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ABSTRACT

It is obvious that the position from the GPS receiver recorded during the Ionospheric
Scintillation has larger error than those recorded with no scintillation. The phase and amplitude
scintillation index as well as the Total Electron Content (TEC) of the ionosphere are recorded. By
carefully investigating the recorded data, we can conclude roughly that among the three recorded
parameters, which parameter mostly course the GPS position etror. Indeed, the scintillation causes the
error to the measurement of the range between GPS satellite and GPS receivers. By introducing the
range correction factor, which is a function of the scintillation indices and the TEC are can eliminate
the position error due to the scintillation. In the thesis the GPS equation (Hyperbolic system of
equation) with the corrected psuedorange will be solved to find the position. Various forms of range
correction factors will be need. One which provides the most accurate position in the scintillation,

range correction function by Liner equation.

R:a:?xgei = a,Pseudorange, + a,84 +a,81g60 + a, TEC + Error;
Moreover, the effect of the number of scintillating GPS satellites being used in the GPS

equation provide the position will be investigated. In conclusion, During Ionospheric Scintillation

occur, GPS receiver change the number of lock satellite that they are used position solve equeation

1I
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ASLIBAUMS
X2 =2x,x+x*+y} -2y, y+2°-222=p} -2pb+b* (2.10)
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Preproc_ism_data

'

ISM-data

MuA 3.4 uaremsdsznanamenioudeyadulfidudeyanlilnsead

[ ¥
Tavdoyaiudasudaeziilnseadiensas 1

Nape Size Bytes Class

cis J0X11 38655936 stiuct array
dop 1%38- 6588736 struct array
ism 30%31 37831568 struct array
pos 1%38- 8135528 struct arragy

Grand total is 9567183 elements using 782311766 bytes

cts( )

prn: [1x14548 double]

tracking, state: T1x1440 double]
doppler: [1x1448 double]

CNHO: [1x14408 double]

residual: [1x1448 double}

lock. time: [1x1440 double]
pseudorange: [1x1448 double]
reject _code: [1x1348 double]



dop( )

gdop: [1x1448 double]
pdop: [1x1448 double]
htdop; [1x1448 double]
hdop. [tx1440 ﬂouble]
tdop: [tx1hn0 double]
numsats: [TxT448 double]

sat;prn. [1hulx12 double]

time: [4x1440 double]

ism( )

praz 1
“azimz [1¥249 double]
eleu: [1x249 double]
CHB: [1x249 double]
S4: [1x249. double]
sigl: [1x249 double]
sigd: [1x249. double)
sigye: [1x249 double]
51933. E1x249. dpuble]
f1x2u9 doulile]
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' madsdl

ATuNsUNIERY 1

Range, = Pseudorange, + (-1653.041)S4 + (5471.375)sig60] + (-34.526)'['EC] -332.409
ATuNBuYNIERY 2

Range, =Psuedorange, + (-713.306) S4,+ (92.030)sig602 + (-3.718)"I'EC2 - 4308.050
arufsurLoEY 3

Range, = (0.999)Pseudorange3+( 1 6123.972)843+(33 l8.474)sig603+(48.397)TEC3-888 1.651
ATUNBUNUIBLDY 4

Range, = Psuedorange, + (-3585.352)S4, + (828.539)sig60, + (-4.947)TEC, - 3212.969
AANBUNUIOIAY 5

Range, = Psuedorange; + (-1968.456)S4, + (-723.009)sig605 + (-8.239)TEC5 -2145.306
ATANTUNINGIDY 6

Range, = Psuedorange, + (-16845.537)S4,) + (-573.807)sig60, + (-21.287)TEC; - 6093.518
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Aoy 7

Range, = Psuedorange, + (-307.261)S4, + (-62.555)sig60, + (-0.886)TEC, - 4485.305 (4.8)

ATuHvunILIY 8

Range, = Psuedorange, + (62.749)S4, + (139.791)sig60; + (1.877)TEC, - 4703.100 4.9)

aMflounuonY 9

Range, = Psuedorange, + (-771.628)S4, + (-133.031)sig60, +(0.317)TEC, - 6244.042 (4.10)

ATINLUYINGIaY 10

Range,, = Psuedorange, + (-5052.093)S4,, + (1364.764)sig60,, + (10.844)TEC,, - 4180.630 (4.11)

AruHvuvInoaY 11

Range,, = Psuedorange,, + (1957.715)84,, + (-515.699)sig60,, + (20.522)TEC - 6093.518  (4.12)

AMNLUNIBIaY 12

Range,, = Psuedorange,, + (-57.019)s4,, + (446.090)sig60,, + (2.734)tec,, - 4792.797 (4.13)

ATANOUNIIIAY 15

Range,, = (0.993)Pseudorange, ;+(15585.403)S4,5+(-2122.759)sig60,+(-3 458)TEC 5+49745.538
(4.14)

aafiouvusay 17

Range,, = (1.02)Pseudorange,,+(-31765.630)S4,,+(-2805.190)sig60,,+(-9.960)TEC, 12033.247
(4.15)

AANOUNINLIOY 18

Range,, = (0.999)Psendorange,;+ (2568.500)S4,q + (-1635.813)sig60,¢+ (-13.862)TEC, + 3323.252
(4.16)

ATUNVUNUBIAY 20

Range,, = Pseudorange,+ (43.9416)S4,, + (155.644)sig60,, + (5.246)TEC,;-4453.642 4.17

AuHvunoEY 22

Range,, = Pseudorange,,+ (-1722.486)S4,, + (1947.985)sig60,, + (1.052)TEC,, - 8836.091  (4.18)

ATANUHLOAY 23

Range,, = Pseudorange,, + (7336.447)S4,, + (498.434)sig60,, + (20.600)TEC,; - 4029.604  (4.19)

ATINONNLILIEY 24

Range,, = Pseudorange,, + (2518.205)S4,, + (-669.387)sig60,, + (-2.564)TEC,, - 3800.619  (4.20)
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ATINTUNLIRY 25

Rangez4 = (1.001)Pseudorange,,+ (11608.657)S4,, + (6942.875)sig60,, + (42.248)TEC-22115.179
(4.21)

ATINTUMINBIAY 26

Range,, = Pseudorange,+ (4898.189)54, + (2183.926)sig60,4 + (15.255)TEC,4785.952  (4.22)

AuRguMIIBIaY 27

Range,, = Pseudorange,,+ (-3007.614)S4,, + (-73.984)sig60,, + (-5.349)TEC,,-2415.206 (4.23)

aruRvunIoaY 28

Range,, = Pscudorange,+ (1078.533)S4,, + (-166.401)sig60, + (-13.716)TEC,,-4833.945  (4.24)

A uRsurIoaY 30

Range,, = Pseudorange,, + (-5899.287)S4,, + (409.982)sig60,;) + (-3.362)TEC,;-5121.714  (4.25)

M uRvIMINIRY 31

Range,, = (1 .OOI)Pseudorange3l+(-2320.154)S43l+(-249.535)sig603,+(-17.669)TEC3,-3003.71 1

(4.26)
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e e /20s_*ime cepZ/-——m-—mmmmmm e
3To Flotv (PS data posi'ion and 50% of CEZ? Zlassily by time interval
sLarhor: Arting Sup I°. Ekkapnon Mingkhwan

£Date : S0-12-00

% : 25-04-02 Ekkapnon M. Check Nan oelore prosess

G m e e e ——————— e ——————
site = 'Fang’';

year = 2001;

month ='sep';

day = 19;

day = 0;

while (day <= 0)
fprintf('\n Enter the day at which to end processing')
inp = input(' > ', 's');
day = str2num(inp);

if length(day) == 0 & day > 31
day = 0;
end
end
month = '';

while (length (month) <= 0)
fprintf('\n Enter the month at which to end processing')
month = input(' > ', 's'");

’
if length(month) == 0
month = '';

end
end
prn = 8;
elev_mask = 25;
start_time = 1; % s=art Time Zor position plot (minutes)

end time = 1439; + end time

os_type = get_os;

[

load daza

AT

o

if strcmp(os_type, 'unix')
command = ['load /data/gpsl/ism-matdata/' lower(site) '/' lower (month)
num2str (year) '.mat'j;
elseif strcmp(os_type, 'dos')
command = ['load c:\gps\ism-matdata\' lower(site) '\' lower{(month)’ ...
num2str (year) '.mat'];
end
eval (command)

do posi~ion plo~s »r zeleczed time interval
figure (1)
start_hour = floor(start time./60);
start_min = (start_time./60 - start hour) .* 60;

]

start min floor(gtart_min);
end_hour = floor(end_time./60);
end min = (end time./60 - end hour) .* 60;



end min = floor(end min);

lat = pos(day).lat(start_time:end time);
lon = pos(day).lon(start time:end time);
wlat = nosiday).lac(1:2439;);

Jon = vosiday).lon{l:1439);

index = find(isfinite(lat)):
mean lat = mean(lat (index));
mean_lon = mean(lon{index));

index2 = find(isnan(lat)); .wWere there any gositions not reovor-ed?
Femmmmm find distance---~—==—wm————
for 1 =1 : 1439
cep_dist (i) = sqrt((lat(i)-mean_lat)"2+(lon{(i)- mean lon)"2);
end
med dist = std(cep_dist(index));
G e PP~ i —requpm
countl = 0;
sumlatl=0;

sumlonl = 0;
for i =1 : 240
if ~isnan{(lat(i))
countl = countl + 1;
sumlatl = sumlatl + lat(i);
sumlonl = sumlonl + lon(i);
end
end
meanlatl sumlatl/countl;
meanlonl = sumlonl/countl;
for i =1 : 240
if ~isnan(lat(i))
cep _distl(i) = sqgrt((lat(i)-meanlatl)”2+(lon(i)- meanlonl)~2);

else
cep distl(i)= 0O;

end
end
med distl = median(cep distl(1:240));
G e MY R PN~~~ e 3
count2 = 0;
sumlat2=0;
sumlon2 = 0;

for i = 241 : 480
if ~isnan(lat(i))
count2 = count2 + 1;
sumlat2 = sumlat2 + lat(i);
sumlon2 = sumlon2 + lon(i):;

end
end
meanlat2 = sumlat2/count2;
meanlon2 = sumlon2/count?2;

for i = 241 : 480 if ~isnan(lat(i))
cep_dist2(i) = sqgrt{(lat(i)-meanlat2)”2+(lon(i)- meanlon2)"2);

else
cep dist2(i)= 0;
end
end
med dist2 = median(cep_dist2(241:480));

_______________ grm
count3 = 0;
sumlat3=0;
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sumlon3 = 0;
for i = 481 : 720
if ~isnan(lat(i))
count3 = count3 + 1;
sumlat3 = sumlat3 + lat(i);
sumlon3 = sumlon3 + lon(i);
end
end
meanlat3 sumlat3/count3;
meanlon3 = sumlon3/count3;
for i = 481 : 720
if ~isnan(lat{i))

it

cep_dist3(i) = sqrt((lat(i)-meanlat3)”2+(lon(i)- meanlon3)"2);
else
cep_dist3(i)= 0;
end
end
med dist3 = median(cep dist3(481 : 720));
G Blu-—=m— e e
count4 = 0;
sumlat4=0;
sumlond = 0;

for i = 721 : 960
if ~isnan(lat(i))
countd4 = countd + 1;
sumlatd4d = sumlatd4 + lat(i):;
sumlond4 = sumlond + lon(i);
end
end
meanlat4 = sumlatd4/countd;
meanlon4 = sumlond4/counté;
for i = 721 : 960
if ~isnan(lat(i))

cep_dist4 (i) = sqrt(({lat(i)-meanlatd)"2+(lon(i)- meanlond)~*2);
else
cep_distd (i)= 0;
end
end
med_dist4 = median(cep_dist4 (721 : 960));
R R L 2~ D et o e T
count5 = 0;
sumlat5=0;

sumlonS = 0;
for i = 961 : 1200
if ~isnan(lat(i))
count5 = countb + 1;
sumlath sumlat5 + lat(i);
sumlon5 sumlon5 + lon(i);
end
end
meanlat5 = sumlat5/count5;
meanlon5 = sumlon5/counts5;
for i = 961 : 1200
if ~isnan(lat(i))
cep_dist5(i) = sgrt((lat(i)-meanlat5)”~2+(lon(i)- meanlon5)"2);
else
cep_dist5(i)= 0;
end
end
med dist5 = median(cep dist5(961 : 1200));
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count6 = 0;
sumlat6=0;
sumlon6 = 0;
for i = 1201 : 1439
if ~isnan(lat(i))
count6 = count6 + 1;
sumlat6 = sumlat6 + lat(i):;
sumlon6é = sumlon6 + lon(i);
end
end
meanlat6 sumlat6/counté6;
meanloné = sumlon6/count6;
for 1 = 1201 : 1439
if ~isnan(lat(i))
cep_dist6(i) = sqrt ((lat (i)~meanlat6) "2+ (lon(i)- meanlon6)"2);
else
cep_disté(i)= O0;
end
end
med dist6 = median(cep dist6(1201 : 1439));

lat _metres
lon metres

(pos{day).lat - mean lat) * pi* 2 * 6378e3 / 360;
(pos (day).lon - mean_lon) * pi *2 * 6378e3 / 360;

% degree cohvert to metres

med _dist metres = med dist * pi *2 * 6378e3 / 360;

med dist_metresl = med_distl * pi *2 * 6378e3 / 360;
med dist_metres2 = med dist2 * pi *2 * 6378e3 / 360;
med_dist metres3 = med dist3 * pi *2 * 6378e3 / 360;
med dist metres4 = med dist4 * pi *2 * 6378e3 / 360;
med dist metres5 = med dist5 * pi *2 * 6378e3 / 360;
med dist metres6 = med dist6 * pi *2 * 6378e3 / 360;

aplob lines

splot (lat metres(start_time:end time), lon metres(start_ time:end_ time));
3hold on -

%plot coints

%0 =

plot{lat metres(start _time:end time},lon_metres(start_time:end_time),'.r
")

%hold ofZf

%colorbar

$plot variation of POS throughout the day in 4 hour blocks using colours
in
%order red, yellow, green, cyan, blue, black

= plot(lat metres(1:240),lon metres(1:240),’.r");

old on

= plot(lat metres(241:480),lon metres(241: 480),'.m');

plot (lat_metres(481:720),lon_metres(481:720),"'.g');

plot(lat metres(721:960),lon metres(721:960),"'.b");
'.c

)
r

r

plot(lat metres(961:1200), lon metres(961:1200),

h
h
h
h
h
h
h plot(lat metres(1201:1439),lon metres(1201:1439),

")
k'),

olo- rr+le distance metres;

lonl
latl

(meanlonl- mean_ lon)* pi* 2 * 6378e3 / 360 ;
(meanlatl- mean lat)* pi* 2 * 6378e3 / 360 ;
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cir(med_dist_metresl,latl,lonl, 'r’);

lon2 = {(meanlon2~ mean lon)* pi* 2 * 6378e3 / 360 ;
lat2 = (meanlat2- mean lat)* pi* 2 * 6378e3 / 360 ;
cir(med dist_metres2, lat2,lon2, 'm');

lon3 = (meanlon3- mean_lon)* pi* 2 * 6378e3 / 360 ;
lat3 = (meanlat3- mean_lat)* pi* 2 * 6378e3 / 360 ;
cir (med_dist_metres3,lat3,lon3,'g');

lon4 = (meanlond4- mean_lon)* pi* 2 * 6378e3 / 360 ;
lat4 = (meanlat4- mean_lat)* pi* 2 * 6378e3 / 360 ;
cir(med _dist_metres4,lat4,lond, 'b’);

lon5 = (meanlon5- mean_lon)* pi* 2 * 6378e3 / 360 ;
lat5 = (meanlat5- mean lat)* pi* 2 * 6378e3 / 360 ;

cir (med dist_metres5,lat5,lon5,'c");

lon6 = (meanlon6- mean lon)* pi* 2 * 6378e3 / 360 ;
lat6 = (meanlat6- mean_ lat)* pi* 2 * 6378e3 / 360
cir (med dist _metres6,lat6,lon6, 'k');

hold off

ylabel ('latitude (m)', 'FontSize', 14)

xlabel ('longitude (m) (Program : pos-time-cep2)', 'FontSize', 14)
axis([(-15,15,-15,15])

%set {(h, 'MarkerSize', 15}

site = 'Chiangrai’;

%4site = 'Fange';

set (gca, 'FontSize', 14) % gca = get current axes
title([site ', ' num2str(day) ' ' month ' ' num2stxr(year) ' '
num2str (start_hour) ':' num2str(start_min) '0-'
num2str (end _hour) ':' num2str(end min) 'UT' ])

text(0.7,0.9, 'Red: 0-4UT', 'units', 'normalized’', 'FontSize',14, 'color',
lrl)

text(0.7,0.85, 'Magenta: 4-

8UT', 'units', 'normalized', 'FontSize', 14, 'color’, 'm")

text (0.7,0.8, '"Green: 8-

12U0T', 'units', 'normalized', 'FontSize',14, 'color','qg')

text (0.7,0.75, "'Blue: 12-

16UT', 'units', 'normalized’', "FontSize',14, 'coloxr', 'b’)
text(0.7,0.7,'Cyan: 16-200T', 'units', 'normalized', 'FontSize’, 14,
'coloxr','c')

text (0.7,0.65, 'Black: 20-

24UT', 'units', 'normalized', 'FontSize',14, 'color’, 'k’')

text(0.4,0.9,'0 UT = 7 LT', 'units', 'normalized', 'FontSize',14)
text(0.0,0.1,' STD = ', 'units', 'normalized', 'FontSize',14, 'color', 'r'")
text (0.15,0.1,num2str (med dist metres), 'units', 'normalized', 'FontSize',1
4, 'colox', 'r'")
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close all;
clear all;
command = ['load c:\gps\ism-matdatal\fang\sep200l.mat'];

eval (command) ;
file="c:\gps\tec-matdata\FAN200109250000.dat"';

tecdata = readtecdata(file):;

day = 25;

month = ' sep 2001';

start = 700;

stop = 1000;

moving = 0;

meanlat = 19.9862017279684;
meanlon 99.8465141532968;

for min = start:stop *for sep
totalprn = dop(day).numsats(min) ;
if isfinite(totalprn)% data error
prn = dop(day).sat_prn(min,:); %list prn
xyzr = zeros(totalprn,4); %create matrix nX4
prxyzr = zeros(totalprn,4); %create matrix nX4
fixxyzr = zeros(totalprn,4); %create matrix nX¢
[0, y0,20)=deg2A( pos(day).lat{min),pos(day).lon(min), pos
(day) .alt(min) ) ;%guess
for sv = l:totalprn
time = dop(day).time(min);
prntime = find{ism(day,prn(sv)).time == time);
(XA, YA, ZA]=deg2A (ism(day,prn(sv)) .latsat (prntime), ism(day, prn
(sv)).lonsat (prntime), ism(day,prn(sv)).range(prntime));

cx = XA;

cy = YA;

cz = ZA;

r = sgrt ((XA - x0)72 + (YA - y0)"2 + (ZA - z0)"2);
3l.real----~—----- check complete data--=-=------

if isfinite(cx)é& ~isempty(cx)
if isfinite(cy)&~isempty(cy)
if isfinite(cz)&~isempty(cz)
if isfinite(r) &~isempty(r)
Xyzr(sv,1l) = cx;
xyzr(sv,2) cy;
xyzr (sv, 3) cz;
xyzr(sv,4) r;
end
end
end
end
%2 . Pseudorange-———-——-- oo
pr = ism(day,prn{sv)).range (prntime);
Bommmme check complete data----—-=------
if isfinite(cx)& ~isempty{cx)
if isfinite(cy)&~isempty(cy)
if isfinite(cz)&~isempty(cz)
if isfinite(pr)é&~isempty(pr)
prxyzr{sv,1l) = cx;
prxyzr{sv, 2) cy;
prxyzr(sv, 3) cz;

I

I
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prxyzr(sv,4) = pr;
end
end
end
end
$3. fix pseudorange-———-————-—mm e

cr= 0;

if isempty(prntime)
continue
end
if isnan(ism(day,prn(sv)).latsat (prntime)) | isempty(ism
(day,prn{sv)).latsat (prntime))
continue;
end
if isnan(ism(day,prn{(sv)).lonsat (prntime)) | isempty(ism
(day,prn(sv)) .lonsat (prntime))
continue;
end
if isnan(ism(day,prn(sv)).range(prntime)) | isempty(ism
(day,prn(sv)) .range (prntime))
continue;
end
pseudor = (tecdata(prn(sv)).L2code(min) - tecdata(prn
(sv)) .Llcode(min));
tec = 9.5196 * pseudor;

pseudorange = ism(day,prn(sv)).range(prntime);
s4 = ism(day,prn(sv)).S4 (prntime);
sig60 = ism(day,prn(sv)).sig60 (prntime);
if prn(sv)==
_ cr = pseudorange + (-1653.041%*s4) + (5471.375*sig60)
+ (-34.526*tec) - 332.409;
end
if prn(sv)==
cr ={pseudorange) + (~713.306*s4) + (92.030*sig60) +
(-3.718*tec) - 4308.050;
end
if prn(sv)==
cr = (pseudorange*0.999) + (16123.972*s4) +
(3318.474*sig60) + (48.397*tec) - 8881.651;
end
if prn(sv)==
cr = (pseudorange) + (-3585.352*s4) +
(828.539*sig60) + (-4.947*tec) - 3212.969;
end
if prn(sv)==
cr = (pseudorange) + (-1968.456*s4) + (-
723.009*sig60) + (-8.239*tec) - 2145.306;
end
if prn(sv)==
cr = (pseudorange) + (-16845.537*s4) + (-
573.807*sig60) + (-21.287*tec) - 6093.518;
end
if prn(sv)==
cr = (pseudorange) + (-307.261%*s4) + (-62.555*sig60)
+ (-0.886*tec) - 4485.305;
end
if prn(sv)==
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cr = (pseudorange) + (62.749*s4) + (139.791*sig60) +
(1.877*tec) - 4703.100;
end
if prn(sv}==
cr = (pseudorange) + (-771.628*s4) + (-133.031*sig60)
+ (0.317*tec) - 6244.042;
end
if prn(sv)==10
cr = (pseudorange) + (-5052.093*s4) +
(1364.764*sig60) + (10.844*tec) - 4180.630;
end
if prn(sv)==11
cr = {(pseudorange) + (1957.715%*s4) + (-
515.699*sig60) + (20.522*tec) - 6093.518;
end
if prn(sv)==13
cr = (pseudorange) + (-57.019*s4) + (446.090*sig60)
+ (2.734*tec) - 4792.797;
end
if prn(sv)==15
cr = (pseudorange*0.993) + (15585.403*s4) + (-
2122.759*sig60) + (-3.458*tec) + 49745.538;
end
if prn(sv)==17
cr = (pseudorange*1.02) + (-31765.630*s4) + (-
2805.190*sig60) + (-9.960*tec) - 12033.247;
end
if prn(sv)==18
cr = (pseudorange*0.999) + (2568.500*s4) + (-
1635.813*sig60) + (~-13.862*tec) + 3323.252;
end
if prn(sv)==20
cr = (pseudorange) + (43.9416*s4) + (155.644*sig60) +
(5.246*tec) — 4453.642;
end
if prn(sv)==22
cr = (pseudorange) + (-1722.486*s4) +
(1947.985*sig60) + (1.052*tec) - 8836.091;
end
if prn(sv)==23
cr = (pseudorange) + (7336.447*s4) + (498.434*sig60)
+ (20.600*tec) - 4029.604;
end
1f prn(sv)==24
cr = (pseudorange) + (2518.205*s4) + (-669.387*sig60)
+ (-2.564*tec) - 3800.619;
end
if prn(sv)==25
cr = (pseudorange*1.001) + (11608.657*s4) +
(6942.875*sig60) + (42.248*tec)-22115.179;
end
if prn(sv)==26
cr = (pseudorange) + (4898.189*s4) + (2183.926*sig60)
+ (15.255*tec)-4785.952;
end
if prn(sv)==27
cr = (pseudorange) + (-3007.614*s4) + (-73.984*sig60)
+ (-5.349*tec)-2415.206;
end
if prn(sv)==28
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cr = (pseudorange) + (1078.533*s4) + (-166.401*sig60)
+ (-13.716*tec)~-4833.945;
end
if prn(sv)==30
cr = (pseudorange) + (-5899.287*s4) + (409.982*sig60)
+ (-3.362*tec)-5121.714;
end
if prn(sv)==
cr = (pseudorange*1.001) + (-2320.154*s4) + (-
249.535*sig60) + (-17.669*tec)-3003.711;

end

1f 1sf1n1te(cx)& ~1sempty(cx)
if isfinite(cy)&~isempty(cy)
if isfinite(cz) &~isempty(cz)
if isfinite(cr)&~isempty(cr)
fixxyzr(sv,1l) = cx;
fixxyzr(sv,2) = cy;
fixxyzr(sv,3) = cz;
dif pr r = pr-r;
dif cr r = cr-r;
$fixxyzr(sv,4) = cr;
if abs(dif cr r) < abs(dif pr_r)
fixxyzr{sv,4) = cr;
else
fixxyzr(sv,4)
end

pr;

%

end
p = bancroft(xyzr);

[lat (min) lon{min) alt(min)] = A2deg(p(l),p(2),p(3));
[xlat xlon xalt] = A2deg(p(l),p(2),p(3)):

prp = bancroft (prxyzr);
%{crlat (min) prlon{min) pralt(min)] = A2deg(prp(l),pre{2),prp

[plat (min) plon(min) palt(min)] = A2deg{prp(1l),pxrp(2),prp(3));

* rin>»start+moving

torlat = meanicrlac {min-{roving}:min)};
merlon = rean{crlonai{rin-{roving}:min}};
sorla” {ning = merla-t+_C;
erlon{inin® movlont>;
aend;

fixp = bancroft (fixxyzr);
er = fixp(4);

[flat (min) flon(min) falt(min)] = A2deg(fixp(l), fixp(2),fixp(3));
"“ixlat fixlon fizalt] = A2deg(fixoci{l),fixp(2),fizp(3));
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1- wTin == star-
Zixlat (min) £laz;
Jixlon(min) = flon;

———————————— /OVING av-——————m—mme——— -
»1Z2 min>start+ {moving)

% mfixlat = mean{Zfixlat (min-/moving) :min}};
3 mfixlon = mean{fixlon(min-{moving):minj);
Ffixlat {min) = mfixlatt+lC;
:fixlon{min) = riixlon+5;
end;
clot{prlon{win),prlat{min),"'. " "};
clot (tixlon{win), fixlat (min), 'r.");
end
figure (3)
splot lun xind, Lac{min}, "k*';;
plot (99.8465141532968,19.9862017279684, "k*')
hold on

moving = 10
for i = start : stop
ct = 0;
tf = 0;
for j = 1 : moving
if i+j > stop
tf = tf + O;
else
if ~isnan(plat(i+j))
tf = tf + plat(i+j);
cih < eyl

end
end
end
mf = tf/cf;
cb = 0;
tb = 0;

for k = 1 : moving
if i+j < start
tbh = tbh + 0;
else
if ~isnan{(plat (i-k})
tb = tb + plat(i-k);
cb = cb + 1;
end
end
end
mb = tb / cb;
prlat(i) = (mf + mb) /2;

g-mmmm lon-—-----------
cf = 0;

tf = 0;

for j = 1 : moving

if i+j > stop
tf = tf + 0;
else
if ~isnan(plon{i+3j))
tf = tf + plon(i+j);
cf cf + 1;
end
end

]



end

mf = tf/cf;
cb = 0;

tbh = 0;

for k = 1 : moving
if i+3j < start
tb = tb + 0;
else
if ~isnan(plon({i-k))
tb = tb + plon(i-k);
cb = cb + 1;
end
end
end
mb = tb / cb;
prlon(i) = (mf + mb) /2;

figure (3)

-glot {lan{min,, Lat{min}, "k*");

r, 10T 190,806 47 232%08,19.986201727968¢4,
hold on

plot(prlon(l) prlat(i),'."');

——————————————— e LeCLel g 77 i R &P S~ RN

mov1ng = moving+2;
cf = 0;
tf = 0;
for j = 1 : moving
if i+j > stop
tf = tf + 0;
else
if ~isnan(flat(i+3))
tf = tf + flat(i+3j):
cf = cf + 1;
end
end
end
mf tf/ct;
cb 0;
tb = 0
for k 1 : moving
if i+j < start
tbh = tb + 0;
else
if ~isnan(flat(i-k))
tb = tb + flat(i-k):
cb = cb + 1;
end
end
end
mb = tb / cb;
flxlat(l) = (mf + mb) /2;

i

o~

tf 0;
for j = 1 : moving
if i+j > stop
tf = tf + 0;
else
if ~isnan(flon(i+j))
tf = tf + flon(i+3);

|k*l>

102



cf = cf + 1;
end
end
end
mf

i

tf/ctf;

cb =
tbh =
for k 1 : moving
if i+j < start
tb = tb + 0:
else
if ~isnan(flon{(i-k))
tb = tb + flon(i-k);
cb = cb + 1;

’
1

end
end
end
mb = tb / cb;
fixlon(i) = (mf + mb) /2;
figure(3)
splot{lon{min),lac{min), 'k*"};

3plot {99.8465141532968,19.986201727963¢4, "'k*')

hold on
plot (fixlon (i), fixlat(i),'r.");

end
%$find mean
tprlat = O;

tprlon = 0;
countprlat = 0;
countprlon = 0;

tfixlat = 0;
tfixlon = 0;
countfixlat = 0;
countfixlon = 0;

for i = start:stop
if isfinite(prlat(i))
tprlat = tprlat + prlat(i):;
countprlat = countprlat +1;
end;
if isfinite(prlon(i))
tprlon = tprlon + prlon(i);
countprlon = countprlon +1;
end;
if isfinite(fixlat (i))
tfixlat = tfixlat + fixlat(i);
countfixlat = countfixlat +1;
end;
if isfinite(fixlon(i))
tfixlon = tfixlon + fixlon(i);
countfixlon = countfixlon +1;
end;
end;
mprlat tprlat/countprlat;
mprlon = tprlon/countprlon;
mfixlat = tfixlat/countfixlat;
mfixlon = tfixlon/countfixlon;

I
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figure(3)

plot(mean(prlon(start:stop)),mean(prlat(start:stop)),'*');

plot (mean(fixlon(start:stop)),mean(fixlat (start:stop)), 'r*');

hold on

xlabel ('longitude (degree)'};

Ylabel ('latitude (degree)'):

title([' Error Position ',num2str(day),month,’' Time = ',num2str (start), '
- ',num2str(stop)]):

text (0.6,0.9, 'Raw Pseudorange', 'units’', 'normalized', 'FontSize', 14
'‘color', 'b')

text (0.6,0.85, 'Collected
Pseudorange’,'units','normalized','FontSize',l4,'color','r’)

text (0.05,0.1, 'pos = ', 'units’', 'normalized', 'FontSize', 14, '‘color', 'b')
text(0.17,0.l,nusttr(mprlat),'units','normalized','FontSize',14,
'color', 'b')
text(0.35,0.1,num25tr(mprlon),Junits','normalized','FontSize',14,
‘color', 'b')

text (0.05,0.05, 'pos = ', 'units', 'normalized', 'FontSize', 14, 'color’,
lrl)

text(O.17,0.05,num2str(mfixlat),'units','normalized','Fontsize',l4
'color', 'r')
text(0.35,0.0S,nusttr(mfixlon),'units','normalized','FontSize',l4,
'coloxr', 'r")

14

’

axis([20,180,-50,1001);
hold off

figure (4)
hold on;
tprlat = 0;
tprlon = 0;
countprlat =
countprlon

o
oo
~ o~

tfixlat = 0;
tfixlon = 0;
countfixlat = 0;
countfixlon = 0;

for i = start:stop
if isfinite(prlat(i))
tprlat = tprlat + prlat(i);
countprlat = countprlat +1;
end;
if isfinite(prlon(i))
tprlon = tprlon + prlon(i);
countprlon = countprlon +1;
end;
if isfinite(fixlat(i))
tfixlat = tfixlat + fixlat(i);
countfixlat = countfixlat +1;
end;
if isfinite(fixlon(i))
tfixlon = tfixlon + fixlon(i);
countfixlon = countfixlon +1;
end;
end;
mprlat = tprlat/countprlat;
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mprlon = tprlon/countprlon;
mfixlat = tfixlat/countfixlat;
mfixlon = tfixlon/countfixlon;

for i =start: stop
prlat metres (i)

(prlat (i) - 19.986201279684) * pi* 2 * 6378e3 /

360;

prlon_metres(i) = (prlon(i) - 99.8465141532968) * pi *2 * 6378e3 /
360;

plot(prlon_metres(i),prlat_metres(i),'.');

fixlat_metres (i)
360;

fixlon_metres (i)
360;

plot(fixlon_metres(i),fixlat_metres(i),'r.');

(fixlat (i) - 19.986201279684) * pi* 2 * 6378e3 /

(fixlon(i) - 99.8465141532968) * pi *2 * 6378e3 /

ceppr_dist (i) = sqrt((prlat(i)-mprlat)~2 + (prlon(i)- mprlon)~2);
cepfix_dist (i) = sqgrt((fixlat(i)-mfixlat)~2 + (fixlon(i)-
mfixlon)"2);
end;

prstd = std(ceppr_dist (start:stop));
fixstd = std(cepfix dist(start:stop));

medpr_dist = median(ceppr dist(start:stop));
medfix_dist = median(cepfix_dist(start:stop));
% degree convert tTo metres

medpr_dist_metres = medpr dist * pi *2 * 6378e3 / 360;
medfix dist metres = medfix dist * pi *2 * 6378e3 / 360;

difprlon = (mprlat - 19.986201279684)* pi* 2 * 6378e3 / 360
difprlat = (mprlon - 99.8465141532968)* pi* 2 * 6378e3 / 360

.
r

.
’

diffixlon (mfixlat - 19.986201279684)* pi* 2 * 6378e3 / 360
diffixlat = (mfixlon - 99.8465141532968)* pi* 2 * 6378e3 / 360

7

’

cir(medpr_dist metres, difprlat, difprlon,'b')
cir(medfix dist metres, diffixlat, diffixlon,'r')

rpr = sqrt((mprlat - 19.986201279684)"2 + (mprlon -
99.8465141532968) ~2) ;

rfix = sqrt((mfixlat - 19.986201279684)72 + (mfixlon -
99.8465141532968) *2);

plot(mean(prlon_metres(start:stop)),mean(prlat_metres(start:stop)),'*');
plot (mean(fixlon metres(start:stop)),mean(fixlat_metres(start:stop)), 'r*
)i

plot(99.8465141532968,19.986201279684, "'k*');
axis([-10e6,10e6,-10e6,10e6]);

xlabel('longitude Error (m)');

Ylabel('latitude Error (m)');

title([' Error Position ',num2str(day),month,’ Time = ', num2str (start),
- ',num2str(stop)]);
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text(0.6,0.9, 'Raw Pseudorange', 'units’, 'normalized’, 'FontSize', 14,
'‘color', 'b')

text (0.6,0.85, 'Collected

Pseudorange’', 'units', 'normalized’, 'FontSize',14, 'coloxr’, 'r'"}

text(0.05,0.1, 'std.Err = ', 'units’', 'normalized', 'FontSize',14, 'color’,
‘bl)
text(0.05,0.05, 'std.Err = ', 'units’', 'normalized’', 'FontSize',14, 'color',
lrl)

text (0.25,0.1, num2str (prstd), 'units’', 'normalized', 'FontSize"', 14,
'color', 'b'")

text (0.25,0.05,num2str (fixstd), 'units’', "normalized', 'FontSize', 14,
'coloxr', 'r')

text(0.6,0.1, 'Mean Err = ', 'units', 'normalized’','FontSize',14, 'color',
Vb!)
text{0.6,0.05, '"Mean Err = ','units', 'normalized','FontSize',14, ’'color’',
lrl)

text (0.8,0.1,num2str (rpr), 'units’, 'normalized’, 'FontSize',14, 'color’,
lbl)

text (0.8,0.05, num2str (rfix), 'units’, 'normalized', 'FontSize',14, 'color’',
'rl)

hi = 150;

figure(5)

subplot(4,1,1)

hold on;

plot (prlat)

axis([start,stop,lo,hil});

Ylabel ('Raw latitude (degree)');

title([' Error Position ',num2str (day),month,' Time = ', num2str(start),’
- ', num2str(stop)l);

subplot (4,1, 2)

hold on;

plot(fixlat, 'r')
axis([start,stop,lo,hil);

Ylabel ('Collected latitude (degree)');

subplot (4,1, 3)

hold on;

plot (prlon)
axis([start,stop,lo,hil);

Ylabel ('Raw longitude (degree)');

subplot (4,1, 4)

hold on;

plot(fixlon, 'r')
axis({start,stop,lo,hi]);
xlabel('min');

Ylabel ('Collected longitude (degree)');
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figure(6)

subplot(4,1,1)

hold on;

plot (prlat_metres)

axis([start,stop,lo,hi]);

Ylabel ('Raw Pseudorange lat (m)');

title([num2str(day),month,' Position from Pseudorange - fixPseudorange
Time = ',num2str(start),' - ',num2str(stop)l):

subplot (4,1, 2)

hold on;

plot (fixlat metres,'r')
axis([start,stop,lo,hil);
Ylabel ('Collected lat (m)');

subplot (4,1, 3)

hold on;

plot (prlon_metres)
axis(([start,stop,lo,hi]);

Ylabel ('Raw Pseudcrange lon (m)');

subplot (4,1, 4)

hold on;

plot(fixlon metres, 'r')
axis([start,stop,lo,hi});
Ylabel('Collected lon (m)');
Xlabel ('min')



function position = bancroft(B_pass)

BAN o 1 Cul-~ulaiion of preliminary coordinates
tor a GPS receiver pased on pseudsranges
to 4 or more satellites. The ECEX
zoordinates {see function e r corr)
are zne first three elements of
2ach row of B. The fourtn element of eacn
row of B contains the observed cseadorange.
haun row percains to one satelli-e.

t 'nhe pseudorange in the first row o2 B is

% used to descriminate between the -wo

% positionsible solutions.

o

o A

o

r

2Reference: Bancroft, S. (1985) An Algebraic Solution
% of the GPS Equations, IEEE Trans. Aerosp.
% and Elec. Systems, AES~21, 36--59

: b
eCOSiT won 2y o= Y
*posi-ion,3) = 2

cosi~-ioni{s4} = c*dt

sKal Borre C4-30-95, improved by C.C. Goad 1.-24-96
:Cooyrignt {(c' by Kal Borre
*SRevisicn: 2.0 $ SDate: 1997/09/26 5

% Test values to use in debugging
$B_pass =[ -11716227.778 -10118754.628 2:741083.973 22163882.C2S;

% -12082643.974 -20428242.179 11741374.154 21492579.823;
% 14373286.650 -10448439.349 29596404.858 21492492.77_;
% 10278432.244 -21116508.618 -12689101.970 25284588.982];
% Solution: 595025.053 -4856501.221 4078329.981

% Test values to use in debugging

%B pass = [14177509.188 -18814750.650 12243944.449 21119263.31.6;
15097198.146 -4636098.555 2.326705.426 22527063.486;
23460341.997 -9433577.991 8174873.599 23674159.379;
-8206498.C071 -18217989.839 ~7605227.065 20951643.862;
1399135.8306 -17563786.820 19705534.862 20155386.649;
6995655.459 -23537808.269 -9927906.485 24222112.972];
% Solu=ion: 596902.683 -4847843.31¢ 4088216.740

o° ok e OO o

v_light = 299792458;

position = zeros(4,1);

dpesition =[-2345.22277441834

- -.880.4350391084

% 2248.89118154328
7C01

* 17

lastposition = position;

tposition =[-2344.72127437876
% ~1880.03235561273
5 1249.98674367405

C
1
| =e 2be

- HRY
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% 0
% |7
for iter = 1:6
siter = 0;
swiile izar<=6
1 vC ler +1;
B = B pass;
{m,n] = size(B);
for i = 1:m
x = B(i,1);
y = B(i,2);
if iter ==

traveltime = C.072;
traveltime = position(4)/v_light;
else
z = B(i,3);

rho = (x-position(1l))"2+(y-position(2))~2+(z-position(3))~2;

traveltime = sqrt(rho)/v_light;
end
angle = traveltime*7.292115147e-5;
cosa = cos(angle);
sing = sin(angle);
B(i,1) = cosa*x + sina*y;
B(i,2) = -sina*x + cosa*y;
end; i-loop

o

ifm >
BBB

else
BBB

end

e = ones(m,1);

alpha = zeros(m,1);

for i = 1:m
alpha(i) = lorentz(B(i,:)',B(i,:)")/2;

end

BBBe = BBB*e;

BBBalpha = BBB*alpha;

a lorentz (BBBe, BBBe) ;

b lorentz (BBBe, BBBalpha)-1;

¢ = lorentz (BBBalpha,BBBalpha) ;

root = sqgrt (b*b-a*c);

r(l) (-b-root) /a;

r(2) = (-b+root)/a;

possible_pos = zeros(4,2);

for i = 1:2
possible pos(:,i) = r(i)*BBBe+BBBalpha;
possible pos(4,i) -possible pos(4,1i);

]

inv(B'*B)*B’';

inv(B);

I

end
for j =1l:m
for i = 1:2
c_dt = possible pos(4,i);
calc = norm(B(j,1:3)' -possible_pos(1:3,i))+c_dt;
omc = B(j,4)-calc;
abs _omc (i) = abs(omc);
end
end; “-loop

discrimination between roots
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if abs omc(1l) > abs_omc(2)
position = possible pos(:,2);
else
position
end

possible_pos(:,1);

lastposition = position;
gfprintf('\n'});
tfnare = input('—---> continue');

end; % iter loous

[

%s%%% .7 %%%%  end bancroft.m  3EFREFZIEUTEBLL 6V
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Equatorial Scintillation on GPS during Solar Maximuin

R M Thomas (1), M A Cervera (1), Pian Totarong (2) and Ekkapol Mingkwun (2)
(1) Defence Science and Technology Organisation, Edinburgh, South Australia
(e-mail: dick.thomas@dsto.defence.gov.au)
(2) Military Research and Dévelopment Centre, Bangkok, Thailand

ABSTRACT. In order to monitor the effect of equatorial scintillation on GPS receiver performance during the
current solar cycle maximum centred on the year 2000, a network of 6 GPS Jonospheric Scintijlation Monitors
(ISM) was set up in the Soutn East Asia/Oceania region by DSTO. Data collectior commenced in late 1997 for
many stations, and in 2000 for Thailand, first at Fang then later at Chiang Rai. In addition to measurement of
amplitude scintillation index S4 and phase scintillation index sigma-phi, positional data have also been
rhonitored and display., 51gmﬁcant degradation in the presence of scintillation, more so since the remcoval of SA
(Selective Availability) in May 2000. In this paper we address the jssue of-positional errors, the single staticn
performance of GPS link availability, and the validation of the scintillation modelling code WBMOD with
particular reference to the stations Fang/Chiang Rai and Vanimo.

—

1. INTRODUCTION

The performance of GPS receivers in the equatorial region is potentially compromised by amplirude and phase
scintillations imposed on the satellite signals by Ionospheric imegularities {1]. At equatorial Jatimides, such
irregularities reach a peak in occurrence after sunset and during periods of high solar cycle activity [2]. There is
also a seasonal variation, with peaks in activity in the Australian/Asian longitude sector appearing around the
equinoxes, in March and September. With the exception of the work of Fang and Liu {3], there has been a
relative lack of statistical data on the occurrence of irregularities in this geographical region.

The formation of the irregularities is attributed to the Rayleigh-Taylor Instability |4} in which a perturbation,
forming on the bottom-side of the ionospheric F2 layer, is aniplified at the magnetic dip equator to produce an
upward moving bubble of depleted jonisation which breaks down into a spectrum of smaller irregularities
mapping down magnetic field lines towards the north and south Appieten anomaly crests at around 12 to 135
degrees magnetic latitude [S]. The re=sulting irregularities are most intense at the anomaly crests and are
characterized by a spectrum of scale sizes that constitutes a random diffraction screen to any signals passing
through it. Consequently, scintillations in amplitade and phase may be imposed on the signals from orbiting
satellites such as those of the GPS with the result that the signal tracking loops of a navigation receiver,

depending on its design, may be stressed to the point of producing a degraded position solution, or at worst no
solution.

Owing to the potentially serious consequences of scintillation on GPS receiver performance, it is desirable to
have the cbility to model scintiilation occurrence. WBMOD is such a code {6], aithough its predictions should be
regarded more as monthly median predictions. WBMOD does not claim to provide scintillation’ forecasts on
hourly or daily time scales. Nevertheless, WBMOD is useful and it is worthwhile to have it validated in our own
region by comparing its predicted scintillation occurrence with our measured ISM data, suitably averaged.

2. RECEIVER NETWORK CONFIGURATION

" The network has been described by Thomas et al [7]. The stations are located at Marak Parak (Malaysia),
Parepare (Indonesia), Pontianak (Indonesia), Darwin (Australia), Vanimo (Papua New Gumea) and Fang, later
Chiang Rai (Thailand).

Marak Parak, possessing a dip latitude of —3.8 degrees, may be considered a magnetic equator site, whereas
‘Pontianak (dip —~18.8 degrees), Parepare (-26.2 degrees) and Vanimo (-21.6 degrees) lie more or less under the
southern anomaly crest, Fang/Chiang Rai (+26 degrees) is under the northern anomaly crest and Darwin (-40.5
degrees) is pole-ward of the southern anomaly. At a minimum elevation of 15 degrees and an altitude of 400km
the network monitors a wide area, spanning about 60 degrees of longitude and 50 degrees of latitude. A map of
the station locations is shown in Figure 1.
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Figure 1. Locations of GPS receiver network stations with coverage circles of radius 1140 km (elevation 15,
altitude 400 km), magnetic dip equator and lines of magnetic latitude for 15 north and south.

3. EQUIPMENT

The six ISMs are described in detail by Van Dierendonck et al [8, 9], comprising a NovAtel 11-channel single
frequency (L1=1.57542 GHz) C/A (Coarse Acquisition) code receiver fitted with an oven-controlled crystal
oscillator for low phase noise performance. This narrow correlator receiver has a relatively wide phase-lock-loop
noise bandwidth of 15 Hz, and should track through severe phase scintillation. The received signals are sampled
at a rate of 50 Hz under computer control which provides processed data every minute, saved to an external 1
Gbyte removable disk which is changed approximately monthly for post-processing. The ISM provides a
number of processed scintillation parameters, as well as position and Dilution of Precision data. Phase
scintillation is monitored through the standard devi=tion o, and the power spectral density of de-trended carrier
phase from each satellite. For further analysis, we use the measured o, averaged over a 60 second period.
Amplitude scintillation is monitored through the S4 index, which is the normalised standard deviation of the de-
trended received signal power. This parameter is made available both in raw form or as a corrected S4, for which
the effects of ambient noise have been removed. We work with the corrected value of S4 in subsequent analysis
of our recorded data. In the absence of scintillation and multipath, corrected S4 values should lie below 0.05. In
scintillation conditions, values from 0.05 up to 1.0 may be obtained. But we note that measurement of S4 using
this system becomes subject to some uncertainty due to stressing of the receiver tracking loops at the highest
scintillation levels, when S4 values exceed about 0.7. Data gathering for the ISMs commenced at Parepare,
Pontianak and Marak Parak in December 1997, Darwin in June 1998, Vanimo in August 1999 and Fang in June
2000.
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4. EFFI;CT OF SCINTILLATION ON MULTIPLE GPS SATELLITE LINKS

t is of considerable interest to investigate the robustness of the GPS navigation solution under scintillation.
Links to at least 4 satellites are required in order for a receiver te provide an unaided navigation solution, since
the receiver must solve for 4 “unknowns”, namely the user's location in the 3 spatial dimensions, plus the user's
clock bias with respect to system time [10]. If the links used to calculate the receiver position are sufficiently
stressed by scintillation, some degradation of the position solution could be expected. In a more extreme
sc.ntillation environment, if the number of simultaneous links falls below 4, the system will fail, at ieast until the
necessary links are re-acquired. We have examined Vanimo ISM data from 18 April 2006, a night of strong
scintillation, applying an elevation mask of 15 degrees, and an S4 threshold level of 0.6, in order to compute the
percentage of links (or satellites) for which this S4 threshold was simultaneously exceeded for each one minute
interval during the scintillation episode. The results are shown in Figure 2. For April 2000 the monthly average -
sunspot number was 125.3, and the yearly average sunspot number, was 120.7.

Vonimo. 184p12000 S4:0.5

| m G

sor .'“ﬂ ‘ )

i f

. i |

Mot bop
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113 12 125 13 13.5
UTC (hours)

Figure 2. The percentage of available satellites, above the mask elevation of 15 deg, which during scintiliation
experienced S4 levels in excess of 0.6, for the Vanimo station on 18 April 200C (LT equals UT + 10 hours)

It is evident that on this night a high percentage of satellites suffered scintillation at S4 levels ia excess of 0.6.
For a total of 6 minutes within the interval from approximately 11:30 to 12:05UT, 100% of satellites were
affected. We know that system integrity was maintained despite repeated loss of lock on the worst affected
satellites. Nevertheless we suspect that system performance approached marginal limits during these times.

6. EFFECT OF SCINTILLATION ON POSITION SOLUTION

It is reasonable to assume that if the satellite links that are being used by the receiver to compute its position are
sufficiently stressed, then the position accuracy may become degraded. Also, loss of lock on some satellite links
may possibly lead to an increased DOP (Dilution of Precision) due to a consequent sub-optimal geometric
distribution of available satellites over the sky, thus contributing to degraded positional accuracy. Various
parameters are in common use to characterize horizontal accuracy. CEP (Circular Error Probable) is a median
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measure which specifies the radius of the circle, centred on the station true position, Wwhich contains 50% of all
measuréments in the horizontal scatter plot. Alternatively, R9S is the radius of the circle, centred oa the true
position, whiich contains 95% of all points in the horizontal scatter plot.

GCPS ACCURACY — FANG ISM, 13 SEP, 2000
s v T . ——r : . r : T v - - - T
L 2 Meosures of accurocy ore relative to R95 4
= mean posit'on for eaoch 6Csec interval |

Accuracy (m)

F cep :
T | AL |

O L < - 1 o é L . 1 L . 1 X 1 2 i i i % A ; J
5 10 dis 20 )
Time of Cey (UT nour)
Fig 3. Variation of modified CEP and R95 (metres) in 1 hour intervals on 13 Sep 2000 at Fang; strong
scintillation occurred between about 14 and 17UT (LT equals UT + 7 hours)

We have examined the effect of scintillation on position accuracy by dividing ISM data into lhour intervals
(each containing 60 position measurements) and determining CEP and R93, in this case modified by being
calculated with reference not to the true position but to the mean position for the relevant 1 hour interval. This
approach isolates scintillation effects from those effects which may arise from any incomplete correction by the
ionospheric delay model. Fig 3 shows an example result, in this case from the Fang ISM on 13 Sep 20C0. Strong
scintillation occurred between 14 and 17UT (about 21 and 24LT) with lock being lost on several occasions for
some links and with GDCP rising from about 3 te zbout 7. There are significant increases evident in both CEP
and R95 at this time, demonstrating that accuracy can indeed be compromised by scintillation. Individual
horizontal position solutions have been observed to be in error by as much as 30 metres during some scintillation
events. It is interesting to reflect that prior to May 2000, this behaviour would have been largely masked by the
effect of Selective Availability which would have limited CEP to a minimum value of about 80m for this
receiver. After removal of Selective Availability, CEP values of about a metre are commonplace for single
frequency receivers under benign scintillation conditions (for example, Figure 3 before 10UT).

7. VALIDATON OF WBMOD

WBMOD is a climatological model which provides predictions of the statistical average “envelope” of
scintillation activity and ionospheric irregularities as a functicn of radio frequency, day of year, time of day,
ionospheric latitude and longitude, sunspot number and magnetic activity. It is unable to reproduce the observed
spatial, temporal and night-to-night variations in scintillation activity and so any validation should be performed
by using the ISM data on a monthly statistical basis. Preliminary work has been reported in [11].

The results of our comparison for Fang during the year 2000 are shown in Figure 4 below as the percentage of
time that the scintillation index S4 exceeds 0.3 (top) and 0.6 (bottom) as a function of time of day and month of
year. The equipment was commissioned only in June and therefore we have data only for the second half of the
year. Later data from the years 2001 and 2002 remain to be analysed. The main feature in both the measured and
predicted data is the peak of activity during the September equinox. Comparison of the measured data with the
WBMOD prediction shows that enhanced activity actually extends in time beyond midnight whereas WBMOD
predicts a much shorter duration. In addition, at the stronger scintillation level (§4>0.6), WBMOD over-predicts
the peak level of activity by about a factor of 3.
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The corresponding data for the southern anomaly crest site of Vanimo, east of -Eang by about 42 degrees in
longitudle, is shown in Figure 5. WBMOD appears to provide better over-all agreement than at Fang, although it
under-estimates the level of weak scintillation and slightly over-estimates the stronger scintillation level. We are
unsure why WBMOD perform:ance differs between Fang and Vanimo, but the longitude separation may be
relevant. In addition, Fang is in the northern hemisphere whereas Vanimo is in the southemn hemisphere, It is not
shown to best advantage in Figures 4 and 5 but we have observed in other data that_away from the equinoxes,
scintillation activity is stronger during the winter splstice season than the summer solstice. For Fang the winter
solstice is in December whilst for Vanimo it is in June. .

Although the scope of this paper does not permit a close examination of the data from Marak Parak on the
geomagnetic equator, we have found there that WBMOD seriously under-estimates the scintillation activity
level. Thus, another problem with WBMOD is that it predicts a much deeper modulation with latitude than
actually occurs. The activity minimum at the magnetic equator between the anomaly crests, while real, is more
filled in than WBMOD would suggest.

8. CONCLUSIONS

We have provided some results from the early part of the current max‘mum period of sunspot cycle activity that
show the effect of scintillation on navigation by GPS for one type of single frequency C/A code GPS receiver. It
is shown that a high percentage of satellite links can be simultaneously affected under some circumstances, and
that positional accuracy can be degraded with individual positions sometimes being in error by 30 metres and
RO5 values as high 2s 15 metres. Although it was not shown here we are also aware of many occasions on which
receivers lost lock during scintillation events. We hope to examine this problem in greater detail as more data
from the remainder of the solar maximuin period become availabie from our various stations.

In comparing the predictions of WBMOD with measurements from our ISM network, we conclude that
WBMOD tends to over-predict at the anomaly crests and under-predict at the magpetic equator, and that it
predicts decay of scintillaticn too early in the night by about 2 hours. ISM data from Fang/Chiang Rai situated
under the northern hemisphere anomaly crest and Vanimo under the southern anomaly crest show comparable
high levels of scintillation activity during the equinoxes. At the solstices, activity is much reduced but at
different levels for the different solstices. That is, for both sites activity is very low during the respective summer
solstices (December fcr Vanimo, June for Fang/Chiang Rai) and more elevated during the winter solstices (June
for Vanimo, December for Fang/Chiang Rai).
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