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In this paper, passive range estimation using the ratio of infrared energy absorbed by the sensors placed at the end of 
a baseline is presented. This method is adopted in situations when the target directions are collinear or nearly collin-
ear relative to the baseline and the principle of triangulation can not be applied for range estimation. As it can be seen 
from simulations, in these situations the number of appropriate relative errors can be 2-4 times smaller, depending on 
the target range and direction, if range estimations are based on the ratio of the target IR intensity. A method pre-
sented in this paper represents a complementary solution relative to the principle of triangulation. They both have to 
be used in a situation when only two passive IR sensors are used for target tracking. In this way the extended tracking 
area is obtained. 
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Introduction 

T ARGET tracking and detection in modern combat sys-
tems is based on active radar sensing and laser illumi-

nation. However, an active sensor can be detected from a 
considerable distance and destroyed by homing missiles. 
The use of passive infrared (IR) sensors can be a better so-
lution for a real situation on the battlefield [1,2]. They are 
recognized as providing a precise bearing-only target loca-
tion. Through fusion of data from two or more such sensors 
range information can also be extracted. 

Various passive ranging schemes based on the radiating 
characteristics of a target have been proposed. In the early 
1960s several patents related to a "hot" target IR signal at-
tenuation to the range were approved [3,4]. Both of these 
schemes applied the principle that the ratio of signal at-
tenuation in two narrow IR bands, with known but nomi-
nally different atmospheric attenuation coefficients, could 
be related to the range. Both methods required prior knowl-
edge of the target IR spectrum, an assumption that can be 
easily disqualified with today's countermeasures tactics. 

The aim of this paper is to focus on the triangulation, an 
angle difference location technique that requires only a tar-
get unmodulated IR signature. In case when the target range 
estimation is obtained using two passive sensors, placed at 
the end of a baseline (single baseline method) there is a di-
rection in which all precision in the triangulated target 
range is lost. This phenomenon is known as "geometric di-
lution of precision". In the intention to overcome this 
"geometric dilution" effect, a dual baseline scheme [5] is 
proposed. The baselines have been taken to be orthogonal. 
The individual performance of each of the baselines, when 

taken separately, follows the mathematics of the single-
baseline model. However, the performance of each baseline 
is peaked along the corresponding direction for geometric 
dilution of the alternative baseline; thus it is possible to 
eliminate the geometric dilution problem by switching be-
tween baselines at performance crossing points. It is shown 
in [5] that the crossover points depend primarily on the ra-
tio of the two baseline lengths. It is evident that four IR 
sensors must be used for the realisation of the proposed 
dual baseline scheme. This scheme is intended for imple-
mentation in shipboard systems. In ground-to-air scenarios 
an alternative solution can be obtained if IR sensors are 
placed in a triangle scheme. This solution may be cheaper 
because only three IR sensors are applied.  

In this paper, a new method of range determination is in-
troduced to overcome the "geometric dilution" effect in sin-
gle-baseline passive ranging systems. In situations when the 
target directions are collinear or nearly collinear, relative to 
the baseline, the range estimation is obtained using the ratio 
of infrared energy absorbed by the appropriate sensors [6]. 
This approach is referred to as the target IR intensity ratio 
method. In contrast to the method presented in the literature 
[5] only two IR sensors would be enough for target range 
estimation using this method.  

This paper consists of seven sections. The first one is an 
introduction. The second section presents the proposed 
method. The analysis of the range estimation areas for two 
methods, the triangulation principle and the method based 
on the ratio of the targets IR intensity is given in Sections 3 
and 4. The quality of the proposed method and a suggestion 
for the improvement of results is presented in Section 5. 
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The simulation results are given in Section 6. The last sec-
tion is the conclusion. 

Presentation of the proposed method 
If the origin of the tracking coordinate system is posi-

tioned in the place of the sensor S1 (Fig.1) the position of 
the target is expressed as 
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The distance between the objects S1 and S2 is the base-
line length (d), while the angles (λ1, λ2) and (ϕ1, ϕ2) are the 
azimuth and the elevation from sensors S1 and S2, respec-
tively. This method is frequently used in practice and is 
known as "the principle of triangulation". The target range 
estimation requires the fusion of azimuth and elevation 
measurements from two passive sensors placed, as shown 
in Fig.1, at the ends of a baseline. 

 
Figure 1. Geometry relations among target and passive sensors 

The efficient estimation of other target states, velocity 
and acceleration, can be obtained by an appropriate algo-
rithm as presented in [7]. As it is emphasized above, a prob-
lem arises when the target directions are collinear or nearly 
collinear relative to the baseline. A target movement model 
in a plane can be used to simplify the derivation of the ap-
propriate relation of its range determination based on the ra-
tio of IR intensity measured by the sensors at the end of a 
baseline.   

 

Figure 2. Geometry of the target tracking process in a plane 

As shown in Fig.2, the points where bearing measure-
ments are carried out, S1 and S2, are located at the distances 
r1 and r2 , respectively, from the target at the point T. Al-

though the measurements are not carried out at the point S0, 
it serves as a convenient symmetrical reference between the 
observation points S1 and S2.  The target range r0 is defined 
as a distance from the point S0 to the target. For the devel-
opment of the appropriate equations the next assumptions 
are adopted: 
1. The exact baseline length is known. 
2. The tolerances in the bearing measurements are known 

and will be denoted as ∆ϑ1 and ∆ϑ2. 
3. The discrepancy between the horizontal-path range and 

the slant-path range is not significant (the target is near 
the horizon). 
From Fig.2, it is evident that the angles and appropriate 

distances are related through the relations: 
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According to eq.(5) and (6), we get 
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Considering that the angle ϑ0 = (ϑ1+ϑ2)/2 and using the 
substitution ϑ2 = 2ϑ0-ϑ1, as well as some standard trigono-
metric identities, we get  
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From eq.(4) and (5) it follows 
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and consequently eq.(8) can be rewritten as 
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or alternatively 
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A simplification of eq.(11) is possible under the condition 
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       r1 for 2ϑ0 <10°. In this way, a more convenient form of eq. 
(11) is obtained as 

2
0

00

00

2

1 )(cos
2/cos
2/cos

ϑ
ϑ
ϑ









−
+

=
rd
rd

r
r  (13) 

The received power at the sensor entrance pupil is de-
fined as [8] 
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where  

π
λ ),( TM  – the spectral radiance of Lambertian source in 

[W/(cm2⋅sr⋅µm)], 

 A − the source area seen within the sensor FOV 
in [cm2], 
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We assumed that ∆ϑ1 and ∆ϑ2 are zero mean random 
variables. If sensor performances are not identical, the coef-
ficient α=∆ϑ2/∆ϑ1 is introduced in eq.(24) as a mismatch-
ing measure. With this in mind, the maximum relative error 
is defined as  
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It can be seen from eqs.(25-30) that the maximum rela-
tive error value depends on two variables, r0 and ϑ0. If r0 is 
adopted as a parameter, changing the value of the angle ϑ0 
the area in which the range estimation error will not be 
greater than the defined maximum value of the relative er-
ror |∆r0/r0|max can be obtained.  

Range estimation area for the target IR intensity 
ratio method 

For the sake of notation simplification in the rest of the 
analysis the substitutions  
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are introduced, so eq.(19) can be rewritten as 
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In order to simplify the appropriate analysis the value of 
the coefficient kC =1 is introduced. So, the maximum rela-
tive error due to the measurement errors is defined as  
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∆W1, ∆W2 – the tolerances in the intensity measure-
ment, 

∆ϑ1, ∆ϑ2 – the tolerances in the measurement of the 
appropriate angles 

Through simulation it is easy to show that the change of 
the angle ϑ0 causes different estimations of r0M for the un-
changed true distance r0R to the target. Bearing in mind this 
source of errors, the additional part must be introduced 
through the definition of the appropriate relative error 
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Finally, using eqs.(33) and (34), the relative error maxi-
mum value is defined as a sum  
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From Fig.3 we can conclude that the angle difference ∆ϑ 
= ϑ2 -ϑ1is not greater than 5° for angles ϑ0<10°, so we 
suppose that the appropriate error in range estimation due to 
different target IR radiation along the distances r1, r2 can be 
neglected.  

 

Figure 3. The change of ∆ϑ relative to the ratio r0/d and the angle ϑ0 

The improvement of the target range estimation 
quality 

Next, the sensitivity of the target range estimation r0M to 
the uncertainties in the ratio of measurement W(r2)/W(r1) and 
the angle ϑ0 are considered. According to the sensitivity 
definition, the next expressions are obtained from eq.(32) 
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It can be seen, from the above equations, that the sensi-
tivity of the range estimation r0M may be decreased if kW is 
increased and ϑ0 decreased. It is evident that the value of 
kW may be increased if the baseline length d is increased. 
Bearing in mind eqs.(36) and (37), it can be noted that the 
primary source of errors in range estimation is determined 
by the variation of kW. Therefore, the appropriate preproc-
essing of the measurements W(r1), W(r2) must be introduced 
prior to the calculations of the value r0M. The well-known 
linear Kalman filter may be used for this purpose. It is 
known that the target IR intensity is inversely proportional 
to the square of its range. So, it is reasonable to adopt inten-
sity and its first and second derivative as a state vector in 
the process model 

T  

WWW 







=

...
X  

 

In this case the prediction equation is expressed as 
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The process and measurement noise are assumed to be 
zero-mean white Gaussian with the appropriate covariance 
matrices Q and R, respectively, defined as 
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where q and are the variances of the process and 
measurement noise, respectively. The appropriate meas-
urement equation is  
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The filter suggested above requires initialisation for the 
automatic start. The least squares method [9] utilising n 
measurements should be employed to obtain the best batch 
estimate. If we suppose that all measurements, from the in-
stance t=ti to t=ti-n+1 can be described as quadratic time 
functions with the same initial conditions, the measurement 
set is defined as 

















=























=

−

+−

i

i

i

i

i

i

t

t

t

n

t

t

nt

n

W
W
W

z
z

z

&&

&HZ
1

1

.

.
 (40) 

where  























−−
⋅⋅⋅
⋅⋅⋅

−−−−

=

001
2/1

2/])1[()1(1

2

2

TT

TnTn

nH  (41) 

After the processing of n measurements using the least 
squares method, the initial estimate is obtained in a form 
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The appropriate covariance matrix of errors in the esti-
mate is of the form 
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where the measurement noise covariance R is assumed to 
be constant. 

Simulation results 
In the intention to compare described methods, the rela-

tive estimation errors are examined through simulations, as-
suming the appropriate tolerances for the angle and the in-
tensity measurements 
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the intensity of the target radiation is inverse by propor-
tional to the square of the target range. In this way modeling 
of the intensity ratio variation kW is significantly simplified. 
Its value, in the presence of noise, is defined by the equation 
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where W(rn) and rn represent the measurement noise and the 
range when the SNR has the value defined by the coeffi-
cient a. For example, the model of the SNR=10 dB requests 
the value a=0.1. As it can be seen, the appropriate intensity 
values are normalised and depend only on the distances r1, 
r2 and rn. So, the tolerance of the intensity measurements is 
adopted to be 2.5% of the intensity when the target is at the 
range rn. The range estimation areas for both methods are 
presented in Fig.4. The results for the target IR intensity ra-
tio method are obtained assuming the SNR=10dB when the 
target is at the range rn=10km. 

 

Figure 4. Absolute relative error of range estimation versus the angle ϑ0 
and the ratio r0/d (d=2km); mesh surface in the case of the triangulation 
method; solid surface in the case of the target IR intensity ratio method. 
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Fig.5 represents the relative errors caused by the form of 
eq.(19). It is evident that the appropriate relative errors de-
fined by eq.(34) are under 10%. The existence of optimum 
directions (minimum relative errors) can also be observed 
in this figure. By comparing Figs.4 and 5 it can be con-
cluded that the main reason for the range estimation errors, 
in case of the target IR intensity ratio method, are the toler-
ances of the appropriate measurements. 

 
Figure 5. Absolute relative error of range estimation due to the form of 
equation 

Fig.6 represents the relative errors in case of two target 
ranges (solid lines r0=10km, dashed lines r0=6km) assum-
ing the baseline length d=2km. In both cases, considerable 
improvement can be observed if the range estimation is 
done using the target IR intensity ratio method when the 
target directions are collinear or nearly collinear relative to 
the baseline. The variable influence of increasing the SNR 
in case of different ranges can be noticed in Fig.6. The an-
gle where the relative errors are the same for both methods 
becomes greater when the SNR is increased in case of the 
range r0=10km. In case of the range r0=6km the opposite is 
obtained. Bearing in mind the form of the diagram in Fig.5 
it can be concluded that it is a consequence of equation 
form (19). The number of appropriate relative errors can be 
2-4 times smaller (according to the target range and direc-
tion) if the target IR intensity ratio method is used in the 
range estimation process for the angles ϑ0 = 2-4 degrees. 
The results in Figs. (4-6) are obtained assuming that the 
minimum sensor aspect angle is 2 degrees relative to the 
horizon. In case of smaller angles, any other object on the 
horizon can be viewed as a target. 

 
Figure 6. Absolute relative range estimation error versus the angle ϑ0; solid 
line presents the results when the target is at the range r0=10km, and dashed 
line when it is r0=6km; the triangulation method is signed as (A); in the case 
of the target IR intensity ratio method it is (B1-B4); in the cases (B1, B3) it is 
assumed that the SNR=10dB can be obtained when the target is at the range 
rn=10km; in the case that the SNR=10dB can be obtained when the target is 
at the range rn=20km the appropriate results are presented by (B2, B4) 

With the intention to present a tracking ability of the sys-
tem when the target directions are collinear or nearly col-
linear relative to the baseline, a flying of the target at a rate 
of 250 m/s, in the horizontal plane, from the point C(x,y,z) 
= (0.1,5,-0.1)km in a course with the angle of -91o relative 
to the x-axis was simulated. It is obvious that its course is 
nearly collinear with the y-axis direction of the coordinate 
system. The IR sensors are placed at the positions with the 
coordinates S1(x,y,z)=(0,0,0)km and S2(x,y,z) = (0,2,0)km. 
The simulation interval is chosen to be 3s with a sampling 
period assumed to be 20 ms. The noise energy is assumed to 
be at the level of 10 % of the target energy at a distance of 10 
km relative to the sensor S1. 

The analysis of the quality of the target range estimation 
relative to the middle of the baseline is based on the error 
defined as an absolute value of differences between the es-
timated r0M and the true distances r0 

00 rrr M −=∆  (45) 

From Fig.7 it can be seen that the target range estimation 
is better if the coefficient cτ0 is introduced as in eq.(19). 
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that is obtained through the Monte Carlo simulations (30 
runs have been made). It is assumed that both coefficients, 
cτ0 and cτ , are identical. The similar results are obtained if a 
small difference between these coefficients exists. It has to 
be mentioned that the divergence of the presented diagram 
in Fig.5 will be smaller if the condition (cτ0 > cτ ) is satis-
fied. In the opposite case, when (cτ0<cτ ), a greater divergence 
relative to the presented diagram would be obtained [6].  

Conclusion 
The use of passive sensors enables hidden target detec-

tion and tracking in the air space. However, in a situation 
when target directions are collinear or nearly collinear to 
the baseline, there is a problem known as geometrical dilu-
tion of precision (GDOP), and the triangulation method 
gives unacceptable range estimation errors. This problem 
can be overcome if full potential of passive IR sensors is 
explored. In case of the triangulation method only the 
measurement of the appropriate angles is used for the target 
range estimation. Considering that the tracking process is 
based on the target IR signature, the measurements set can 
be extended by the appropriate intensity measurements of 
the target IR radiation. Bearing in mind the extended meas-
urements set, a new range estimation method is defined. 
According to the achieved simulation results, we suggest 
the application of this method in situations when target di-
rections are collinear or nearly collinear to the baseline. As 
it can be seen from simulations, in these situations, the 
number of appropriate relative errors can be 2-4 times 
smaller, depending on the target range and direction, rela-
tive to the triangulation method.  

It can be concluded that the target range estimation 
based on its IR intensity represents a complementary solu-
tion relative to the principle of triangulation. With this in 

mind, both of them, the suggested method and the principle 
of triangulation, have to be combined to get the extended 
tracking area. In the situations when the target IR intensity 
ratio is used for range estimation, the results are influenced 
by instantaneous atmospheric conditions. Better results can 
be obtained if an appropriate preprocessing of measure-
ments W(r1), W(r2) is applied using, for example, the linear 
Kalman filter. 
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Poboljšanje sistema za praćenje cilja pomoću pasivnih IC senzora 
smeštenih na krajevima bazne linije 

U radu je opisan postupak procene daljine na osnovu količnika intenziteta IC zračenja izmerenog pomoću pasivnih 
senzora koji su smešteni na krajevima bazne linije. Predloženi metod se uvodi u situaciji kada su smerovi cilja ko-
ličine kolinearni ili približno kolinearni u odnosu na baznu liniju pa se ne može primeniti princip triangulacije za 
procenu daljine. Na osnovu obavljenih simulacija se vidi da odgovarajuće relativne greške mogu biti 2-4 puta manje, 
zavisno od pravca i daljine cilja, ukoliko se procene daljine cilja dobijaju na osnovu količnika intenziteta njegovog IC 
zračenja. Metod koji je prikazan u ovom radu predstavlja  komplementarno rešenje u odnosu na princip triangu-
lacije. U situaciji kada se praćenje cilja ostvaruje pomoću dva IC senzora, treba primeniti oba metoda kako bi se do-
bila proširena zona praćenja. 

Ključne reči: pasivni IC senzori, praćenje cilja. 

Amélioration des systèmes passives ďestimation de distance à une 
ligne de base en utilisant le taux de ľénergie IR de la cible 

Le papier présente une estimation passive de distance à ľaide du taux de ľénergie infraruge absorbé par les capteurs 
positionés au bout de la ligne de base. Cette méthode est adoptée quand les directions de cibles sont colinéaires où 
presque colinéaires par rapport à la ligne de base et quand le principe de triangulation ne peut pas être appliqué. Les 
simulations démontrent que les erreurs relatives appropriées sont 2-4 fois moins nombreuses, suivant la distance et la 
direction de la cible, si ľestimation de la direction est basée sur le taux de ľénergie IR de la cible. La méthode est 
complémentaire avec le principe de triangulation et tous les deux doivent être utilisés quand il n'y a que deux capteur 
IR passifs pour la poursuite de la cible. La zone de poursuite étendue est ainsi obtenue. 

Mots-clés: capteur IR passif, poursuite de la cible. 
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