude of the user. The delay is modeled as the zenith delay 
multiplied by a factor that is a function of the satellite elevation angle. At 
zenith, this factor is unity, and it increases with decreasing elevation angle as 
the length of the propagation path through the troposphere increases. Typical 
values of the multiplication factor are 2 at 30° elevation angle, 4 at 15°, 6 at 
10°, and 10 at 5°. The accuracy of the model decreases at low elevation angles, 
with decimeter level errors at zenith and about | m at 10° elevation. 

Much research has gone into the development and testing of various tropo- 
spheric models. Excellent summaries of these appear in the literature [8-10]. 

Although a GNSS receiver cannot measure pseudorange error due to the 
troposphere, differential operation can usually reduce the error to small values 
by taking advantage of the high spatial correlation of tropospheric errors at 
two points within 0-100 km on the earth’s surface. However, exceptions often 
occur when storm fronts pass between the receivers, causing large gradients 
in temperature, pressure, and humidity. 

7.4 THE MULTIPATH PROBLEM 

Multipath propagation of the GNSS signal is a dominant source of error in 
positioning, especially in differential GNSS architectures. Objects in the vicin- 
ity of a receiver antenna (notably the ground) can easily reflect GNSS signals, 
resulting in one or more secondary propagation paths. These secondary-path 
signals, which are superimposed on the desired direct-path signal, always have 
a longer propagation time and can significantly distort the amplitude and 
phase of the direct-path signal. 

Errors due to multipath cannot be reduced by the use of differential GNSS 
since they depend on local reflection geometry near each receiver antenna. In 
a receiver without multipath protection, C/A-code ranging errors of 10 m or 
more can be experienced. Multipath cannot only cause large code ranging errors 
but can also severely degrade the ambiguity resolution process required for 
carrier phase ranging such as that used in precision surveying applications. 

Multipath propagation can be divided into two classes: static and dynamic. 
For a stationary receiver, the propagation geometry changes slowly as the 
satellites move across the sky, making the multipath parameters essentially 
constant for perhaps several minutes. However, in mobile applications, there 
can be rapid fluctuations in fractions of a second. Therefore, different mul- 
tipath mitigation techniques are generally employed for these two types of 
multipath environments. Most current research has been focused on static 
applications, such as surveying, where greater demand for high accuracy exists. 
For this reason, we will concentrate our attention to the static case. 

7.4.1. How Multipath Causes Ranging Errors 

To facilitate an understanding of how multipath causes ranging errors, several 
simplifications can be made that in no way obscure the fundamentals involved. 
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We will assume that the receiver processes only the C/A-code and that the 
received signal has been converted to complex (i.¢., analytic) form at baseband 
(nominally zero frequency), where all Doppler shift has been removed by a 
carrier tracking phase-lock loop. It is also assumed that the GNSS navigation 

data modulation has been removed from the signal, which can be achieved by 
standard techniques. When no multipath is present, the received waveform is 
represented by 

r(t)=ae'*c(t—t)+n(t), (7.14) 

where c(/) is the normalized, undelayed C/A-code waveform as transmitted: r 
is the signal propagation delay; a is the signal amplitude; @ is the carrier phase; 
and n(t) is the Gaussian receiver thermal noise having flat power spectral 
density. Pseudoranging consists of estimating the delay parameter t. As we 
have previously seen, an optimal estimate (i.¢., a minimum-variance unbiased 
estimate) of tTcan be obtained by forming the cross-correlation function 

R(t)= j. r(t)e,(t—t)dt, (7.15) 

of r(t) with a replica c,(f) of the transmitted C/A-code and choosing as the 

delay estimate that value of t that maximizes this function. Except for an error 
due to receiver thermal noise, this occurs when the received and replica wave- 

forms are in time alignment. A typical cross-correlation function without mul- 
tipath for C/A-code receivers having a 2-MHz precorrelation bandwidth is 
shown by the solid lines Fig. 7.2 (these plots ignore the effect of noise, which 
would add small random variations to the curves). 

If multipath is present with a single secondary path, the waveform of Eq. 
7.14 changes to 

r(t)= ae c(t—1,)+ be c(t—™)+n(t), (7.16) 

where the direct and secondary paths have respective propagation delays 1; 

and 7%, amplitudes a and 6, and carrier phases ¢, and @,. In a receiver not 

designed expressly to handle multipath, the resulting cross-correlation func- 
tion will now have two superimposed components, one from the direct path 
and one from the secondary path. The result is a function with a distortion 
depending on the relative amplitude, delay, and phase of the secondary-path 
signal, as illustrated at the top of Fig. 7.2 for an in-phase secondary path and 
at the bottom of Fig. 7.2 for an out-of-phase secondary path. Most importantly, 
the location of the peak of the function has been displaced from its correct 
position, resulting in a pseudorange error. 

In vintage receivers employing standard code tracking techniques (early 
and late codes separated by one C/A-code chip), the magnitude of pseudor- 
ange error caused by multipath can be quite large, reaching 70-80 m for a 
secondary-path signal one-half as large as the direct-path signal and having 

a relative delay of approximately 250 m. Further details can be found in 
Ref. 11.
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Fig. 7.2 Effect of multipath on C/A-code cross-correlation function. 

7.5 METHODS OF MULTIPATH MITIGATION 

Processing against slowly changing multipath can be broadly separated into 
two classes: spatial processing and time-domain processing. Spatial processing 
uses antenna design in combination with known or partially known character- 
istics of signal propagation geometry to isolate the direct-path received signal. 

In contrast, time domain processing achieves the same result by operating only 

on the multipath-corrupted signal within the receiver. 
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7.5.1 Spatial Processing Techniques 

7.5.1.1 Antenna Location Strategy Perhaps the simplest form of spatial 
processing is to locate the antenna where it is less likely to receive reflected 
signals. For example, to obtain the position of a point near reflective objects, 
one can first use GNSS to determine the position of a nearby point “in the 
clear” and then calculate the relative position of the desired point by simple 

distance and/or angle measurement techniques. Another technique that mini- 

mizes ever-present ground signal reflections is to place the receiver antenna 
directly at ground level. This causes the point of ground reflection to be essen- 
tially coincident with the antenna location so that the secondary path has very 
nearly the same delay as the direct path. Clearly, such antenna location strate- 
gies may not always be possible but can be very effective when feasible. 

7.5.1.2 Ground Plane Antennas The most common form of spatial pro- 
cessing is an antenna designed to attenuate signals reflected from the ground. 

A simple design uses a metallic ground plane disk centered at the base of the 
antenna to shield the antenna from below. A deficiency of this design is that 
when the signal wave fronts arrive at the disk edge from below, they induce 
surface waves on the top of the disk that then travel to the antenna. The 
surface waves can be eliminated by replacing the ground plane with a choke 
ring, which is essentially a ground plane containing a series of concentric cir- 

cular troughs one-quarter wavelength deep. These troughs act as transmission 
lines shorted at the bottom ends so that their top ends exhibit very high imped- 
ance at the GNSS carrier frequency. Therefore, induced surface waves cannot 
form, and signals that arrive from below the horizontal plane are significantly 
attenuated. However, the size, weight, and cost of a choke ring antenna are 

significantly greater than those of simpler designs. Most importantly, the choke 
ring cannot effectively attenuate secondary-path signals arriving from above 
the horizontal, such as those reflecting from buildings or other structures. 
Nevertheless, such antennas have proven to be effective when signal ground 
bounce is the dominant source of multipath, particularly in GNSS surveying 
applications. 

7.5.1.3 Directive Antenna Arrays A more advanced form of spatial pro- 
cessing uses antenna arrays to form a highly directive spatial response pattern 
with high gain in the direction of the direct-path signal and attenuation in 
directions from which secondary-path signals arrive. However, inasmuch as 

signals from different satellites have different directions of arrival and differ- 

ent multipath geometries, many directivity patterns must be simultaneously 
operative, and each must be capable of adapting to changing geometry as the 
satellites move across the sky. For these reasons, highly directive arrays seldom 
are practical or affordable for most applications. 

7.5.1.4 Long-Term Signal Observation \{ a GNSS signal is observed for 

sizable fractions of an hour to several hours, one can take advantage of changes
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in multipath geometry caused by satellite motion. This motion causes the rela- MWfay - fey 
tive delays between the direct and secondary paths to change, resulting in Ad —Ab 2 
measurable variations in the received signal. For example, a periodic change (fur) (fiz) 
in signal level caused by alternate phase reinforcement and cancellation by a Abs —Asdis hiaY 
the reflected signals is often observable. Although a variety of algorithms have =~ ete” (7.20) 
been proposed for extracting the direct-path signal component from measure- . 7 
ments of the received signal, the need for long observation times rules out this K-—Lfiad 
technique for most applications. However, it can be an effective method of (fuy -(f2)y 
multipath mitigation at a fixed site, such as at a differential GNSS base station. Ia = K (AiO —Ardiz), 
In this case, it is even possible to observe the same satellites from one day to 

  

  

  
  

  

the next, looking for patterns of pseudorange or phase measurements that paren I = (7.21) 

repeat daily. (fuy 

Multipath Calculation from Long-Term Observations Delays can be com- Subtracting Eq. 7.18 from Eq. 7.21, one obtains the multipath as 

puted as follows by using pseudoranges and carrier phases over long signal 
observations (one day to next). This technique may be ruled out for most MP. = Pru ~Ar9.1 ~ 2, (7.22) 
applications. Ambiguities and cycle slips have been eliminated or mitigated. 
Let where 

A, = 19.03 cm, wavelength of L1 (GPS) | I= ! >. 

As = 24.42 cm, wavelength of L2 (GPS) (fur) 

9; = carrier phase for L1 (cycles) Substitute Eq. 7.20 into Eq. 7.22 to obtain 
@.2 = carrier phase for L2 (cycles) 

fix = L1 frequency = 1575.42 MHz (GPS) MP1 = Pru — Aig. ~2K (Aro — Aroi2) (7.23) 
fia = L2 frequency = 1227.6 MHz (GPS) = Pri —[(1-2K) Aoi: + 2KArg.2]. 
p=error free pseudorange ,; (7.17) 

Pri = pseudorange L1 (m) 7.5.2 Time-Domain Processing 

Pri2 = pseudorange L2 (m) Although time-domain processing against GNSS multipath errors has been 

I = ionospheric delay the subject of active research for at least two decades, there is still much to 
ee eee ee ee be learned, both at theoretical and practical levels. Most of the practical 
- *P ; y approaches have been developed by receiver manufacturers, who are often 

MP, = multipath in L1 reluctant to explicitly reveal their methods. Nevertheless, enough information 
MP,, = multipath in L2 | about multipath processing exists to gain insight into its recent evolution. 

for dual-frequency GNSS receivers, one obtains 7.5.2.1 Narrow-Correlator Technology (1990-1993) The first significant 
means to reduce GPS multipath effects by receiver processing made its debut 

1é,= ! in the early 1990s. Until that time, most receivers had been designed with a 
1.1 =P “( har” (7.18) 2-MHz precorrelation bandwidth that encompassed most, but not all, of the 

GPS C/A spread-spectrum signal power. These receivers also used one-chip 
Aabi2 = p- l (7.19) spacing between the early and late reference C/A-codes in the code tracking 

~ (Har : loops. However, the 1992 paper [12] makes it clear that using a significantly 
larger bandwidth combined with much closer spacing of the early and late 

Subtracting Eq. 7.19 from Eq. 7.18, one can obtain reference codes would dramatically improve the ranging accuracy both with 
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Fig. 7.3 Reduced multipath error with larger precorrelation bandwidth. 

and without multipath. It is somewhat surprising that these facts were not 
recognized earlier by the GNSS community, given that they had been well 

known in radar circles for many decades. 
A 2-MHz precorrelation bandwidth causes the peak of the direct-path 

cross-correlation function to be severely rounded, as illustrated in Fig. 7.2. 
Consequently, the sloping sides of a secondary-path component of the correla- 
tion function can significantly shift the location of the peak, as indicated in the 
figure. The result of using an 8-MHz bandwidth is shown in Fig. 7.3, where it 
can be noted that the sharper peak of the direct-path cross-correlation func- 
tion is less easily shifted by the secondary-path component. It can also be 
shown that at larger bandwidths, the sharper peak is more resistant to distur- 
bance by receiver thermal noise, even though the precorrelation signal-to- 
noise ratio is increased, 

Another advantage of a larger precorrelation bandwidth is that the spacing 
between the early and late reference codes in a code tracking loop can be 
made smaller without significantly reducing the gain of the loop, hence the 
term narrow correlator. It can be shown that this causes the noises on the early 

and late correlator outputs to become more highly correlated, resulting in less 
noise on the loop error signal. An additional benefit is that the code tracking 
loop will be affected only by the multipath-induced distortions near the peak 
of the correlation function. 

7.5.2.2 Leading-Edge Techniques Because the direct-path signal always 
precedes secondary-path signals, the leading (left-hand) portion of the correla- 
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tion function is uncontaminated by multipath, as is illustrated in Fig. 7.3. 
Therefore, if one could measure the location of just the leading part, it appears 
that the direct-path delay could be determined with no error due to multipath. 
Unfortunately, this seemingly happy state of affairs is illusory. With a small 
direct-/secondary-path separation, the uncontaminated portion of the correla- 
tion function is a minuscule piece at the extreme left, where the curve just 
begins to rise. In this region, not only is the signal-to-noise ratio relatively poor, 
but the slope of the curve is also relatively small, which severely degrades the 
accuracy of delay estimation. 

For these reasons, the leading-edge approach best suits situations with a 

moderate to large direct-/secondary-path separation. However, even in these 
cases, there is the problem of making the delay measurement insensitive to 
the slope of the correlation function leading edge, which can vary with signal 
strength. Such a problem does not occur when measuring the location of the 
correlation function peak. 

7.5.2.3 Correlation Function Shape-Based Methods Some GNSS receiver 
designers have attempted to determine the parameters of the multipath model 
from the shape of the correlation function. The idea has merit, but for best 
results, many correlations with different values of reference code delay are 
required to obtain a sampled version of the function shape. Another practical 
difficulty arises in attempting to map each measured shape into a correspond- 
ing direct-path delay estimate. Even in the simple two-path model (Eq. 7.14) 
there are six signal parameters, so that a very large number of correlation 
function shapes must be handled. An example of a heuristically developed 
shape-based approach called the early-late slope (ELS) method can be found 
in Ref. 13, while a method based on maximum-likelihood estimation (MLE) 

called the multipath-estimating delay-lock loop (MEDLL) is described in 
Ref. 14. 

7.5.2.4 Modified Correlator Reference Waveforms Another new approach 
to multipath mitigation alters the waveform of the correlator reference PRN 
code to provide a cross-correlation function with inherent resistance to errors 
caused by multipath. Examples include the strobe correlator [15], the use of 
special code reference waveforms to narrow the correlation function devel- 

oped in Refs. 16 and 17, and the gated correlator developed in Ref. 18 . These 
techniques take advantage of the fact that the range information in the received 
signal resides primarily in the chip transitions of the C/A-code. By using a 
correlator reference waveform that is not responsive to the flat portions of the 
C/A-code, the resulting correlation function can be narrowed down to the 
width of a chip transition, thereby being almost immune to multipath having 
a primary/secondary-path separation greater than 30-40 m. An example of 
such a reference waveform and the corresponding correlation function are 
shown in Fig. 7.4.
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methods and its ability to reach theoretical performance limits in many cases. 
Knowledge of such limits provides a valuable benchmark in receiver design 
by permitting an accurate assessment of the potential payoff in developing 
techniques that are better than those in current use. Of equal importance is 
the revelation of the signal processing operations that can reach performance 

bounds. Although it may not be feasible to implement the processing directly, 
its revelation often leads to a practical method that achieves nearly the same 
performance. 

7.6.1.1 Optimality Criteria In discussing theoretical performance limits, it 
is important to define the criterion of optimality. In GPS, the optimal range 
estimator is traditionally considered to be the minimum-variance unbiased 
estimator (MVUE), which can be realized by properly designed receivers. 
However, in Ref. 20, it is shown that the standard deviation of a MVUE designed 
for multipath becomes infinite as the primary-to-secondary-path separation 
approaches zero. For this reason, it seems that a better criterion of optimality 
would be the minimum root mean square RMS error, which can include both 
random and bias components. Unfortunately, it can be shown that no estimator 
exists having minimum RMS error for every combination of true multipath 
parameters. 

7.6.2 Minimum Mean-Squared Error (MMSE) Estimator 

There is an estimator that can be claimed optimal in a weaker sense. The 
MMSE estimator has the property that no other estimator has a uniformly 
smaller RMS error. In other words, if some other estimator has smaller RMS 
error than the MMSE estimator for some set of true multipath parameter 
values, then that estimator must have a larger RMS error than the MMSE 
estimator for some other set of values. 

The MMSE estimator also has an important advantage not possessed by 

most current multipath mitigation methods in that the RMS error decreases 
as the length of the signal observation interval is increased. 

7.6.3 Multipath Modeling Errors 

Although a properly designed estimation-theoretic approach such as the 
MMSE estimator will generally outperform other methods, the design of such 
estimators requires a mathematical model of the multipath-contaminated 
signal containing parameters to be estimated. If the actual signal departs from 

the assumed model, performance degradation can occur. For example, if the 
model contains only two signal propagation paths but in reality the signal is 
arriving via three or more paths, large bias errors in range estimation can 
result. On the other hand, poorer performance (usually in the form of random 
error cause by noise) can also occur if the model has too many degrees of 

freedom. Striking the right balance in the number of parameters in the model 

13 of 15   

ONBOARD CLOCK ERRORS 285 

can be difficult if little information exists about the multipath reflection 
geometry. 

7.7 EPHEMERIS DATA ERRORS 

Small errors in the ephemeris data transmitted by each satellite cause corre- 
sponding errors in the computed position of the satellite (here we exclude the 
ephemeris error component of SA, which is regarded as a separate error 
source). Satellite ephemerides are determined by the master control station 
of the GNSS ground segment based on monitoring of individual signals by 
four monitoring stations. Because the locations of these stations are known 
precisely, an “inverted” positioning process can calculate the orbital parame- 
ters of the satellites as if they were users. This process is aided by precision 
clocks at the monitoring stations and by tracking over long periods of time 
with optimal filter processing. Based on the orbital parameter estimates thus 
obtained, the master control station uploads the ephemeris data to each satel- 
lite, which then transmits the data to users via the navigation data message. 
Errors in satellite position when calculated from the ephemeris data typically 
result in range errors on the order of 1-2 m. Improvements in satellite tracking 

will undoubtedly reduce this error further. 

7.8 ONBOARD CLOCK ERRORS 

Timing of the signal transmission from each satellite is directly controlled by 
its own atomic clock without any corrections applied. This time frame is called 
space vehicle (SV) time. A schematic of a rubidium atomic clock is shown in 

Fig. 7.8. Although the atomic clocks in the satellites are highly accurate, errors 
can be large enough to require correction, Correction is needed partly because 
it would be difficult to directly synchronize the clocks closely in all the satel- 
lites. Instead, the clocks are allowed some degree of relative drift that is esti- 
mated by ground station observations and is used to generate clock correction 

data in the GNSS navigation message. When SV time is corrected using this 
data, the result is called GNSS time. The time of transmission used in calculat- 
ing pseudoranges must be GNSS time, which is common to all satellites. 

The onboard clock error is typically less than 1 ms and varies slowly. This 
permits the correction to be specified by a quadratic polynomial in time whose 

coefficients are transmitted in the navigation message. The correction has the 

form 

Aly = aro + Api (bey _ loc )+ Apr (he —loe r 7 At,. (7.47) 

with 

fonss = by — Aly, (7.48)
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Fig. 7.8 Schematic of a rubidium atomic clock. RF, radio frequency. 

where d», dp, dp are the correction coefficients, ,, is SV time, and Ar, is a small 

relativistic clock correction caused by the orbital eccentricity. The clock data 
reference time ¢,, in seconds is broadcast in the navigation data message. The 
stability of the atomic clocks permits the polynomial correction given by Eq. 
7.47 to be valid over a time interval of 4-6 h. After the correction has been 
applied, the residual error in GNSS time is typically less than a few nanosec- 
onds, or about | m in range. Complete calculations of GNSS time are given as 
exercises in Chapter 4, Section 4.1.3.4. 

7.9 RECEIVER CLOCK ERRORS 

Because the navigation solution includes a solution for receiver clock error, 

the requirements for accuracy of receiver clocks is far less stringent than for 
GNSS satellite clocks. In fact, for receiver clocks, short-term stability over the 
pseudorange measurement period is usually more important than absolute 

frequency accuracy. In almost all cases, such clocks are quartz crystal oscilla- 

tors with absolute accuracies in the 1- to 10-ppm range over typical operating 
temperature ranges. When properly designed, such oscillators typically have 
stabilities of 0.01-0.05 ppm over a period of a few seconds. 
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Fig. 7.9 Crystal clock error model. 

Receivers that incorporate receiver clock error in the Kalman filter state 
vector need a suitable mathematical model of the crystal clock error. A typical 

model in the continuous-time domain is shown in Fig. 7.9, which is easily 
changed to a discrete version for the Kalman filter. In this model, the clock 
error consists of a bias (frequency) component and a drift (time) component. 
The frequency error component is modeled as a random walk produced by 
integrated white noise. The time error component is modeled as the integral 
of the frequency error after additional white noise (statistically independent 
from that causing the frequency error) has been added to the latter. In the 
model, the key parameters that need to be specified are the power spectral 
densities of the two noise sources, which depend on characteristics of the 
specific crystal oscillator used. 

The continuous-time model has the form 

xy = WwW, (7.49) 

Xp =X, +W, (7.50) 

where w,(¢) and w,(f) are independent zero-mean white-noise processes with 

known variances. 
The equivalent discrete-time model has the state vector 

x -|* | (7.51) 
x2 

and the stochastic sequence model 

1 0 LAI n=[ ass | (7.52) 

where Af is the discrete-time step and {w,,_;}, {w2,.,} are independent zero- 
mean white-noise sequences with known variances.  14 of 15
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7.10 SA ERRORS 

Prior to May 1, 2000, SA was a mechanism adopted by the Department of 
Defense (DOD) to control the achievable navigation accuracy by nonmili- 
tary GPS receivers. In the GPS SPS mode, the SA errors were specified to 
degrade navigation solution accuracy to 100 m (2D RMS) horizontally and 
156 m (RMS) vertically. On May 1, 2000, the President of the United States 
announced the decision to discontinue this intentional degradation of GPS 
signals available to the public. The decision to discontinue SA was coupled 
with continuing efforts to upgrade the military utility of systems using GPS 
and was supported by threat assessments that concluded that setting SA to 
zero would have minimal impact on U.S. national security. The decision was 
part of an ongoing effort to make GPS more responsive to civil and commer- 
cial users worldwide. 

7.11 ERROR BUDGETS 

For purposes of analyzing the effects of the errors discussed above, it is con- 
venient to convert each error into an equivalent range error experienced by 
a user, which is called the user-equivalent range error (VERE). In general, the 

errors from different sources will have different statistical properties. For 
example, satellite clock and ephemeris errors tend to vary slowly with time 
and appear as biases over moderately long time intervals, perhaps hours. On 
the other hand, errors due to receiver noise and quantization effects may vary 
much more rapidly, perhaps within seconds. Nonetheless, if sufficiently long 
time durations over many navigation scenarios are considered, all errors can 
be considered as zero-mean random processes that can be combined to form 
a single UERE. This is accomplished by forming the root sum square (RSS) 
of the UERE errors from all sources: 

  

UERE = (Svere) . (7.53) 
j=l 

Figure 7.10 depicts the various GPS UERE errors and their combined effect 
for both C/A-code and P(Y)-code navigation at the | — o level. 

The UERE for the C/A-code user is typically about 19 m. It can be seen 
that, for such a user, the dominant error sources in nondifferential operations 
are multipath, receiver noise/resolution, and ionospheric and tropospheric 
delay (however, recent advances in receiver technology have in some cases 
significantly reduced receiver noise/resolution errors). On the other hand, the 
P(Y)-code user has a significantly smaller VERE of about 6 m for the follow- 
ing reasons: 
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Fig. 7.10 GPS UERE budget. 

1. The full use of the L1 and L2 signals permits significant reduction of 
ionospheric error. 

2. The wider bandwidth of the P(Y)-codes greatly reduces errors due to 
multipath and receiver noise. 

PROBLEMS 

7.1 Using the values provided for Klobuchar’s model in Section 7.2.1, calcu- 
late the ionospheric delay and plot the results. 

7.2 Assume that a direct-path GNSS L1 C/A-code signal arrives with a phase 
such that all of the signal power lies in the baseband / channel, so that 
the baseband signal is purely real. Further assume an infinite signal band- 
width so that the cross correlation of the baseband signal with an ideal 
C/A reference code waveform will be an isosceles triangle 600 m wide at 
the base. 

(a) Suppose that in addition to the direct-path signal there is a secondary- 
path signal arriving with a relative time delay of precisely 250 LI 
carrier cycles (so that it is in phase with the direct-path signal) and 
with an amplitude one-half that of the direct path. Calculate the pseu- 
dorange error that would result, including its sign, under noiseless
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