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Abstract
The paper presents two geodetic models using data from two or three receivers to track the locations of mobile
transmitters.

To apply the techniques in this study, one first has to obtain the estimated angles of arrival (AOAs) and their
standard deviations (SDs) from two or three receivers to each transmitter. The histogram-based algorithms in [1]
can be used to calculate the estimated AOAs and AOA SDs from a receiver to various transmitters and can be
extended for mobile transmitters and fixed receivers with a two/three-receiver (2R/3R) fixing. Once the estimated
AOAs and AOA SDs from each receiver to the mobile transmitters are obtained, both of the Spherical and WGS34
geodetic models[2], [3] are used to process the estimated data for each receiver to track the locations of the mobile
transmitters with a 2R or 3R fixing. To consider the statistical variations during the location tracking, the concept of
confidence ellipse (CE) [4] is applied.

Three sets of simulated data were processed and their results showed significant accuracy for various scenarios.
The results of this study demonstrated the effectiveness of using both of the geodetic models to track mobile
transmitters with a 2R or 3R fixing.

In general, both of the geodetic models provide a simple and efficient way to track mobile transmitters. The
approach is particularly applicable for receivers using fast wideband scanning devices and where items such as
AOAs and their instantaneous SDs from several channels are reported per second.

I. Introduction I1. Geodetic M odels

In mobile communication, the problem of position As described in [2], a poinQ on an ellipsoid is
determination of a mobile transmitter has been studiegdeétermined by (¢,4) = (latitude, longitude). The
extensively, particularly in the context of military latitude is the angle between the normalQatnd the
operations and governmental spectrum licensingplane of the Equator. For an ellipsoid, the normaD at
Position estimation can be enhanced by combiningloes not go through the center point. The longitude is
geodetic modeling with direction finding (DF) the angle between the plane of the meridiaQaind
techniques and receivers’ global positioning systenthe plane of a reference meridian through Greenwich.
(GPS) [2] data. In this study, multiple (two and three) In this study, the GPS data include each receiver’s
receivers were used to perform the DF fixing. Twocoordinates (¢,A). The AOA is equivalent to the
geodetic models (Spherical and WGS84) were used. azimuth, defined as the angle with respect to the North
The CRC’s Spectrum Explorer [5] can be used as thpole in a clockwise direction. Since the earth can be
receiver to scan, collect and pre-process wirelesgodeled as a sphere or an ellipsoid, the corresponding
signals. Each scenario may include multiple channelgvo models, Spherical and WGS84, were used.
(frequency bands), in or out of regulation. Each channel
may have multiple users from various AOAs with 1. Spherical Model
different signal-to-noise ratios (SNRs). Each user may
use various modulations such as amplitude modulatiomo derive formulas for the transformation of a sphere,
(AM), frequency modulation (FM), etc. The estimatedtwo basic laws of spherical trigonometry [3] are used.
AOAs and AOA SDs of users for each receiver can b&eferring to the spherical triangle in Fig. 1, with three
used for the 2R or 3R fixing. With the known GPS points having angles)( B, C) on the sphere, and three
coordinates of the receivers and the geodetic modelgyeat circle anglesa( b, ¢) connecting them, the Laws
one can track the mobile transmitters accurately. of Sines/Cosines declare that
Three simulated data sets will be processed using
both of the geodetic models for the 2R and 3R fixings.sin A/sina =sinB/sinb =sinC/sinc, (1)

The detailed results will be shown later in this study. ¢ = cosbcosa + sinbsin acosC )
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Fig. 1. Spherical triangle
cosC = —cosBcosA+sinBsin Acosc. (3

If Cis placed at the North Pole, it becomes the angle
between the two meridians extendingto Aand B. If Ais
the starting point on the sphere and B the second, ¢ is
the great circle angle between them, and angle A is the
azimuth Az east of north which point B bearsto point A.
If (@,4) and (@,A,) arefor A and B, respectively, the
great arc distance between A and B is S and the radius
of the earth is R (=6367.445 km), then
A=Az sina =cosg,sSinb =cosqg,
sinC =sin(A, —4),c=S/R.

Then (1) and (2) become

sin Az/cosg, =sin(A, - A))/sinc, 4
COSC = Sing Sin g, + Cos¢ Cosg, COS(A, — Ay). (5)
From (4), one can get

cosAz =[cos@ sing, —Sing cosg, cos(A, — A;)]/sinc. (6)
From (5) and (6), one can get

@ = arcsin(sing cosc + cos¢ SiNCccos Az). @)
Given (g,4) and (@,A,) for receivers 1 and 2 (R1

and R2), (5) can be used to find the S (D12) between
R1 and R2. Then the corresponding Az (A12, A21)
between R1 and R2 can be found by using (4) and (6).
For transmitter 1 (T1) with AOAL from R1 and AOA2
from R2, by properly subtracting (A12, A21) from
(AOA1, AOA?2), one can find the two internal angles at
the R1 and R2 corners of the R1-R2-T1 triangle. Then
the internal angle at the T1 corner can be calculated by
using (3). The D13 between R1 and T1 can then be
calculated by using (1). Then the problem with given
D13 and AOA1 from R1 is next. (5) and (7) can be
used to find the (g;,43) which is the location of T1.

The same procedure can be repeated for multiple AOAL
and AOA2 sets for various mobile transmitters. The
above 2R fixing procedure can be extended to a 3R
fixing by processing two receivers at atime.

2. WGS84 M odél

The following mid-latitude formulas [2] (8), (9) and
(10) can be used to find the arc distance S and the two
azimuths between known pointsat (¢,4) and (,4,) :

SsinAz = Nl cosg{1- (Ising)?/ 24+

1+n? -an?)b?/2av Y,

ScosAz = Nb'cos(l / 2)[1+ (1 - 27°)(1 cos@)? | 24 +

n?@-t3)b?/evd,

AAZ = | sing{1+ (1+72)(I cosg)? 112+ (3+872)b? / 24V 4],
(10)

®)

9)

where
p=@+®)/21 = -2, b=p -@,t =tang,n = € cosy,
¢2=(@2-b?)/b2, V2 =142, f = (a-b)/a,c=a’/b,

N =a/y1- f(2- f)sin?g,V =¢/N,b =b/V?,

and a (=6378.137 km) is the semimajor axis (equatorial

radius) of earth; b is the semiminor axis (polar radius)

of earth; f (=1/298.257223563) is the flattening; € is

the second eccentricity and C isthe radius of curvature.
(20), (11) and (12) can be used iteratively to find the

(»,A,) a agiven Sand azimuth Az east of north from

(@A) :

| = Ssin A1+ (Ising)? /24— (1+1° -9n%t?)b?/

24V *1/ N cosg,

b' = ScosAZ1- (1- 272)(I cosg)? | 24—

n?(1-t?)b'2/8v*1/ N cos(l/ 2).

Note that the S between the estimated location of a
transmitter and a known receiver in WGS84 model can
be estimated by using (4) and (5) in the Spherical model
(note the c=9/R) combined with the averaged spherical-
to-ellipsoidal correction factor. From [3], the ratio for

the length of a radian of latitude along a meridian on
the sphere to that on the ellipsoid is

11

(12)

Con(9) = RL-€sin’9)*? [aL- )], (13)
and the ratio for the length of a radian of longitude
along a parallel on the sphere to that on the ellipsoid is

Cp(9) = RU-€?sin? )" ?/a, (14)
where e=(1-b%/a®)? is the eccentricity of the
ellipsoid. Given (¢g.4) and (@.4,), the averaged

spherical-to-ellipsoidal correction factor is

Cop_atips = {CA (@) +CE@) +|Ch (@) + CE@) f2.(19

The relationship between the S in WGS84 model
(Swesss) @nd the Sin Spherical model (Sy) is



Swesas = Ssp/cspfellips . (16)

Given (g,4) and (g,4,) for R1 and R2, (8) and (9)
can be used to find the S (D12 WGS84) between R1
and R2. Then the corresponding Az (Al12, A2l)
between R1 and R2 can be found by using (8), (9) and
(10). Again, for T1 with AOAL from R1 and AOA2
from R2, by properly subtracting (A12, A21) from
(AOA1, AOA2), one can find the two interna angles at
the R1 and R2 corners of the R1-R2-T1 triangle. Then
the internal angle at the T1 corner can be calculated by
using (3). Note that since the Spherical model equation
(3) is used in the WGS84 model, (15) has to be used.
That is, D12_WGS84 should be multiplied by (15) to
get the D12_Spherical, which can be then used to find
the internal angle at the T1 corner. The D13 Spherical
between R1 and T1 can then be calculated by using (1).
Then the D13 _Spherical should be divided by (15) to
get the D13 WGSB4. Then the problem with given
D13 WGS84 and AOA1 from R1 is next. (10), (11)
and (12) can be used to find the (¢;,43) which is the

location of T1. Again, the same procedure can be
repeated for multiple AOA1 and AOA2 sets for various
mobile transmitters. The above 2R fixing procedure can
be extended to a 3R fixing by processing two receivers
at atime.

I11. 2R/3R Fixing and Confidence Ellipse (CE)

Both of the 2R and 3R fixings were investigated in this
study. The concept of CE was also applied.

1. 2R Fixing

The detailed calculation procedure for the 2R fixing has
been described in both the Spherical and WGS84 model
sections. One can repeat the procedure for multiple
AOA1 and AOA2 sets for various mobile transmitters

to track those mobile transmitters.
2. 3R Fixing

InFig. 2, K, L and M represent the receiversand A, B, C
the corresponding corners of a triangle. From [4], the
best estimated location of the transmitter is at V, the
meeting-point of lines AT and BU, where

BT _ D{oju sin® BCA
e T2 s A an
TC Doy sin“ ABC

CU _ DZogy sin”CAB

= o KT 18
UA  Dfogy sin® BCA (19

where D¢ =KC,D_ =LA Dy =MB and o, Iis the

AOA SD from receiver J (=K,L,M). By Menelaus’
Theorem [6],

CAxVU x BT =UAx BV xTC, thus

ﬂ:ﬂx%:ﬂx(l+g)_ (19)

VU TC UA TC UA

The detailed calculation procedure for the 2R fixing has
been described in both the Spherical and WGS84 model
sections. For various mobile transmitters, one can
repeat the 2R fixing procedure for multiple AOAL,
AOA2 and AOAS sets for the 3R fixing to find the sets
of (A, B, C). Once the sets ofA( B, C) are found, one
can use (17), (18) and (19) to find tHe to track those
mobile transmitters.

3. Confidence Ellipse

The CE with probabilityP is the probability that th¥

of a mobile transmitter will lie within the area bounded
by an elliptical contour with semimajor axis and
semiminor axiss. The related equations [4] are defined
as follows:

X2 v?
r_2+? =-2log,(1-P), (20)
where
2
iz:ZK—vtamp, %:2p+vtan¢, K:zs”; QJZ ,
r S Ja'wDJ
2 .
cos“ 4 sind; coséd v
SIS VEI T S 2
J 0yyD; I oyDj K—u

and 6; is the AOA from received. Note thatX andY
rotate through an anglg relative to the coordinates
andy. Also the (r,s,«,u,v,¢) and the CE vary as the

AOA varies. The CE can be applied to both of the 2R
and 3R fixings.

Fig. 2. 3R Fixing



IV. Simulated Results area of each CE (AREACE_Tj irkm?) was also

) calculated. For the cases of mobile transmitters,
Threg receivers located at Mont Roya (R1) and St- - Er_AOAI_Tj(1,2), True_Tj(1,2)Vavg_Tj(1,2), ¢_max,
Remi (R2) in Quebec, Canada and a dummy location s max) Tj(1,2), RMSD_Tj(1,2) and AREACE_Tj(1,2)
(R3) were simulated with (¢,4) equal to  were calculated.

(45.50°,-72.39%) , (45.28", - 72.33") and (45.43°, - 72.68°) , o
, respectively. For the Spherical model, the arc distance Simulated Testl ScenaridMotionless T1 for a 2R
R1 R2 (D12) = 25.207 km, R2_R3 (D23) = 31.979 km  fixing, (AOA1l, AOA2) = (225°,315°) with (I): 1°
and R3_R1 (D31) = 23.893 km. For the WGS84 model, — EQ0 - 10 -
D12 = 25,211 km, D23 = 32,058 kmand D3L = 23965 =+~ andP = 50% CE; (I): 1" AOA SD andP
km. One and two transmitters with estimated 25-dB ~ 99% CE; (lll): 2 AOA SD andP = 99% CE. For the
SNR were dso smulated. In this study, AOAi Tj  Spherical and WGS84 models, among 20 snapshots, the
represents the true azimuth from receiver i to  results of (I) are shown in Fig. 3 and Fig. 4,
transmitter j. For the case of one motionless transmitter, ~ eSpectively. The results of (Il) are shown in Fig. 5 and
the AOAi T1 set was used, while T1I& T2 setswithtwo ~ Fi9- 6, respectively. The results of (lll) are shown in
indices (AOAi_T1&2(1,2)) were used for the case of ~ Fig- 7 and Fig. 8, respectively. The related results are
two mobile transmitters. shown in TABLE |.

From [1], the AOA SDs among various single-

receiver scenarios with 25-dB SNR are around 2°. 1 ; ;
Thus, to simulate multi-receiver scenarios with a 25-dB § § i

4585 T T T T

and AOA SDs in [1] for a single-receiver scenario can = ;-
be used as the inputs from each receiver in this study.
Certainly, the estimated AOAs and AOA SDs from

L A LLTTEEET FL S o RRREEE SRRPERRERRS -
SNR, normal distributions with 1° and 2° SD were i

used with various seeds for each snapshot as the signal | ; ; ;

model of the AOA SDs of the transmitters from each . ***[ prrT o ]
receiver. A snapshot refers to multiple wideband scans & - :

of data that are averaged to produce estimates of the 454 R R 2
AOAs and AOA SDs. Note that the estimated AOAs 2 i

P IS A A— ]

each receiver to the transmitters can be obtained by : ; ; D
methods other than [1]. i i : PR

For the 2R fixing, (R1, R2) and (AOAL, AOA2) were 4535 ———L L L -,
used. For the 3R fixing, (R1, R2, R3) and (AOAL, ' ' Longituds (Degree) ' '

AOA2, AOA3) were used. In this study, 20 snapshots
of smulated data were generated for each case USNg  Fjg. 3. Test1, Spherical,SD, 50% CE, Avg_20snaps
the sets of the AOAI_Tj with an AOA SD for
transmitter j from receiver i. Among the 20 snapshots,
(r_max, s max) were caculated by finding the
maximum of (rs, ss), and the corresponding CE | ; ;
(represented by an €llipse) was calculated for each case. Lt TR i Ht s SRR bromeennees .
In related figures, the (r_max, s_max)_Tj of the CE was ‘ ’ ’ ’
displayed in km. Vavg_Tj, the center of a CE in .,
(latitude_degree, longitude degree), was calculated by
averaging V_Tjs among 20 snapshots. The true location
of Tj (True Tj in (latitude_degree, longitude degree))
was calculated by using zero AOA SDs and was : i i i
represented by a star. ] Tt S penseesenea .
For each scenario, both of the Spherical and WGS84 1 : : :
models were used and the recalculated AOAI_T]j 453 | : : :
(Rec_AOAI_Tj, azimuth from Ri to Vavg_Tj) was | § § i o
caculated. The AOAI_Tj error (Er_AOCAI Tj = ‘ ’ ’ ’
Rec AOAi_Tj — AOAI_Tj) was calculated in degree  ®% 5 725 728 721 2% 23
check the accuracy. The root-mean-square dis Longitude (Degree)
(RMSD_Tj in km) betweenV_Tjs and the True_Tj
among 20 snapshots was calculated. The correspondirkdg. 4. Testl, WGS84,’ SD, 50% CE, Avg_20snaps

4585 T T T T

R 02RO 0 2GRk~ e Frmreeees T

Latitude (Degree)




4555 T r T r
Y S A M R e - .
A5G fros e mm e beeeenenaas
o |
] :
g D . :
=SB . | H
o 48 (07248 0 BOgFnKR - T prrmmeeneees .
2 . ' :
= | | |
3 i i
45,35 forrnmmmn oo Reeooooonees
] L - -
: Lo
: : R2
45.25 i L i i
255 725 7245 724 7235 723

Longitude (Degree)

Fig. 5. Test1, Spherical, 1° SD, 99% CE, Avg_20snaps
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Fig. 6. Test1, WGS84, 1° SD, 99% CE, Avg_20snaps
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Fig. 7. Testl, Spherical, 2° SD, 99% CE, Avg_20snaps
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Fig. 8. Testl, WGS84, 2° SD, 99% CE, Avg_20snaps

Simulated Test2 Scenario: Mobile T1& T2 for a2R
fixing with 2° AOA SD and P = 99% CE.

AOA1,2 T1(1,2) = (225°,228°),(315°,318"),

AOA1.2 T2(1,2) = (235°,238%),(325,328°). Among
20 snapshots, the results for the Spherical and WGS84

models are shown in Fig. 9 and Fig. 10, respectively.
The related results are shown in TABLEI.
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Fig. 9. Test2, Spherical, 2° SD, 99% CE, Avg_20snaps

Simulated Test3 Scenario: Mobile T1&T2 for a 3R
fixing with 2° AOA SD and P = 99% CE.

AOA1,2,3 T1(1,2) = (225°,228°),(315°,318°),(90°,93°),
AOA1,2,3 T2(1,2) = (235°,238°),(325°,328"),(80°,83").




15 ! T ! T Among 20 snapshots, the resuits for the Spherical and

; ; » ; WGS84 models are shown in Fig. 11 and Fig. 12,

R N P 7 respectively. The related results are shown in TABLE I.

From TABLE | Testl part, one can see that the

_ A S e e e ARRRRARSRELLT AR LR e - (Er_AOAI_Tj, Vavg_Tj, RMSD_Tj) are independent of

g (0 “3’?113é%8?%maa)km CEs (that is, 50% and 99% CEs have the same
S paf 5 S OO A— 4 (Er_AOAI_Tj, Vavg_Tj, RMSD_Tj)).

E " UWBWEMQ However, the higher percentage the CE has, the larger

T 538 b SUUUONS SO b 1 (r_max, s max) and AREACE_Tj are. Note that the

capability to locate a transmitter properly relies on the

PP I S S S b i accuracy of the area enclosed by the CE, which in turn,

i i i Lo depends on the accuracy of Vavg and (r_max, s_max).

1595 i i i i Among the 2R and 3R fixings, the AOA SDs are

255 728 7245 724 7235 723 jnvolved in calculation of both Vavg and (r_max,

enatuce Gsares) s max) for the 3R fixing, while for the 2R fixing, the

AOA SDs are only involved in calculation of (r_max,
s max).

From TABLE | Test2&3 parts, the (Er_ AOAL Tj,
45.55 T T T T T T T T Er_ AOA2 Tj) in the 2R fixing are smaller than their
; ; ; ; ; ; ; ; counterparts in the 3R fixing. This may come from the
T S S . involvement of the AOA SDs in (17), (18) and (19) to
§ § § | | | | | calculate Varg for the 3R fixing and the effect of the
4545_@ 5'%286' R ________ AOA SDs not being used to calculate Varg for the 2R
N RS rR, fixing. Nevertheless, one can see that the Er_AOAi_Tjs
; : P (15215295587155985m § § are small (less than 2.25 SD of AOA SDs) in both the
. . ! ' Z 2R and 3R fixings, which shows the accuracy of the
; ; ; ; ; ; ; ; two geodetic models in this study is significant.
IR -] NUOS SUUUIS SUNNUS SOOI SRR MUSNS SRS S However, since the AOA SDs are not used to calculate
’ ’ ’ ’ ’ ’ ’ ’ Vavg for the 2R fixing, with the extra information from
I SOSTL URUNE AUE SUSTITE WU A NS SO the third receiver plus the AOA SDs, the accuracy of
' : : : : : : b Vavg should be higher for the 3R fixing. Also, the
, , : : : : i : accuracy of (r_max, s max) should be higher for the 3R
B 7w 728 T T8 725 724 7a® 73 7 [Xing with the extra information from the third
Longitude (Degres) receiver, this can be seen from TABLE | that
AREACE_Tjs of the CEs in the 2R cases are generally

Fig. 11. Test3, Spherical, 2° SD, 99% CE, Avg_20snaps  larger than their counterpartsin the 3R cases.
The size of a CE at a certain percentage provides

Fig. 10. Test2, WGS84, 2° SD, 99% CE, Avg_20snaps

Latitude (Degree)
=
m
=
T

g R direct information of how confident a transmitter is
: : : : : ; ; ; located within that CE. That is, the larger the CE is, the
0 ISR T S S N N T higher the confidence is. At a certain confidence
' i i i i : PR : percentage, a smaller CE indicates a more accurate
; ; ; = : : : estimate of a transmitter’s location. Thus, with higher
B e . 5 gJ """" accuracy of Vavg, (r_max, s max), and smaller
’g)? ® ! 39590595 Tikm oV — ! —_ ! )
5 R3! ; ; @521‘15142%561;8145 b ; AREACE, the 3R fixing can locate the transmitters
e 4547( ——————— )m ———————— better than the 2R fixing with the tradeoff that one more
E ; ; ; ; ; ; ; ; receiver is needed. Due to different calculations\Mor
Q=X | EGUSUIS SUURUNS SO SNSRI SHOSUNS VRIS ORI I MO the True_Tjs in the 2R cases have different values from
i i i i i i i i their counterparts in the 3R cases. From the above
SO S TN IO TS SO NS RO RO N discussion, one can see that the reason why the
' : : : : : : gom g RMSD_Tjs in the 2R cases are not always larger than
i i i i i i . i their counterparts in the 3R cases may be caused by the
4525

a7 7285 726 7256 726 7245 724 7235 723 7225 inaccuracy of True_Tjs in the 2R cases.
Lengitude (Degres) As per the Spherical and WGS84 models, their

_ estimated results are close to each other in this study.
Fig. 12. Test3, WGS84, 2° SD, 99% CE, Avg_20snaps



TABLE I. RESULTS FOR 20 SNAPSHOTS

| Spherical | wGss4
Simulated Test1 (1): AOA1=225, AOA2=315 dgs, 1-dg SD, 50% conf.
Er AOAL/2_T1(dg) [0.21141/0.24453 [0.21142/0.24459

[True T1(la dg,lo_dg)

45.4162, -72.5244)

(45.4162, -72.5238)

Vavg_T1(la_dg,lo_dg)

45.4164, -72.5231)

(45.4165, -72.5226)

(r_max, s max)_T1(km)

0.28111, 0.23656)

(0.28108, 0.23649)

RMSD_T1(km)

0.38072

0.38077

IAREACE_T1 (knr'2)

0.20891

0.20883

Simulated Testl (11): AOA1=225, AOA2=315 dgs, 1-dg SD, 99% conf.

Er_AOAL/2_Ti(dg)

10.21141/ 0.24453

0.21142/0.24459

True T1(la dg,lo_dg)

45.4162, -72.5244)

(45.4162, -72.5238)

Vavg_T1(la_dg,lo_dg)

45.4164, -72.5231)

(45.4165, -72.5226)

(r_max, s max)_T1(km)

0.72459, 0.60974)

(0.72451, 0.60957)

RMSD_T1(km)

0.38072

0.38077

IAREACE_T1 (kn¥'2) 1.388 1.3874
Simulated Test1 (111): AOA1=225, AOA2=315 dgs, 2-dg SD, 99% conf.
Er_AOA1/2_T1(dg) 10.43712/0.49647 10.43715/0.49652

[True_T1(la_dg,lo_dg)

45.4162, -72.5244)

(45.4162, -72.5238)

Vavg_T1(la_dg,lo_dg)

45.4166, -72.5218)

(45.4167, -72.5212)

(r_max, s max)_T1(km)

1.4536, 1.2345)

(1.4535, 1.2342)

RMSD_T1(km)

0.76158

0.76167

IAREACE_T1 (kn72)

5.6374

5.6359

AOAL T2(1,2)=235,238, AOA

Simulated Test2: AOA1 T1(1,2)=225,228, AOA2_T1|

2 T2(1,2)=325,328 dgs

(1,2)=315,318,

2-dg SD, 99% conf.

Er_AOA1 T1(1,2)(dg)
Er_AOA2_T1(1,2)(dg)

0.32178, -0.047916
10.80228, -0.040003

0.32177, -0.047892
-0.80221, -0.039927

[True_T1(1)(la_dg,lo_dg)
[True_T1(2)(la_dg,lo_dg)

45.4162, -72.5244)
45.4277, -72.5205)

(45.4162, -72.5239)
(45.4278, -72.5199)

Vavg_T1(1)(la_dg,lo_dg)
Vavg_T1(2)(la_dg,lo_dg)

45.4148, -72.5277)
45.4275, -72.5205)

(45.4149, -72.5272)
(45.4276, -72.52)

(r_max, s_max)_T1(1)(km)
(r_max, s max)_T1(2)(km)

1.3051, 1.1711)
1.282, 1.1075)

(1.3053, 1.1708)
(1.2821, 1.1069)

RMSD_T1(1,2)(km)

0.72998/ 0.94992

0.73003/ 0.72995

IAREACE_T1(1,2) (kn"'2)

4.8017/ 4.4606

4.801/ 4.4584

Er_AOA1_T2(1,2)(dg)
Er_AOA2 T2(1,2)(dg)

0.41135, -0.47495
10.48043, -0.29088

0.41132, -0.47493
-0.48038, -0.29083

[True_T2(1)(la_dg,lo_dg)
[True_T2(2)(la_dg,lo_dg)

45.4531, -72.5048)
45.463, -72.4955)

(45.4531, -72.5043)
(45.4631, -72.4951)

Vavg_T2(1)(la_dg,lo_dg)
IVavg_T2(2)(la_dg,lo_dg)

45.4526, -72.5074)
45.4618, -72.4963)

(45.4527, -72.5069)
(45.4619, -72.4958)

(r_max, s mex)_T2(L)(km)  (1.4376, 1.1846) (1.4377, 1.1837)
(r_max, s max)_T2(2)(km)  (1.3839, 1.1053) (1.3836, 1.1038)
RMSD_T2(1,2)(km) 0.87361/ 0.78357 0.87379/ 0.87371
IAREACE T2(1,2) (knv'2) _ 5.3501/ 4.8054 5.3463/ 4.798

Simulated Test3: AOAL T1(1,
IAOA3 T1(1,2)=90,93, AOAL_T2(1,2)=235,238, AOA2_T2(1,2)=325,328,
IAOA3 T2(1,2)=80,83 dgs, 2-dg SD, 99% conf.

2)=225,228, AOA2_T1

(1,2)=315,318,

Er_AOA1 T1(1,2)(dg)
Er_AOA2_T1(1,2)(dg)
Er_AOA3 T1(1,2)(dg)

R.4732, 0.68219
4.4999, 0.34127
R.6763, 0.17662

2.459, 0.6615
4.4743, 0.3225
2.6639, 0.15849

[True_T1(1)(la_dg,lo_dg)
[True_T1(2)(la_dg,lo_dg)

45.4289, -72.5158)
45.4291, -72.5194)

(45.4288, -72.5153)
(45.4291, -72.5189)

Vavg_T1(1)(la_dg,lo_dg)
Vavg_T1(2)(la_dg,lo_dg)

45.4303, -72.5141)
45.4295, -72.5206)

(45.4303, -72.5137)
(45.4295, -72.5201)

(r_max, s_max)_T1(1)(km)
(r_max, s max)_T1(2)(km)

1.61509, 0.61562)
1.242, 0.67594)

(1.6154, 0.61716)
(1.2412, 0.67845)

RMSD_T1(1,2)(km) [1.4094/ 0.68348 0.87823/ 0.87822
AREACE T1(L2) (knv'2)  B.1262/ 2.6375 3.132/ 2.6455
Er_AOAZL_T2(1,2)(dg) 0.81012, -1.657 0.81611, -1.6443
Er_AOA2_T2(1,2)(dg) 1.0897, -2.1499 1.1006, -2.1406
Er_ AOA3 T2(1,2)(dg) 0.89494, -2.2815 0.90839, -2.2694

[True_T2(1)(la_dg,lo_dg)
[True_T2(2)(la_dg,lo_dg)

45.4556, -72.5026)
45.4569, -72.5022)

(45.4557, -72.5021)
(45.457, -72.5017)

Vavg_T2(1)(la_dg,lo_dg)
Vavg_T2(2)(la_dg,lo_dg)

45.4564, -72.5013)
45.4566, -72.503)

(45.4565, -72.5008)
(45.4567, -72.5025)

(r_max, s_max)_T2(1)(km)
(r_max, s max)_T2(2)(km)

1.3655, 0.62865)
1.3963, 0.59493)

(1.3654, 0.62899)
(1.3969, 0.59521)

RMSD_T2(1,2)(km)

0.81975/ 0.95306

0.90192/ 0.90193

IAREACE_T2(1,2) (knv'2)

R.6968/ 2.6097

2.6981/ 2.612

V. Conclusions

The paper presents two geodetic models using data
from two or three receivers to track the locations of
mobile transmitters. To apply the techniques, one first
has to obtain the estimated AOAs and AOA SDs from
two or three receivers to each transmitter using his own
method. The histogram-based algorithms in [1] can be
used to calculate the estimated AOAs and AOA SDs
from a receiver to various transmitters. Once the
estimated AOAs and AOA SDs from each receiver to
the mobile transmitters are obtained, both the Spherical
and WGS84 geodetic models can be used to process the
estimated data for each receiver to track the mobile
transmitters with a 2R or 3R fixing.

The results showed the effectiveness of using both of
the geodetic models to track mobile transmitters with a
2R or 3R fixing. One can see that the accuracy of the
algorithms is significant. The 3R fixing can locate the
transmitters better than the 2R fixing, with the tradeoff
being that one more receiver is needed. Results using
the Spherical and WGS84 models are very similar.

In general, both of the geodetic models provide a
simple and efficient way to track mobile transmitters.
The approach is particularly applicable for receivers
using fast scanning devices and where items such as
AOAs and their instantaneous SDs from severa
channels are reported per second. In the near future,
measured data for a 2R or 3R fixing with mobile
transmitters will be used to test the capability of the
algorithmsin this study.
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