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Abstract

The term of tomography is wusually used for the
oceanic engineering, seismology and medical applica-
tions, which is to infer the characteristics of the prop-
agation path from precise measurement of time of ar-
rival (TOA). To apply for Loran system, the time of
arrival is function of the conductivity and irreqularity
of the propagation surface. Then it is considered that
the propagation profile in any Loran chain can be in-
ferred from the TOA and other information (pulse dis-
tortion). This is the inverse problem of tomography.
In this paper, first the system structure of Loran to-
mography is discussed, next the Loran tomography for-
mula and method by means of the precise information
of TOA is shown and last a feasibility and effectiveness

about Loran tomography is described.

1 Introduction

Loran-C receivers measure the Time Differences
(Distance Difference) from the transmitter to receiver
and fix their position as a intersection of these hyper-
bolas. To convert the time to distance, Loran receivers
make use of temporary propagation speed over the sea-
water. Then the temporary speed is different from the
actual signal speed. he deviation of time difference due
to this difference is called as ASFs (Additionary Sec-
ondary Factors).

In present Loran system, it is well known that the
Loran repeatable accuracy is better than 80 [m)]
(2DRMs), but the absolute accuracy might be as poor
as 500 to 1000 [m]. To improve the absolute accuracy
up to repeatable one, we should use the actual propa-
gation speed and ASF correction. On this correction,
there are three methods. The first method is using the
ASF correction table [1] [2], which had been cal culated
the ASF value. The second method is using calibrated
data that had been compared with GPS positions. The
third method is using the pulse distortion measures [3]
[4] [5] [6] that are distorted due to the characteristics
of propagation path.

Ocean Acoustic Tomography, proposed by Munk and
Munsch in 1979, is a useful and conventional tool to
infer the state of the ocean traversed by the sound field
[7]. The technology of tomography is also one attrac-
tive and efficient method for the Loran ASF correction,
because we could construct precise ASFs map by only
one observation flight or voyage around the evaluation

area.

In this paper, we propose the Loran Tomography, and
describe the technique that is used to construct ASFs
maps at the example area near Japan Sea. A feasi-
bility of Loran Tomography was evaluated using three

tomographic inversion ASF's maps.



2 Statistical inversion [9]

ASFs were defined as the additional phase shift rel-
ative to an all seawater path caused by the overland
portion of the propagation path [2]. The difference be-
tween the temporal propagation speed and actual sig-
nal speed is divided into two parts. One is Cseqwater
(SF: Secondary Factor) the speed over seawater and
the other is the perturbation term AC(z,y) (ASF)
that depend on the characteristics of propagation path.
Then the actual propagation speed of Loran signal is
C, then

c SF+ ASF

= Cseawate'r‘ + AC(SL’, y) (1)
where (x, y) are the horizontal coordinate on the earth,

and Csequwater >> AC(z,y).
of Loran signal from a transmitter to receiver can be

The propagation time

expressed by
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where I" and I'seqwater are propagation paths for C' and
Clseawater TeSpectively, r is a distance measured from a

transmitter to receiver.

The approximation I' & T'seqwater 18 leading to follow

approximation.
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Converting above equation to discrete formula, Eq.(4)

Q

can be written

N
AT =Y GiAC;  (i=1,2,---, M) (5)
for all propagation paths, where M and N denote
the numbers of the propagation paths and rectangu-
lar cells, respectively. In Eq.(5), Gi; = 52— and R;;
is a length of the i’th propagation path crossmg the j’th
cell (see Fig.1). By using a vector and matrix notation,

Eq. (5) is rewritten as,

Ar = GAC (6)

where AT = At;, AC = ACj and G =
matrix G, the conventional inverse is

Gjj. For square

AC =G A7 (7)

In above equation, AC is the estimate of AC.
In consideration of the error n that is introduced to
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Figure 1: Tomography Configuration

represent both the noise component of A7 and error
resulting from the liberalization, Eq.(7) is transformed

into
AT = GAC +n (8)

where n = {n;}.

An error e is a difference between the true value AC
and estimate Z\C;
e=AC - AC (9)
The covariance matrix C, of € may be defined as
C. = (e-el)
= ((AC—AC)-(AC — AC)T) (10)

where <> denotes the ensemble mean and the super-

script 1" denotes the transpose of the matrix.

If the number of propagation paths M is larger than

the number of rectangular cells NV, Least Square



Method is used and we can use a set of normal equation

with solution,
AC = (GTG)"'GTAr (11)

From the condition that makes C, minimum, operator

L can be determined as follows:
AC = CocGT(GCAcGT +C,) AT (12)

where C ¢ and C,, are the covariance matrices for AC

and n, respectively.

Let us assume here that all the components of Cac
and C,, possess the following constant values o3 ~ and

o2 respectively:

Cac = oaclu
Cu = oulu (13)

where I is the M x M unit matrix.

According to the singular value decomposition (SVD)
method, G can be expressed by

G =UyAVY (14)

where U); and V) are the matrices constructed from
the non-zero eigenvectors of Hermitian matrices GGT
and GT G, respectively [8]. Furthermore A as the num-
ber M x N matrix whose diagonal elements are \; are
composed of the non-zero singular value of GGT or
GTG. The subscript M is the number of the propa-
gation paths, and also the number of the non-zero sin-
gular values. NN is the number of the rectangular cells

and also equal to the rank of G. Putting o® = AA_i
cAZ

and substituting Eq.(13) and (14) into Eq.(12), finally

we can obtain

AC = VNAAT(AAT +o2Ty)'UL AT (15)

3 Numerical experiment

3.1 Loran tomography configurations

Some numerical experiments are carried out as an il-
lustration of near Japan Sea. The size of experimental
area is surrounded by the latitude lines from 34 ° N to
43° N and the longitude lines from 129 ° E to 145° E.
This area is divided of 0.5° N x 0.5° E, then there are

540 rectangular cells. In this area, three actual trans-
mitter stations ( Niijima, Tokatibuto, Pohang) were
set. Fig.2 illustrates the Loran Tomography configu-
ration near Japan Sea as an example of 31 receiver
points. For model simplification, following conditions
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Figure 2: Loran Tomography Configuration

(Japan Sea)

B Seaarea ( ASF term - 0.0 [ns/km)
o [ ] Land area ( ASF term = 6.0 [ns/km))

Figure 3: ASFs map

are assumed for after experiment,

1. Each cell has the uniformly distributed ASF
value.

2. The shape of cell is a square ( 60 x 60 [km?] ).



In Fig.2, each cell is allocated two ASF values that are
the seawater (AC = 0.0 [ns/km]) and land (AC = 0.6
[ns/km]) [10]. ASFs map near Japan Sea is shown in
Fig.3. In this figure, white rectangular cell means the

sea area and black cell means the land area.

3.2 Evaluation figures

The deviations of propagation time can be shown as
the linear combinations of ASF value in each cells, and
the problem to estimate ASF distribution results in
solving simultaneous linear equations in Algebra. Also
an estimated accuracy and resolution of tomography
depend on the number of divided cell, configuration of
transmitters and receivers, measurement accuracy of
time and etc. However there are many kinds of eval uat-
ing figure of tomography, in this study the correlation
coefficient between actual ASFs value and estimated
ASFs in all evaluation cells was defined as follows [8];

N —
Z AC;AC;
p=—= (16)

N N 9
Y AC?, D AC
i=1 i=1

where the superscript i denotes the order of cells and

N the number of the ell in tomography map.

We use one more reference figure[8] which is the spa-
tial resolution. If propagation paths are uniformly dis-
tributed, following equation is set up a standard to
estimate the resolution length (AR).

e n

where A is the area size of the tomography site, M is
the number of the propagation paths.

3.3 Experimental results

In this experiment, three kinds of receiver configura-
tions are used to evaluate a feasibility for ASF's map by
means of the tomography. Fig.4, 6 and Fig.8 show the
results of this experiment, and each figure has different
number of receiver points. Fig.5, Fig.7 and Fig.9 are
binarized results of Fig.4, Fig.6 and Fig.8 respectively.
First two results, all receiver points are allocated on

a boundary of the tomography map and the number

of receiver points are selected 21 and 31 respectively.
Third one has 41 receiver points are selected and it has
five inside receiver points. If we have only one exper-
imental voyage or flight around the evaluation area, a
large number of receiver points are utilized. Then this
ASF's map using tomography inversion has a good cost

and time performance for making ASF maps.

Tab.l shows the numerical results for three experi-
ments. The number of receiver points becomes grater,
the correlation coefficient become larger. From the
viewpoints of Algebra, the rank of matrix G should
be selected as same as the number of rectangular cells
(N). In this experiment, all number of M that is as
same as the rank of G are considerably fewer in order
to numerical restrictions. Then it is consider that the
proper number of receiver points could make a suitable

resolution of ASFs map.

Figure 4: 4 steps ASFs map of 3 transmitter sta-
tions and 21 receivers (M=540, N=63)

Figure 5: Binarized result of Fig.4



Table 1: Numerical results of experiment

Experimental No. of No. of M (No. of N (No. of rank(G) AR p
No. transmitter site receiving point propagation path) rectangular cell) [km]
3 21 63 540 63 175.7 | 0.48
2 3 31 93 540 93 144.6 | 0.63
3 41 123 540 123 125.7 | 0.68

Figure 8: 4 steps ASFs map of 3 transmitter sta-

Figure 6: 4 steps ASFs map of 3 transmitter sta- tions and 41 receivers (M=540, N=123)

tions and 31 receivers (M=540, N=93)

Figure 9: Binarized result of Fig.8
Figure 7: Binarized result of Fig.6



4 Conclusion

The loran tomography system was proposed and eval-
uated through the numerical experiments. Statistical
inversion approach for tomography was applied to con-
struct ASF's maps. Three receiver configurations were
used to evaluate a feasibility of this method. If we
have only one experimental voyage or flight around the
evaluation area, a large number of receiver points are
utilized. Consequently this ASFs map using tomogra-
phy inversion had a good cost and time performance
for constructing ASF maps. Also in this experimental
area, more actual three transmitters (Ussuriisk (Rus-
sia), Kwangju (Republic of Korea) and Helong (China)
) were existed. Then we will be able to have better the

degree of resolution ASFs maps in future experiment.
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