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‘ Gross Errors Influencing the Receiver Posir)' n

We have more observations (pseudorange#®#)an unknowns = 4, m > n, and
we want to estimate the receiver position by using a leastiss procedure.

We start by investigatingross errors. They may occur in two ways:

1. Receiver clock reset

2. Cycle slips

Next, Receiver Autonomous Integrity Monitoring (RAIM) is eegqied to detect
pseudorange biases that lead to positioning failures.
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Offsets for different receiver types. The clock reset is lliseicond.
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‘RINEX.

2.10 OBSERVATI ON DATA G (GPS) RI NEX VERSI ON / TYPE
JPS2RI N 1. 07 RUN BY 04- SEP-01 13: 20 PGVI/ RUN BY / DATE
bui | d Cct ober 30, 2000 (c) Topcon Positioning Systens COVIVENT
RUN BY; COWWENT; MARKER NAME; MARKER NUVBER; OBSERVER; AGENCY; COMVENT
ANT #; ANT TYPE - You can set in profile. COMVENT
kai 10001.j ps COVIVENT
Site MARKER NANME

MARKER NUVMBER
OBSERVER AGENCY OBSERVER / AGENCY
MI301513219 JPS EURCCARD 2.2 Apr, 25,2001 r REC # /| TYPE /| VERS
kai 10001 - Unknown- ANT # | TYPE
3427819. 3209 603664. 0433 5326880. 6438 APPROX POSI TI ON XYZ
0. 0000 0. 0000 0. 0000 ANTENNA: DELTA H E/ N
1 WAVELENGTH FACT L1/2
40 0. 0000000 GPS TI ME OF FI RST OBS
40 22. 0000000 GPS TI ME OF LAST OBS
| NTERVAL
LEAP SECONDS
# OF SATELLI TES
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7 C1 P1 P2 L1 L2 # | TYPES
G1 23 23 23 23 23 PRN
G4 23 23 23 23 23 PRN
G7 23 23 23 23 23 PRN

# 0BS
#
#
G13 23 23 23 23 23 PRN / #
#
#
#

0BS
OBS
OBS
&0 23 23 23 23 23 PRN OBS
&4 23 23 23 23 23 PRN OBS
&5 23 23 23 23 23 PRN 0BS

END OF HEADER

ARAAIFIRRA

01 9 4 9 40 0.0000000 0 7G 1G 4G 7Gl3&x0&R4&R25
20532012. 14648 20532011. 55846 20532016. 22546 107896448. 4014 84075170.
21255524. 69947 21255524.94445 21255529. 02045 111698540. 8774 87037834.
24648794. 02245 24648792. 88941 24648801. 63741 129530300. 6484 100932694.
21267718. 45748 21267718. 52445 21267722.00945 111762613. 2534 87087766.
21900010. 88847 21900009. 74444 21900015. 95344 115085325. 1934 89676892.
23828505. 41246 23828504. 07842 23828511. 81542 125219643. 5474 97573763.
24104647. 59546 24104646.97742 24104654. 81342 126670763. 8784 98704504.

01 9 4 9 40 1.0000000 0 7G 1G 4G 7Gl3&x0&R4&R25
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‘ M-code for Repair of Receiver Clock Oﬁjt

% Repair of clock reset of 1ms ~ 299 km affects only pseudoranges
i1l = find(abs(DP(1,:)) > 280000);

for j =11
if DP(:,j) <O
DP(:,j) = DP(:,j)+299792. 458;
el se
DP(:,j) = DP(:,]j)-299792. 458;
end
end
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‘ Cycle Slip Detectio]

Any professional GPS software needs to check for cycle;dlyey spoil the carrier phase
observations.

The preliminary data validation can be based on the sindfierdnced observations. The
goal is to detect cycle slips and outliers in the GPS sindfer@ince observations without
using any external information with regard to satellite amceiver dynamics, their clock
behavior and atmospheric effects. It is done independémtigach satellite. There is
therefore no minimum number of satellites required for fuiscalledntegrity monitoring
to work. The following is based on an idea by Kees de Jong (L1998

The dual-frequency single difference measurement moawlatdoe used directly as it is,
since this model is singular. In order to make it regular,garametrization has to be
performed.
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Leta = (fl/f2)2, and let hardware delays be denotgdhen the measurement model for ep&aieads

0
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with covariance matrixp, = 2X and




ParameteRy in general does not change smoothly with time and is thezdfard to model using e.g.
low-degree polynomials. It will therefore be eliminated bg{pnultiplying the left and right sides of the
above measurement model by the transformation matrokefined as

resulting in

_P2_Pl_

1 — P

_CDZ_Pl_k 0 0 —-a-1]

k

with covariance matrif =, TT. The parameterBy, By, andBg are linear combinations of the
time-dependent ionospheric effect and the constant haedeedays and carrier ambiguities. The
ionospheric effect will be modeled as a first order polyndniie., as a bias, and a driftl,. The

dynamic model reads
B 1tk —tkoq |
| o 1 [
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The dynamic model for all parameters then becomes

 — k-1

k — k-1

 — k-1
1

and the measurement model

_P2_P1_

) - Pp
| @2~ Py _

in the carrier observations, without using any externalrmfation, even for relatively large observation
intervals (or data gap$) — tx_1.
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Check of Cycle Slips for PRN 1
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‘ RAIM and FDE'

Receiver Autonomous Integrity Monitoring (RAIM) with Faulefection and
Exclusion (FDE) is currently a major technique for GNSS imshaafety-critical
civil aviation applications. It has been with us since c&0.9

Let then x 1 vector of unknowns be denotegdthem x 1 vector of observations

be denoted, and A is anm x n matrix and the pertinent linear observation
equation is:

Ax=b+e  and Tp=ogZl. (2)

The vectore contains residual errors in the observations.

RAIM is activated form > 5. Presently there is no standardized RAIM method.

We shall present the simplest RAIM fault detection based enésidual norm
le]l.

Galileo Network November 17, 2006




We define thgposition error as

x=x—%=x—(ATA)TATb=x - (ATA)IAT(Ax —e) = (ATA1ATe
(3)

The estimated residuaésequals the observatiotieminus the estimated
observations

e=b— AR =( — ALATA1AT)b = sb. (4)

The residual vectog is in the left nullspace of\. This meanA’ (b — A%) =0
which is the normal equations.

There are 4 constraints among theomponents o€, namely three for the
coordinatesx, Yy, z) and one for the receiver clock offsgt.
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Figure 1:Basic RAIM state
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In the event that the position error exceeds a predefinedgiron radius, but
€] < R, a missed detection has occurred, case Il; the correspppditability
IS defined as

P(MD) = P(J|l€ll < R, [|6x]| > &). (5)

In general a condition betwed@|| and||ox || will exist. The degree of this
correlation must be quantified to demonstrate the integnayitoring capabillity
of RAIM-based fault detection.

The residuak and the position erra¥x will scale proportionally. Hence the NC
confidence ellipse will slide up tHailure mode axis with slopea.

The components @& are dependent as they are computed from (4):

é= Sh.
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The corresponding covariance matrix Is

Yo =SS! =62SS =0£S

Note thatXy, is diagonal, whileX4 is a full matrix!

In order to identify the probability distribution of the rdaals we need to
transform the vectogé into independent components. This is done by an old trigk
which implies multiplication to the left with‘l—bw. This factor comes from the
Cholesky decomposition of the covariance matrix

2a= (O'bW_l) (O'bW_T).

The transformed residual vector
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will have independent components.

Under normal conditions (NC) (smalg||) the weighted sum of squares is
(7)

The vectorg* is gaussian and independent and identically distributéld méro
mean and variance 1.

18 ~ x2_p, mM>n. (8)

A residual threshold can be set analytically using (8) taaahany desired
probability of false alarm (FA) under normal error condnso(NC):
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P(FA| NC) = P(||€°|| > R| NC)
1
~ 2m-n2p (M) oo 2

Yes2ds (9

Given the values ain — n and P(FA | NC) we may solve (9) foR. The
result is plotted in Figure 2.
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Figure 2: Probabillity of false alarm
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The M-code for plotting Figure 2 is as follows:

false_alarm = [0.01, 0.00001, 0.00000001];
sigma_b = 1;
for i = 1:length(false_alarm)
R(:,i) = sigma_b~2xsqrt(chi2inv(1l-false_alarm(i),1:100));
end
hi = plot(R)
set(hl,’linewidth’,1)
xlabel (’Degrees of Freedom {\itm-n}’,’fontsize’,18)
ylabel (°’Threshold {\itR}’,’fontsize’,18)
title(’{\it\chi}~2 - Probabilities’,’fontsize’,18)
legend (’{\itP}(FA | NC) = 10~{-2}’,...
>{\itP}(FA | NC) = 10~{-5}’,’{\itP}(FA | NC) = 10~{-8}’)
set(gca, ’fontsize?’,18)
box off
pause ) opportunity to move legend
legend (’boxoff’)
print -depsc2 raimé
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In equation (3) the position error

ox = (ATA)tATe

IS defined in a 3-D Cartesian coordinate system. However rémtical use a loca
topocentric coordinate systed®mg Ny = (€, N, U) IS more appropriate. The
transformation matriX is given as

—sin/ COSA 0
—SingCcosit —singsiniA  cosg | - (10)
COS¢ COSA cos¢ sind  sing |

In the following we only consider the three coordinat&s Y, Z). So we delete
the last column ofA and get a new matridg = A(:, 1: 3). Similarly we delete
the last element afx and defineixg = ox(1 : 3).
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SXENU = — Foxg = F(A) Ag) 1Ale= Me (11)

Note that rows 1 and 2 of thexd m matrix M relate tox andy. Note also that
multiplication by F changes the coordinate basis from the geocentric to the
topocentric system!

Imagine now a failure of magnitudgein satellitei :
e=[0 -~ 0 80 - o]T.
We compute the norm squared for this special choiog of

2 TmT
I0XENUII® =€ M’ Me.
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Because the many zerosarthis simplifies to
loxXENUIZ = (m% + m%i )2,
From (4) we havet = Sbor
18)% = &Té=b'STsb = 5 p?

asS'S= S. The diagonal entryi, i) of Sis calleds; . Now

2 | 2
M3 + My

A2
1€

2
[OXENUIIT =

2 2
ms. + Ms.
1i 21 A
[oXENU =/ - €]l
|
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This is the equation for a straight line through the origid anth slopea;. We
compute the slope; of the failure mode axis related to satellitas

2 2

ms. + ms

ai =\/ 1'3_ 2 (14)
I

The slope values are computed foria# 1, ..., m and the corresponding lines
are depicted in Figure 3.

The slopex; provides a measure of the difficulty in accurately detecairigult in
presence of noise: The larger the slope, the more difficidttd detect the fault.
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Figure 3:Characteristic slopes for seven visible satellites
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The failure mode axes in Figure 3 through the origin with slepare determinec
exclusively from the geometry determined by the satelbted the receiver. The
mode axis with maximum value of is calledamax and thehorizontal

protection level (HPL) is defined as

HPL = gmaxo(Q

AT _1/\
e Eb e

wheregg Is the standard deviation of the pseudoranges- —

In Figure 1 a horizontal line constraint is drawn to représ$lea protection radius
a. Note that it is possible for small failure magnitudes, thaturacy specificatio
not be breached. Also shown in this figure is the residuabtiokl R.

The resulting RAIM fault detection algorithm is a simple od#eck the residual
statistic to see if it is larger than the thresh®&dIf so, a system failure is
declared. Given this simple algorithm, four outcomes assbe. 6 UM
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Undernormal operationthe position errofjox | does not exceed the protection
radiusa and the residual is smaller than the threshi®jatase lll. If the position

error does not exceed the protection radiubut the residual is larger than the
thresholdR, afalse alarmhas occurred, case IV. When both protection radius and
residual threshold have been breachedkt@ction failurenas occurred, case I.
Finally, amissed detectiohappens when the position err@ix || is larger than

the protection radiug, but the residual is smaller than the threshBlccase II.

In the general case, of course, more than one failure mogesexlowever, this
presentation does not deal with that case.

It Is iImportant to note explicitly that integrity risk canvahys be reduced at the
expense of accuracy, continuity, and availability.

Hwang et al. (2005) investigates RAIM in case of non-uniforengited
observations and multiple faults.
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Figure 4. RAIM status, repeated
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If the HPL is below the alert limit, RAIM is said to be availaldta that epoch.
Since HPL is dependent on satellite geometry, it must be coealfor each
epoch and each position.

‘ Numerical Valuei

RTCA, SC159 defines the maximum allowable probabilities falsef alert as
P(FA) = 2 x 102 and a missed detection 8&MD) = 10~ 3.

The standard deviatias, of a pseudorange can be set equal to 3.8 m.

The protection levea (also called horizontal alarm limit, HAL) varies according
to the application. It could be 12 m, say.
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Input to RAIM: The variancerg of a pseudorange observation, the
coefficient matrixA of the linearized least-squares observation equatipns,
and the maximum allowable probabilities for a false ald&(fFA) and a
missed detectio? (MD).

Output of the algorithmHorizontal protection level (HPL) which is the
radius of a circle, centered at the true aircraft positiat th assured to
contain the indicated horizontal position with the giveolgability of
false alert and missed detection.

Similarly for Vertical protection level (VHL) .. ..
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