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ACCURACY OF TRANSMITTERS GEO-LOCATION ALGORITHM
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ABSTRACT

The main goal of this work is'to show the accuracy achieved by an algorithm for geographic location of
transmitters, within a near real-time environment. The results and analysis were obtained using real data
rom three different transmitters in two different aress snd three kinds of satellites, The geographical
location an$wers severa] needs, ns search and rescue of people in remote areas, tracking of acean buoys,
movement of animals, ships, people, equipment, sither for scientific ot security pumposes. The location
procedure uses measurements of Dopptler shifts of transmissions, satellites ephemeris, and batch estimation
based on least squares statistics) techniques. Results using such real database were satisfactory, with
accuracy ranging from 0.5 to 6.5 km.
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1. INTRODUCTION

In Brazil, near real-time geographica! location of transmitters and its monitoring thrangh satellites is used to
monitor pnd rescue people in remote areas, for example, in the Brazilian Antarctic Program - PROANTAR
(Setzer, 1997); to wack displacements and habits of animals by fixing tnini-trensmitters on them {Muelbert,
2000); to monitor oceanographic buoys for scientific research (Kempel and Stevenson, 1997); and in
emergency location and regeune of sireraft and ships (Techno, 2000).

The method of near real-ime (right after data reception} geographic location of transmitters through satellite is
based on 4 recently develaped work (Scusa, 2000; Sousa et al., 2001). In the following sections we outline the
modeling of the geographical location problem, using the Doppler shift measurements, the satellite dynamic
motion, and the non-linear least squares technique. After that, we show the results and analysis of three
transmitters, two of them located in the Antarctic peninsula - Elephant Island - with transmitters and ground
recention station close to each other; and the last one in French Guyana, distant 3° in fongitude and 20° in
latitude from the Brazilian Cuiahé Reception Station.



2. BASIC MODEL OF TRANSMITTER LOCATION

The transmitter peographic location can be determined by means of the Doppler shifi of the trunsmitted
frequency due 1o the relative velocity between the satellite and the transmitter. When the trunsmitter and the
reception station are inside the satellite visibility circle of around 5000 km diameter tor 5° minimum elevation
angle (Figure 1), the nominal UHF frequency signals periodically sent by the transmitter are received by the
satellite and immediately (real-time) sent down to the reception station (Figure 2). In a typical condition, in
which both transmitter and receiver are close enough, this period can last up to 10 minutes, The received data is
then processed to generate the transmitter position information

Figure | - Circle of visibility ( Source CLS, 198%)

Figure 2 - Transmitter location



3. BASIC PRINCIPLE OF LOCATION

The basic principle of transmitter location considers that for each signal transmitted a cone of location is
obtained (Figure 3). The sateflite is in the cone vertex and its velocity vector v lies in the symmetry axis.
Two different cones of location intercept the surface and its intersection contains two possible transmitter
positions. To find which of the two positions is the correct one, additional information is required, as for
example, the knowledge of an initial position, A second CVETpass rémoves any uncertainties.

Transmitier

Figure 3 - Location cones (Source: CLS, 1989)

Themllitcvelocilymlativetothcﬂammittu(veosa)invacmnnwndiﬁom,dﬂmmdby £ i3 given by the
Doppler effect equation (Resnick, 1968) as follows:

,b=~_(f'f;f')c @n

where f; is the frequency value as received by the satellite; % is the reference frequency sent by the
transmitter; (f; - £) is the Doppler shift due to the reiative velocity satellite-transmitter; ¢ is the speed of light; &
is the angle between the sateilite velocity vector v and the transmitter position relative to the satellite. Given the
observations modeled by:

y=hix)+v 22
where y is the set of Doppler shifts meastred; h{xg is the non-linear function relating the measurements o the
location parameters and finction of the satellite ephemeris  (Sousa, 2000), that s,
1) =X WX+ (Y Y5V )+ (22Nt 2 SR T + GV F + 227 +b, + b4, (x, , 2) and (X, ¥,

£) are the satellite and transmitter coordinates position, and v a noise vector; the non-linear least squares
solution (Biermen, 1977) is: .

H.6% = gy, @2.3)



where 8= X — X, Hyis a triangular matrix, and therefore the solution JX is obtained straightforwardly. The

method tums out to be iterative as we take the estimated value X as the new value of the reference X
successively wntil 8% goes to zero, The H, matrix is the result of the Houschalder (Lawson, 1872} orthogonal

H Sifz

T [+]
_____ =T e, - (24)
{ 0 ] w2H

where F is the partial derivatives matrix [h/ 3]y z of the observations relative to the state parameters (latitude,
longitude, altitude, bias, bias rate) around the refirence values, that is, x=(¢ A F, be b1k W'? is the square root
atrix of the measurements weight matrix; and S7° is the square root of the information matrix. The dy is
such that:

P S'/zﬁf
[__f’__] =T o 7 (2.5)

where 8 is the residuals vector. The final cost function can be written:
.12 2
J=lys-Hed| +lyak (2.6)

with ||y 2l = o Where Jppjp is the minimum cost.

4, RESULTS

The results and analysis of the geographic location method developed are shown, demonstrating the location
accuracy achieved by this near real-time system. We gathered representative data scts of three different
wransmitters and two ground réception station i) Transmitters #73840 and #23837 fixed in the Elephant Island
(Antarctica) {Figure 4) sending data through the NOAA-12 (National Qceanic and Atmospheric Administration)
satellite to a portable reception station placed in the Antarctic Brazilian Station (EACF); i) Fixed Data
Collecting Platform (PCD) with transmitter ID #109, relaying data through the SCD-2 (Rrazilian Data Collecting
Satellite-2) and the China Brazil Satellite Earth Rescurces Satellite (CBERS-1) to the Cuiabd Reception
Station (center of Brazil).




Fig. 4 - Antarctic peninsula - Elephant island

The following criteria were established for the analysis and validation of the results: i) when the standard
deviation of the Doppler shift residuals is greater than 10 Hz the location estimate is rejected. The initial standard
deviation is set to 3 Hz, and a result twice bigger may indicate excessive interference or hoise in the measured
Daoppler shifi values; ii) data for satellile elevation lower than 5° may suffer considerable effects of the
atmospheric refraction and noise due to transmitter power attenuation, and also are discarded; iii) if in a single
satellite pass we obtain frequency samples covering only one side of the Doppler curve, 1. e. either only positive
or negative values, the geographic location is obtained with degraded precision and also must be discarded.
Finally, it we know a former position of slowly moving transmitters, we can compure it to the obtained geo-
location for cross-validation.

4.1. Transmitter - MTR 423840 and #23837, NOAA Satellite, EACF Reception Station: error effect in
the measurements time

The sampling rate for this Mini Remote Transmitter (MTR) is one transmission burst per 90 seconds, or 6
passible Doppler data samples for a [0 minutes NOAA-12 (800 Km of altitude) satellite pass. From
November 1998 to January 1999, The ephemeris were obtained daily via “internet”" through the home page

(www.celestrak.com).

It was noted that the measurements mstants (“time tagging”) were uncorrect: the sample time information
decoded at the portable station did not exactly correspond to the instant of the MTR signal transmission to
the NOAA satellite, with an error up to 32 seconds, configuring an abnormality at the portable reception
station, The location results with “time tagging” error are shown in Table 4.1:



TABLE 4.1
RESULTS FROM MTR’S 23840 AND 23837, NOAA-12: WITH TIME ERROR

Samples| <residvalto> | Elevation |Location] Date Time |Longitud| Latitude

(+-} (Hz) {®) min/max| error e(%) (]
{km})

B2 [ 4E-01£0.9 |30.0/48.3) 184.65 |24-Nov-98| 9:04:4]1 | 307.633 | -60.443
31 | 1LEH0=4.] 113.9/38.8( 149.54 | 1-Dec-98 | 23:34:01 | 307.367 [ -60.993
21 1LE-01£03 |29.8 / 48.6{ 202.40 }16-Dec-98 [ 23:04:07 | 308.402 | -61.311
212 26-Dec-98 | B:56:56
4/1 |-2.E+00+270 | 14.4 / 46.5] 208.53 | 1-Jan-99 | 23:49:21 | 301.672 | -62.462
2/1 |-5.E-01+26 [35.8/67.6] 20037 | 6-Jan-99 | B:13:52 | 308.352 | -61.418
1/2 | 3E+00+ 162 | 26.2 / BB.4]| 919.58 |19-Nov-98| 2:49:07 | 295539 | -68.535
22 27-Nov-98 | 23:24:01
2/2 {-9.E-02:258 | 27.0/ 72.7 91.84 | 4Dec-98 | 22:29:52 | 304.369 | -62.034
2/2 18-Dec-98 | 22:20:09
1/2 1-4E-01£116 | 45.1 / 81.4] 593.33 {19-Dec-98 | 6:23:00 | 2903.722 | -60.689
¥ 1-Jan-99 | B8:23:55
2/2 | 9.E-01£1020( 31.9 / 64.5] 404.58 | 3-Jan-99 { 9:20:19 | 300.279 | -58.325
1/2 3-Jan-99 | 23:05:25
1/2 5-Jan-99 | 22:21:46
2/l [-2.EH)0:6.6 [ 18.9/ 293 183,26 | 6-Jan-99 | 9:54:54 | 301.224 ' -61.316

Each line of Table 3.1 represents a single pass of the satellite NOAA-12. The first six satellite passes are
related to the MTR 23840 and the others to MTR 23837. In six situations (blank samples above), the
algorithm did not converge. Other six passes had absurd standard deviation. Left were four valid results (o <

10 Hz) but they are distant from the actual location as can be seen from the column of location error.

The correction of the error of 32 seconds in time was reported to the developers of the data decoding
software. We should also note that the incorrect data were estimated comparing data archives obtained from
the French Argos system, with the milliseconds information disregarded. After al! the corrections, the new

results are shown in Table 4,2;

TABELA 4.2

RESULTS FROM MTR’S 23840 AND 23837, NOAA-12: CORRECTED TIME

Date Samples | < residual +o> Elevation (%) Location error (km)

(+-) (Hz) min/max

24-nov-98 172 3EQl + 08 343 / 55.3 1.75
1-dez-98 31 JE-02 £ 0.3 170 / 444 2.24
16-dez-98 21 1.E-01 + 0.3 343 / 56.6 4.14.
26-dez-98 22 2.E-01 + 0.6 324 / 62.5 0.80
1-jan-99 4/1 6.E-01 £ 1.6 127 /1 38.0 0.57
6-jan-99 211 4E-01 + 0.8 36.8 / 65.2 6.92




19-nov-98 1/2 -1L.E-01 + 0.7 27.5 1 41.1 337
~ 27-nov-98 22 8.E-02 £ 03 31.2 7 499 3.80
4-dez-98 212 -8.E-02 + 0.3 253/ 754 373
18-dez-98 22 -4.E-02 + 0.1 353 / 666 2.02
19-dez-58 1/2 -1LEH00 + 5.4 29.5 /517 3.03
1-jan-99 3/1 -2E-01 £ 04 182 / 561 6.43
3-jan-9% 2/2 8.E-02 + 0.3 31.0 / 453 4.50
3-jan-99 1/2 -4.E-02 + 0.1 459 / 634 5.90
5-jan-99 1/2 JEO01 + 12 395 / 673 8.73
6-jan-99 21 4E01 £ 1.5 18.5 / 26.2 5.56

The location emer column shows that affer the time comection all satellites passes resulted fairly goed.
Location error before time correction were between 150 and 920km, while after this, location error were
from 0.6 to 9km. As a result we conclude that time tagging accuracy is extremely important for the
geographical location accuracy. The residuals also result excellent, with low level noise and reduced

standard deviation. Results of angular and location errors are shown in Figure 5:

LATITUDE ERROR (°}

Fig. 5 - Location deviation of the MTR’s 23840 e 23837, from November 1998 to
January 1999 using NOAA-12 (values aside the symbols represent the
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The x- and y-axis are the longitude and latitade deviation from reference; the triangles are the errors
obtained from MTR 23840, and squares from MTR 73837, Location error standard deviations are 2.41 km
using MTR. 23840 and 1.97 km using MTR 23837. So we conclude that the positions 1-sigma deviations
have maximum errors of 5.15 km and 6,68 km and minimum of 0.33 km and 2.74 km respectively.

4.2 Transmitter #109, SCD-2 and CBERS-1 satéllite, and good Doppler samples

Tne Tables 3.3 contains location results for the transmitter 109 situated in French Guiana, from July to
August 2000, The reception station is located at Cuiab4. The SCD-2 and CBERS-1 “two-lines" formatted
satellite ephemeris are periodically updated by the Satellite Center Control {CCS) at S0 José dos Campos,
which are made available through Internet address: www.dem.inpe.br.

TABLE 43
RESULTS FOR TRANSMITTER 109, 8CD-2 (s ~ o> 10 Hz; v = El,,, <5°; #=all Doppler
measurements > 0 or all <0; A = valid location)

Samples (+/-) | < residual +a> | Elevation (%) | Location error
(Hz) min/max (km)

53 -1.E-01 1 204 7.2/162 o 61.05
4/4 -2.E01 + 20 21.7/608 Al76
177 -1.E-01 + 1.0 4217369 A 199
372 3.E-01 + 845 1.2/8.0 o 9540
4/0 S7E02 £ 0.5 1.6/255 » 6,91

4/4 -2.E-01 £ 79 26.6/51.8 A 431

42" 3E01 + 1.2 | 04/418 A 1,81

2/4 4.E-01 t 6.8 14/35 v 34.81
6/9 -2E-02 + 419 6.1/23.1 5 17.94
610 -6.E-02 + 594 221350 gll44
8/7 -B.E-02 + 14 4.1/11.9 A234
6/6 -5.E-02 + 35.0 5.7/153 o 28.53
2/8 S3E-02 + 13 49 /654 A 1.69
0/10 -4 E-01 + 6.2 2.9/ 48.5 7,75

4/12 -7.E-02 ¢+ 68.3 5.1/69.6 g 6.41

B/8 -5E-02 + 204 53/263 o 53.71
18 6.E-02 + 544 24/94 o 17.87
410 -71.E-02 £ 594 6.8/422 o 10.33
4/5 -1.E-OL + 5.6 58/140 A 304
6/5 -2.E01 £ 25 0.1/33 v 3.04
517 -7.E-02 + 6L.1 4.6/ 21,7 a 13.60
57 S1.E-02 + 36.6 291327 a 8.67

Observing Table 4.3, we can see that eleven passes marked with triangle (o) are rejected, because of the
standard deviation greater than 10 Hz (o > 10 Hz), other two are rejected due lo maximal elevation



constraint {El,4, < 5%) and marked with squares (v). Two more passes with only one side of the Dappler
curve marked with circle () also are rejected.

Finally, we notice for the SCD-2 orbit equatorial satellite that among 23 passages or Doppler curves, only 7
resulted in valid locations (with A). The high noise level in the measured Doppler (11 passages marked with
o) can be basically credited to hardware problems such as: unstable on board ascillator of satellite that
measures the sign frequency; unstable transmitter; PLL problems (* Phased Locked Loop ") to compensate
for Doppler shifi; satellite-station reception link problem; imprecise time stamp (“time tagging"); and
others.

The Table 4.4 shows the results obtained for the same transmitter 109, in the same period, but using
CBERS-! polar orbit sateliite.

TABLE 4.4
RESULTS FOR TRANSMITTER 109, CBERS-1 (o=0>HWHz;v=El_, <5 «=al Doppler

measurements > {) or all < (; A = valid location

Data  |Hora |Sample| < residual +o>] Elevation Location
s(+-) (Hz) (°) min/max| error
(km)

16-Jul-00[1:09 | 3/0 | 8.E-01+13.7] 4.6/21.2 o46,15
17-ul-00]2:17] 422 [4.E-01 3.3 7.0/47.0 | AO.89
18-Jul-00 | 1:41 | 4/0 [-1.E+0014.6 | 13.4/53.1 +14.54
19-Tul-00[1:05] 3/0 J1E+00315.1| 417181 c210.23
20-Jul-00 [ 2:12]| 5/0 -1 E+004312 | 427624 gl74.98
21-Jul-00]| 1138 3/1 [-7ED1+28 | 1237383 A7.30
23-hl-0012:08 1 9i IED1 48821 0.7/554 | o15.16
27-Jul-00 14:06] 1/5 L.E-01 873 [ 34/73.7] a5.49
2-Ago-00[1:19] 40 | 3.E0211.9 7.9/16.2 | «295.18
3-Ago-00(13:24f 0/9 |-8E-02154,7| 1.8/293 791.63
4-Ago-0071:53 | 10/0 [-9.E-01 123 20/76.6 | ¢79.76
5-Ago-00|1:18| 70 [-2E-0210.6 39/281 ] 149
7-Ago-00| 1:49] 8/1 {-6E-0l+26 5.9/79.0 | A10.84

In this table, out of 13 only three locations marked with stars, were qualified. Six passes marked with
triangles resulted in standard deviation greater than 10 Hz (010 Hz), and the 4 marked with circles have
just one Doppler curve section. The CBERS-1 polar orbit and the unfavorable position in latitude between
transmitter and reception station, one in Guyana and the other in Cuiabd, contributed to the bad Doppler
curve coverage. Eight passes also have only a section (+ or -) of Doppler curve, reflecting unfavorable
geometry among satellite pass, transmitter, and receiver.



Figure 6 shows valid locations for both SCD-2 and CBERS-1 satellites. In total, we obtained 7 locations
with SCD-2 and 3 with CBERS-1 satellites.

~| Alat/Long using ‘
SCD-2

| wLat/Long, using
.| CBERS-1

LATITUDE ERROR (°)
s
o

e g & 3 8 8 § 3 8 8 ¢
q Q (? 9 q o o o (=] o o
LONGITUDE ERROR {°)

Fig, 6 - Location deviation of the Transmitter 109, from July to August 2000
using SCD-2 and CBERS-1 (values aside the symbols represent the
distance (km) from reference),

Location error standard deviations are 1.20 km vsing SCD-2 and 5.04 km using CBERS- 1. So we conclude
that the positions 1-sigma deviations deviate from the actual positions with errors from 1.32 o 3.72 km
using SCD-2 satellite; snd ervors from 1.30 10 11,38 ki using CBERS- satellite.

5, CONCLUSIONS

This work described tests of a geographical location procedure and its performance, using real data obtained
through three transmitters, several satellites (SCD-2, CBERS-1 and NOAA), and two different reception
stations (one fixed in Cuiabd and one portable in Antarctica), It was also noticed that most of the samples
rejections (not valid) were caused by the high residual standard deviation (> 10 Hz) of the Doppler data, For
valid locations. the Doppler shift residual standard deviations using SCD-2 and CBERS-1 satellites were
larger than | Hz (between 1 and 10 Hz); for NOAA satellites were smaller than 1 Hz, reflecting the different
measurement system quality. Finally, we conclude that the procedure proposed and tested with real data is
robust enough to supply reliable locations in several or even most adverse situations. In the monitoring
oceanographic buoys, an error of up to 10 km can be acceptable. For person's monitoring and rescue, that
error should be preferably smaller, around 500 m. For wild animals tracking, this error can vary depending
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of the anima! type and application wsed. The results obtained in this work can be used in most of these
situations successfully.
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