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1INTRODUCTION

The U. S Depatment of Transportation (DOT) has accepted the findings and
recommendations of the Volpe Nationd Trangportation Sysems Center (VNTSC) report on
GPS Vulnerability [1] in generd and specificadly the need for a backup to GPS in sifety critica
goplications The various branches of the DOT will be meking recommendaions to DOT
Secretary Mingta on how they propose to meet this requirement. As pat of the Federd
Avigion Adminigration (FAA) process to generate its recommendations to the Secretary, a
Loran Murder Board was convened on March 19th of this year. As a result of that meeting, the
man issue assocdiaed with an FAA recommendaion on Loran is whether it can support non-
precison gpproach. This preferably would mean Required Navigation Performance (RNP) 0.3
performance and if not RNP 0.3, then RNP 0.5 as a fdl back. Our effort since that date has
focused dmog exdudvely on the devdopment of tools to andyze this ability. This effort is
expected to last for 18 to 24 months. This paper is summary of our progress since March 19"
and an outline of where we are headed over that period.

Our focus has not been sb much to come up with a binary answer, but more on sengtivity
andyss to determine what are the mogt critica criteria that will have to be met to saisy the
requirement. For example, do we need better ASF modes, better user receiver performance,
tighter pecifications on the Sgnd in gace, more transmitters, etc.

2ACCURACY/INTEGRITY/HMI

Snce Loran only provides horizontad podtioning, we ae concened with the Horizontd
Protection Leve (HPL). The HPL is an eror bound on the horizonta postion eror such that
the probability of the true eror being within this bound is greater than 99.99999%. In other
words, there is a mog is a one in ten million chance that the true sysem error is grester than
the HPL. Should this be the case, the sysem would be generating Hazardous Mideading
Information (HMI) that could lead to catastrophic results for the arcraft. In our case, in order to



meet the requirements of RNP 0.3 or RNP 0.5, the receiver must be able to cdculate an HPL
thet is less than the Horizonta Alarm Limit (HAL) of 0.3 NM and 0.5 NM, respectively.

3KEY ASSUMPTIONSIN CURRENT ANALYSS

In the context of our andyss, the assumption is that an dl-inview receiver combining times
of arivd (TOAS as pseudoranges is used. It is dso assumed tha adjacent chains ae
synchronized to eech other within some tolerance. Implicit in this assumption is thet al cross
chan lane ambiguities have been correctly resolved. In North America, dl Loran dgnds
have periods that are integrd multiples of 200 nsec meaning tha if cross chan TDs ae
measured or cdculated, they are repeatable only when taken modulo 200 ngec. This results in
30 km lanes dong basdines There are severd ways to resolve these lane ambiguities,
induding but not limited to, a prdiminary fix based on intrachan time differences (TDs),
transmission of time parameters via modulation, an externd source of agpproximae time, etc.
At this point in the andyss we are assuming this has been done correctly. It should be noted
that this lane ambiguity is different from thet noted in Table 3.3 in [1] which is based on
exiging triad based receivers There is dso fix ambiguity associated with a sngle chain triad
fix which, as noted in [1], is eesly resolved.

We are assuming for now that the timing of secondaries is controlled via Time of Emisson
(TOE) control vice controlling TDs messured in the far fidd & a Sysem Area Monitor
(SAM) as is presantly the case in North America [3]. Or dternativey, if SAM contral is
retained, seconday TOE offssts ae communicated to the user recevers Lacking ether
change, the andyds would nesd to be done for a SAM controlled sysem. This would
complicate the andyds and add a number more noise and bias terms associaed with the
SAM receivers ad the propagation paths from trangmitters to SAMs Due to the method
described bdow of combining the effects of bias teems by adding them with the wors
combingtion of dgns it is likedy the cdculaed HPL will be worse even if the actud 2-D
RMS accuracy performance does not sgnificantly degrade.

We assume the receiver uses a crossed magnetic loop antenna where each RF channd is
digitized. This assumption is manly for the mitigaion of predpitation daic problems
inherent in eectric field antemas, but we are dso claming credit for the antenna gain due to
the directiondity of the steered antenna response.



We ae assuming that the effects of cross rae interference have been mitigated via either
blanking or cancding. As the number of pulses averaged is a criticd parameter in our
andyss, as we ge father dong in that andyss it is quite possble we may conclude it is
impossble to Smultaneoudy have enough pulses to average and dill have the necessary

dynamic performance using crossrate blanking vice cancding.

We are assuming that any data modulation on the Loran signd has not degraded navigation
performance. While data modulation does in fact degrade the peformance of exising legacy
recavers, it is assumed that if modulaion is implemented, future integrated data and
navigation receivers will firg demodulate and then wipe off the affects of modulation prior to
processng the dgnd for navigaion. This further implies the capability to wipe off
modulaion on sSgnds too week to demodulate. For example, the same data comes from dl
dations. If forward eror correction via block encoding is used, we assume the blocks are of
short enough duration such that they can be decoded to recover the raw daa without
introducing unacceptable time lag in the navigation solution.

Our andlyss dso assumes the additiond secondary factor (ASF) bias error is some percentage
of the predicted vdue. ASFs are defined as the additiond phase shift reaive to an al seaweter
pah caused by the overland portion of the propagation path [3]. The mogt likdy way to
implement ASF corrections is by performing a cdibration of each arport. In the early stages of
development, arports will need more intense cdibration. This is necessary to vdidae the ASF
and to determine the seasond and locd spatid variaions With experience, laer arports will
need no more than a one-time cdibration that will be based on a yearly average of ASF. Thee
vaues will be subject to the dandard periodic vdidaion by non precison gpproach (NPA)
flight ingpection that other flight sysems experience As we are andyzing the potentid for
digoatch rdiability in the event of extended loss of GPSWAAS capability, we assume no red
time estimation of ASFswithin the receiver usng GPSWAAS position data

4 RECEIVER INTEGRITY CYCLE CHECK (RICC)

Due to the nature of the errors typicaly encountered in Loran, there are two parts to ensuring its
integrity. The process is seen in Fgure 1. The first part is a recaver integrity cycle check



(RICC) that will guarantee the correct cycle of the Loran sgnd is being tracked. Should the
sgnd pass RICC, then it is used, dong with sSgnds from other Loran detions, to determine
postion. Then the HPL for the posdtion solution is cdculated. If the HPL mees the
requirements for RNP 0.3 or 0.5, then the solution may be used for those gpproaches. The next
two sections will andyze and deal the mehods for peforming the RICC and HPL
cdculations, respectively. Furthermore, error moddswill sobe examined.

RICC HPL Calculation |mpr < 0.2 s

Verifies that the cerrect cycle [P, < Bx108| Determines the HPL = 0.5 MM
iobeins tacked ——50 99959% confidence ™ for RNP 0.3
Determine P, (prebability of bound on horizontal error or RNP 0.5

being on the wrong cycle) Determine HPL

Can be used

Cannot meet RNP s
=L ¥

P > 8210°—30.3 01 0.5 " HPL > 0.5 NM (RNP 0.5)

Requirements

Figure 1. Block Diagram of the Integrity Process

RICC is an integrd part of guaranteeing the integrity of the Loran sgnd. The cycle needs to be
verified snce the cyde width is 10 ns or 3000 m. An eror in tracking the Loran sgnd will
clearly exceed the desired system integrity requirement.

If the number of dations used in the postion (N) is three the probability of any one of them
being on the wrong cyde (Pu) must be less than 1 x 107 less some dlowance for the
probability the sgnd in oace is out of tolerance and ether it faled to warn the user or the user
recdver did not detect the warning. For the time being, we are using a threshold of 8 x 108 as
our Py.. Since ataning this level of confidence requires sgna to noise ratios (SNRy) that are
not generaly avalable for the three drongest sgnds, we aso need to use the redundant
information in an overdetermined pogtion solution, when avalable, in order to cdculate cyde
integrity. In this case, RICC is andogous to RAIM in GPS recaivers [4]. Once the correct cycle
section can be guaranteed to a sufficient level of integrity, the anadlyss proceeds to cdculae a
Horizontal Protection Level based on the type and magnitude of errors.

To begn the RICC andyss we will take time of ariva information from each dation. Thus
the equdions that relate the observable pseudorange measurements, y, and the pogtion of the



observer, x, will be rdated by a matrix of directions cognes with ones in the last row for the
dock term.

y = Gx

Snce Loran is a two dimensond sysem, G has three columns vice four as in GPS. The
weighting is inversdy proportiond to the vaiance of the measurement erors on the

pseudoranges. The measurement erors include erors due to receiver dgnd  tracking,
trangmission jitter, and ASFs. These erors will be discussed in more detall later. Therefore the
weighted least quares solutionis:

Xue = (G'WG) "G'Wy = Ky

where W is the weighting matrix given by W = R, R is the covariance matrix of the
pseudorange (or TOA) erors and indudes both noise and bias terms, y is the pseudorange
measurements, andK © (G'WG)'G'W. The predicted vaue of y based on the solution
isy = Gx,,.and the predicted error is

w=y- y=[I- GKly
Asshownin [6], the result is equivaent to
w=[l- GKle
wheree is the vector of pseudorange errors.

Water suggested using the podtive definite Weighted Sum of the Squared Errors (WSSE) as
the test sdigtic for determining whether a cycle dip may be detected in GPS [5]. We will use
the same method for Loran.

The WSSE isgiven by:
WSSE = w'Ww = e[l - GK]'W[I - GK]e =e"W[I - GK]e =e"Me

Where,



M ° W[l - GK]

Since W has units of 1/distance?, WSSE becomes a dimensionless quantity. If the correct cydles
are being tracked, the n ranging erors follow a zeromean Gaussan didribution. Additiondly,
if we have correctly edimated their variances in the R matrix, WSSE then has a chi-square
digributionwith n — 3 degrees of freedom [6].

An example of the nofault didribution is shown in Fgure 3 in green, which shows the
probebility densty function of WSSE.

In the faulted case, a cycle dip produces a bias in pseudorage. This changes the error
digribution to Gaussan but with a non-zero meen, mequa to a multiple of 3000 m. The
reslting WSSE didribution is non-central  chi-square  didribution, with a non-centrdity
parameter | .

| isgiven by [6]:
| =m Mm
Where misthe vector of dl pseudorange means.
With| , the mean and variance of the non-centrd digtribution become
m. =1 +(n-3)
s %2 =2(2l +(n- 3))

Since mis on the order of 3000 m, (or mMmis on the order of 3000%) and M is only of the order
10 then | >> n-3 tem. This resuitsin the following gpproximations

m.. » |
s> 2l

This fault case takes on a noncentrad didribution shifted to the left of the no-fault case as
shown in Fgure 3 in red. The overlgpped regions to the left and right of the threshold depict the



probebility of miss detection and fdse darms respectivdly. Now edablishing a decison rule
becomes smple asin the GPS case.

To determine the probability of miss detection, Pyp, you fird assume a cycle dip on a subset of
dations Then for dl possble combinations of Sgns, generate m with zeros for the no-fault case
and = 3000 m for the daions that have been dipped. With m and M, cdculate | and the
corresponding non-centrd didtribution for the faulted case, praut. Then, praut is integrated up ©
the threshold st by the false darm limit of 99.9% to yidd Pwp.

That is
threshold
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Figure 3. Probability Denstiesfor No Fault and Fault Cases

The probakility of being on the wrong cycle, Py, isthen,
o o o]
Rvc =@ Rup Psip @ Pup, Psip PS|ipj +a Puo, Psip PS|ipj Paiip,

if we consder al combinations of one, two, and three cyde dips.



Since our overal god is a 107 probability of HMI, we dlocated 8x10°® as an acceptable chance
that we do not detect the correct cycle. Therefare, if Puc < 8x10° then we may proceed with
the cdculation of HPL. If this is not achievable, then integrity cannot be guaranteed and the
system mugt flag the user that it is unavallable.

5ERROR MODELS

The previous derivations show tha RICC requires the use of the probability didributions of
Loran measurement error. This section will detail how the digributions are generated and what

assumptions are warranted.

To better define measurement errors, we divided up them into two generd categories: Random
Errors that are zeromean Gaussan vaiables and Biases that are congtant offsets. First there
are erors decribed by Gaussan zeromeen finite variance random variables that we will cdl
Random Error. The causes of Random Error stem from receiver effects due to sgnd to noise
ratio (SNR), and trangmisson jitter.

S\R vdues are determined by firg cdculaing the sgnd srength a the receiver locaion by
Millington's method [8]. Millington's method is a means of accounting for the atenuation in
dgnd gdrength based on the propagetion of the Loran sSgnd across a round heterogeneous
Earth.

Next, noise vaues are cdculaed. For Loran, the primary source of noise is amospheric noise
gemming from lightning drikes. Since lightning produces a wide band of low frequency noise
and low frequency propagate long distances, noise from up to severd thousand kilometers
away may affect the sgnd.

The Internationa Telecommunications Union (ITU) has a database of mise vaues [9] based on
nine years of collected data that covers the world over four seasons and over dl hours of the
day. With these noise maps, we cdculated the 95% and 99% noise levels and the corresponding
SNR vdues. Given the SNR vdues, dandard devidions of recever phase noise may be
cdculaied. Given the SNR and assuming an integration time of some given number of pulses

we can determinethe 1 s vaue for errorsin messuring the envelope to cycle difference (ECD).



Assuming ECD fdllows a Gaussan didribution, we can integrate the talls of the digtribution on
both sdes up to an ECD of 5 nsto get Psip. This limit is taken snce errors of grester than 5 ns
will resultin acydedip.

The second source of phase noise is related to the transmission jitter of the Sgnd a the Loran
towers. Thejitter yidldsa6 meter, 1 s error.

The second cdlass of eror is Bias Error or a smple congant that describes the upper bound on
an offset tha cannot be cdibrated out of the sysem. The two sources for Bias Errors ae
transmission offsst and ASF prediction errors. Tranamisson offsets are errors in the time that
the pulse is actudly tranamitted relative to its proscribed timein UTC [3].

We modd ASF prediction erras as having both corrdaied and uncorrdlated components. For

the corrdated components, we divide the coverage area in regions, each with a different
maximum change from winter to summer in propagation velocity. The uncorrdated ASF biases
are modded as a percentage of the whole delay.

6 CALCULATION OF HORZONTAL PROTECTION LEVEL (HPL)

Now that we have lad out the types of errors, we will use our knowledge of ther digtributions
and some key assumptions to cdculae a HPL. Given tha, for daions with Ry adequatdy
smdl, we may cdculate an HPL average.

Figure5 grgphicaly depicts the values used in the HPL caculation.
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Figure 5. Calculation of HPL

Begin with the postion estimate and the first bias vector taken in the pogtive direction. Then
add dl bias other vectors with al combinations of signs, or 2* combinations. In Figure 5, there
are four bias vectors being evauated, where green represents the podtive sense of the vector
and blue the negative. As you can see, by adding e, there are two vectors to compare, with e3
there ae now four, and findly by adding e, there are eght possble combinations. By
combining thee vectors you can find the combingtion that yidds the maximum bias
combination, which is shown as the maximum bias combinaion. We then cdculate an overdl
s of the Random Errors added in a root-aumrsquared sense. Then in the direction of the
maximum bias combination we add 5.33 s to get the HPL.

Weighted versus Unweighted Test Statistics

There is a fundamental difference between what we are trying to accomplish in Loran RICC
and GPS RAIM even if GPS is doing weighted least squares. In GPS, we are trying to detect a
ranging error large enough to cause a Sgnificant postion error. Pseudoranges with larger error
(digributions) carry less weight under a weighted test datisics. As a result, if a particular
pseudorange has very large errors, it isweighted out of the solution.
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Figure 7. Example where Removing Single Station Helps I ntegrity Calculation

In Loran RICC, we are trying to detect cycle errors of 3000 m. Using a weighted test datidtic
means that cycde erors on extremdy week ddions do no show up as drongly in the test
detisic as do those on dronger dations This leads to examples like that in Fgure 7 where we
cannot detect a cycle error with the required integrity because we do not weigh that ranging
resdud very much in our tes datidic even though by diminaing that dation we have the
required integrity and accuracy.

In Fgure 8 and Fgure 9, we compare the digributions of the test Satistics for both the no error
and the cyde eror case and for both a weighted and unweghted test datigic. For the
unweighted case, we scded the plot to force the threshold for 1x10° probebility of fase darm

to be the same as for the weighted case.
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In Fgure 8, we see that usng an unweighted test daidic gives much better detectability of a
cycle error on the sgna from Williams Lake than a weighted detidtic. This is because there are
sronger signds that are broadcast from the same direction as Williams Lake. These dgnds,
which are from Shod Cove and Port Hardy, meen that Williams Lake is effectivdly weighted
out of the solution. In the second example, Figure 9, a cycle error on the signd from Baudette is
not detectable independent of whether we use a weighted or an unweighted test gatigtic. The
reason is that there are no dronger sgnas from the same direction resulting in poor detection
geometry suing ether type ddidic.

7 CONCLUSIONSAND FUTURE DIRECTIONS

The firg cut andyss has been quite successful. We fed quite confident that receivers can be
desgned to endble Loran to saify RNP 0.3 requirements and we have made sgnificant
progress in estimating the necessary sgnatingpace and recever parameters. The next step is to
vdidate and revise eech pat of the andyss, assumption, parameter, etc. In addition, there is
credit that we can teke for the impulse naure of noise by usng a dipper in the receiver.
Smilaly, the directiondity of antenna will dso yidd a benefit. By researching pest data, we
will try to determine redidic bounds on ASF edimaes trangmitter timing offssts ECD
predictions, and trangmitted ECD erors.  In addition we will messure the bounds on probability
of sgnd out of tolerance without blink, and the probability of missed blink detection.

The averaging time condant in recaivers determines the number of samples, N. The SNR vaue
increases by«/ﬁand has a dgnificant impact on the RICC and HPL cdculations. Through our

andyss we found there were some counter-intuitive examples where the dimination of a sgnd
from the solution improved the probability of being on the correct cycle or the HPL. We will
explore different citeria for the dimination of sgnds Ancther avenue of exploration will be in
the use of an unweighted test statistic that may yield better detectability of cycle errors and thus
better availability.

As an on going effort, we will use the andyss software to see where we need to dlocate effort
to get the availability we need. Such software dlows us to peform sengtivity studies as to the
bounds on ASF erors, the need for more dations, recaeiver pearformance parameters, or the



effect of increesng power from exising dations. All of these dudies will guide the Loran
Integrity Performance Pand (LORIPP) in establisding a work plan and mantaning a lis of
new Loran staion and recaiver requirements.
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