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Abstract — Passive tracking of maneuvering emitters
18 of fundamental interest. For this purpose, an appro-
priate motion model, the piecewise curvilinear motion
model, is presented in this paper. The high-dimensional
target state is characterized by position, speed, course,
piecewise constant tangential and normal velocity, as
well as maneuver change-over times. A single moving
sensor collects azimuth measurements to obtain the tar-
get state. In order to determine the mazimum achiev-
able estimation accuracy, we derive the Cramér-Rao
bounds for this estimation problem. A maximum likeli-
hood estimator is propsed to solve the localization prob-
lem and to calculate the maneuver change-over times.
Estimation results are obtained in Monte Carlo simu-
lations and the efficiency of the estimator is proven by
comparing these results with the theoretical Cramér-Rao
bound.

Keywords: Maneuvering targets, passive emitter lo-
calization, bearings-only tracking, Cramér-Rao bound,
maximum likelihood estimation

1 Introduction

The estimation of the state (e.g. position, velocity) of
an emitting source from passive bearing measurements
collected by a single moving observer is a widely inves-
tigated problem. This problem is commonly referred to
as Target Motion Analysis (TMA) [1] and is encoun-
tered in various fields like wireless communications, as
well as airborne radar and underwater sonar applica-
tions. Aspects of the 2D and 3D TMA problem exam-
ined in the literature include bearings-only estimation
algorithms, estimation accuracy, and target observabil-
ity [1, 2].

In many cases, the targets are not moving inertially
(i.e. non-accelerated), but are partly strongly maneu-
vering. Commonly maneuvering targets can be char-
acterized by the curvilinear motion model described in
[3] assuming constant and simultaneously active tan-
gential (i.e. along-track) and normal (i.e. cross-track)

target path

Figure 1: Geometry for the scenario of an arbitrary
moving sensor and a piecewise curvilinearly moving tar-
get.

acceleration ay and a,. An approximate solution of the
curvilinear motion equation has also been presented in
[3] for the case that the relative change of velocity is
much lower than 1. The evaluation of the Cramér-Rao
bound (CRB) has been realized in [4, 5] with the limited
condition that the maneuver change-over times and the
maneuvers are exactly known.

Only few papers have been published about solv-
ing the bearings-only tracking problem for maneuvering
targets. E.g., a tracker using the interactive multiple
model (IMM) approach has been proposed by Kirubara-
jan et al. [6]. In [7], a hidden Markov model (HMM)
based tracking filter is presented. Moreover, an un-
scented Kalman filter (UKF) and a particle filter have
been applied in [5]. However, all these approaches as-
sume that the maneuver change-over times are not part
of the estimation problem.

In this paper, we consider maneuvering targets per-
forming a curvilinear motion in each maneuver segment
(see Fig. 1) known as the piecewise curvilinear motion
model established by Becker [8]. For this purpose, we
present an exact solution of the motion equation which
is necessary in order to evaluate the maximum achiev-



able estimation accuracy. Based on this solution, we
derive the CRB for the estimation problem where ma-
neuver change-over times are unknown, i.e. these pa-
rameters have to be estimated. In order to solve the
TMA problem by means of azimuth measurements, we
propose a maximum likelihood estimator (MLE).

This paper is organized as follows: In Section 2,
we review Becker’s target motion model for piecewise
curvilinearly moving targets and formulate the prob-
lem. Subsequently, in Section 3, we derive the corre-
sponding CRB, whereas in Section 4, we describe our
TMA approach. The results demonstrating the perfor-
mance of the MLE are presented in Section 5, and fi-
nally, conclusions and prospected future work are given
in Section 6.

The following notations are used: I, and 0,, denote
the n x n-dimensional identity and zero matrix, (-)¥
denotes transpose, and E{-} denotes the expectation
operation.

2 Estimation problem

We consider the scenario depicted in Fig. 1. A ma-
neuvering target moves along a trajectory rr(t) =
(x(t),y(t))T with constant tangential acceleration a; =
|ag| and normal acceleration a, = |a,|. Furthermore,
a single observer moves along an arbitrary trajectory
ro(t) € R?*!, The target observer geometry is given
by the relative vector

Ax(t) = (ﬁ%;) — ro(t) — ro(t). (1)

The observer’s objective is to estimate the target state
from passively measured line-of-sight azimuth angles «.

2.1 Curvilinear motion

The state of a target moving on a plane with constant
tangential and normal acceleration can be completely
described by the position components of rr(t), two ve-
locity components given from the vector

(D). @

cos ()

and the acceleration components a; and a,. The spe-
cial cases of inertial motion (ay = a, = 0), straight-
line acceleration (ay # 0, a, = 0), and circular motion
(ay =0, an # 0) are included in this model. All target
parameters are comprised in the parameter vector

x(t) = (y"(t), as, an) " (3)

where y(t) = (z(t),y(t),v(t), ()T € R**1. With
this, a mathematical model of the target can be speci-

fied by the non-linear differential equation

0 0 sinp(t) 0 0 0
0 0 cosp(t) 0 O 0
00 0 01 0
D=1o 0 0 00 | @
00 0 00 0
00 0 00 0

An approximate solution of the aforementioned motion
equation, x(t) = ®(t,t9) x(t9), can be found in [3]. We
obtain the exact solution of the initial value problem
(4) by

X(t) = f[X(to); t, to} (5)

which describes the temporally evolution of the target
state from tg to t. The components of (5) are given in
Appendix A.1. Mentionable, the initial time ¢ty can be
replaced by any reference time ¢, > tg. The state at ¢,
can be written shortly as x, = x(t,).

2.2 Piecewise curvilinear motion

In the case of piecewise curvilinear motion, the dimen-
sion of the state vector in (3) increases by three com-
ponents with each maneuver change-over. That means,
two acceleration components and the maneuver change-
over time are added to the state vector. With M ma-
neuvers, the augmented state vector is specified by

x(t) = (y'(t),a”,§7)" (6)

with a = (at,o,amg,...,at,M,an,M)T e R2M+1)x1 and
t = (t1,....,tar)7 € RM*1 Here, t,, is the change-over
time of the m-th maneuver and as , and a, ,, denote
the tangential and normal acceleration in the time in-
terval [t_1,tm], m=1,..., M.

Similar to Section 2.1, the target state can be pa-
rameterized by the state at another time, e.g. by x,, =
X(t). Since the reference state is commonly the cur-
rent target state, the target state for M maneuvers in
the time interval [to, t,] is given by

flxi;t,t1]  fortg<t<tg

f[xXmit, tm] for t,_q <t <t

x(t) = : : (D

for t~M71 <t§t~M
for tyy <t <t

f[XM; t, tNM]
fxy;t, t)

where the target state at some arbitrary time ¢ is related
to the reference state by

f[xm;t b = £[E] - £xest, t]s - 15t Em) - (8)



2.3 Measurement model

For the sake of simplicity, we assume that the detection
probability is equal to 1 and the false alarm rate is equal
to 0. The measured azimuth oy, at time ¢;, i =1, ..., N,
is given by

am (tl) =

a(ti) + wq (tl) ) (9)

where w,,(t;) denotes the measurement error and

a(t) = arctan

Ay(t) (10)

is the true azimuth angle. The observer position ro(t)
is assumed to be exactly known. With this, (10) only
depends on the target state. The components oy, (t;),
a(t;), and w,(t;) can be written in compact vector form

(11)

where w,, denotes the N-dimensional noise vector with
the covariance matrix W,. We assume that the mea-
surement noise is zero-mean Gaussian and the measure-
ment covariance reads W, = o2 Iy, where 02 denotes
the constant noise variance. We note that in practice,
the variances may change from time to time and have
to be estimated.

With the previous considerations, the problem can
be stated as follows: Estimate the target state x, at
some reference time ¢, from all measurements oy, .

3 Cramér-Rao bound (CRB)

The CRB provides a lower bound on the estimation
accuracy and its parameter dependencies reveal char-
acteristic features of the estimation problem. The tar-
get parameters are comprised in the vector x,. In this
case, the CRB is related to the covariance matrix C of
the estimation error Ax, = x, — X;(a) of any unbiased
estimator X, () as

oy =0+ Wq,

C:E{AxrAx?} >J 1 (x,), (12)

where the inequality means that the matrix difference is
positive semidefinite. If the estimator attains the CRB
then it is called efficient. The CRB is given by the
inverse Fisher Information Matrix (FIM)

Jx) = E { (6£gj(;rxr)>T<8£gj(;rXr)>} . (13)

where

(am— )

(14)
is the log-likelihood function. In this log-likelihood
function, a are random variables due to the random
variables w,. Inserting (14) into (13), performing the

1 1
£ = —5 In(det(2rW,)) — 5 (e )T W,

expectation operation, and using the noise covariance
in Section 2.3, we obtain the FIM
8a( i)
o0,

Ix) = 22(

for the azimuth-only case. It is important to empha-
size that the above given FIMs denote the maximum
achievable information at an arbitrary reference time ¢,
based on N measurements. The partial derivations in
(15) are calculated by the chain rule:

8x, (15)

s ) g
The derivation of a(t;) follows from (10):
Ay(t) \"
da(t;) _ 1 7Ag(ti) e RIX6+3M  (17)
ox(t;)  Ar?(t) : ’
0

where Ar(t) = |Ar(t)| denotes the distance between
observer and target (see also (1)).

For the special case of purely curvilinear motion, no
maneuver change has to be regarded. Therefore, the
derivation 0x(t;)/0x, is simply the Jacobian matrix of
the vector-valued function (5) at time t = t;:

Ix(t)
ox,

0%y —t;

At this point we mention that the exact solution of
the motion equation in (5) is necessary to evaluate the
Jacobian matrix in (18). The components of (18) are
given in Appendix A.2.

For the more general case of piecewise curvilinear mo-
tion with M maneuver changes, we have to express the
Jacobian matrix 0x(t;)/0x, w.r.t. several target ma-
neuvers enclosed in the vector t as well as different
tangential and normal accelerations represented by the
vector a in (6).

Since we assume the reference time to be the current
time, the relative displacement of ¢; and ¢, regarding
the maneuvers make it necessary to distinguish between
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Figure 2: Relative displacement of time ¢; and reference
time ..



two different cases (Fig. 2): 1.) ¢; and ¢, lie in the same
maneuver segment, and 2.) the segment containing t;
is occurred before the segment containing t,.

Throughout the subsequent evaluations, we will need
the derivations given by

) I
8}’8(:1) = <v(t) sin cp(t), U(t) coS <,0(1f)7 as, v(‘;)) 7
aY(ti) . 3y(ti)

Case 1.) ta < t; <t If the measurement time
t; and the reference time ¢, are in the same maneuver
segment, no maneuver changes have to be considered.
Hence, the 6+3M x6+3M Jacobian matrix 0x(¢;)/0%,
is given by

Oy(ti) Oy(t:)

0
ox t; Oy Oa
6)(( ) _ 0 I o (20)
' 0 0 I

with

Oy (t:) _ (0

dy (i) 5}’(7%‘)) € RA¥2(M+1)
Oa

’ GatyM ’ 8an’M

The partial derivations dy(¢;)/0y:, Oy (t;)/Oas,a, and
0y (t;)/dan ar are specified in Appendix A.2. They are
calculated by replacing ¢ with ¢;, a; with a7, and a,
with ay as in the equations given there.

Case 2.) t,, 1 <t; < ty, m =1,...,M: In this
case, the target state consists of several nested single
segment transitions (8) and therefore depends on t. By
applying the chain rule, the Jacobian matrix can be
written as

ox(t;))  Ox(t;)) O0xm Oxpr—1 0Xpr

= . - ) 21
0x, OXp  OXmt1 oxy 0%y (21)
) ) )
a b c

It can be recognized that the above equation contains
three qualitatively different classes of matrices whose
solutions are derived in the following paragraphs a), b),
and c).

a) 0x(t;)/0%y, is the Jacobian matrix describing the
transition from ¢; to the lower bound #,, of the following
maneuver segment having the following form:

5 (t ) ag(tq‘,) a}é(ti) Oy(ti)
x(t; Ym a ot
il G I 0 (22)
m 0 0 I
with
Oy(t:) _ ’ Jy (t:) 7 Jy (t:) 0) € RExAMAD)
da 8at,m71 6a/n,'rnfl

Iy(ti) _ (0 y (t:) 0) c RAXM
- T :

See Appendix A.2 and (19) for the above partial deriva-
tions. In order to perform these derivations, one has to
replace y: by Ym, tr by tm, t by ti, a; by at,m—1, and
an by Gn,m—1-

b) Oxy,/O0Xm+1 represents the class of Jacobian ma-
trices which describes the transitions from the lower to

the upper bound of a maneuver segment. It can be
expressed by
OYm 3}’7771 OYm
0% Oym+1  Oa ot
. 0 I 0 (23)
m—41 0 0 I
with
OYm OYm 4
L 0 c R x2( M+1)
Oa < 60/‘5 m aan m >
6yZn —(o a}jm 0Ym R4XM
8t ’ at 8tnL+1

Also here, Appendix A.2 and (19) contain the above
partial derivations. The current replacement rules are:
substitute y, by Ymi1, te BY tmi1, t By L, a; by Qt,m
and a, by an m-

¢) Finally, 0x s /0%, for the transition from the upper
bound £, of maneuver segment M to the reference time
t, is given by

5 %YM 63’7M Oy m
x yr a ot
TXM = I 0 (24)
r 0 0 I
with
Iy m — (o, Iy m 7 Iy m c R4><2(M+1)7
da Oag,pr” Oan v
Oym _ 0, Oym ) ¢ gasnr
ot Ot

When performing the above partial derivations using
Appendix A.2 and (19), one has to substitute ¢ by tyy,
at by a¢, v, and a, by an a-

4 TMA approach

One of the most important methods to estimate a con-
stant parameter set is the maximum likelihood esti-
mator (MLE). For the TMA problem specified in Sec-
tion 2, the MLE is given by the maximization of the
log-likelihood function in (14). Thus, the MLE mini-
mizes the quadratic form

X;) = 22|am i) —a(x (tl>)|2

for the azimuth-only case, where the target state x(¢;) is
related to the reference state x, = x(t,) by (5) for curvi-
linearly moving targets or by (7) for piecewise curvilin-
early moving targets. In this way, the unknown maneu-
ver change-over times are part of the estimation prob-
lem. We estimate the complete parameter vector given

(25)



in (6) from the complete measurement set. Note, that
the parameter increases by three components with each
maneuver change. The cost function displays a global
minimum for a proper choice of x;.

For a piecewise curvilinear motion, the aforemen-
tioned cost function is parameterized by a (6 + 3M)-
dimensional state vector including the unknown ma-
neuver change-over times. The choice of the correct
state vector dimension requires the knowledge of the
maneuver changes M, but in practice, this number is
unknown. Commonly, chi-square tests on, e.g., accel-
erations are used to detect the begin and the end of
maneuvers. Alternatively, an estimation technique can
be used based on a state vector including only a single
maneuver change:

- \T

X(t) = (yT(t); Gt m—1,4n,m—1, At,m, An,m, tm)
The m-th maneuver change is detected if the accuracy
of the maneuver change-over time estimates is suffi-
ciently precise and/or the acceleration estimates be-
tween the segments are sufficiently different. However,
we assume that the number of maneuver changes M
is known but the maneuver change-over times are un-
known.

5 Simulation results
We consider the 2D scenario in Fig. 3. The target starts
with the initial state yo = (0m,0m,50m/s,90°)7 and
performs the following maneuvers:
(to, at,0,an,0) = (05,0 m/s®,0m/s?),
(t1,a4.1,an01) = (200s,0m/s%, 1.047m/s?),
(t2, 4.2, an2) = (400s,0.2m/s% 0m/s?).

10

observer path

-target trajectory |
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maneuver change-over points
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Figure 3: Observer path and target trajectory with ma-
neuver change-over points.

The observer moves counterclockwise along a circu-
lar path with a constant velocity. This is parameter-
ized by ro(tg) = (10km,5km)T, |to(ty)] = 50m/s,
vo(to) =0°, and ap n = —1.25m/s?. From the observ-
ability condition established in [2], it follows that the
state of an inertial moving target can be determined
from azimuth measurements obtained from a sensor
moving on a circular path, i.e., for the considered sce-
nario the uniqueness condition is already fulfilled in the
first segment of the target trajectory.

The sensor collects one measurement each second,
i.e., 200 measurements per maneuver segment. The
measurement noise vectors are zero-mean Gaussian
with the covariances given in Section 2.3 and the cor-
responding standard deviations o, = 3°.

5.1 Cramér-Rao analysis

For the Cramér-Rao analysis, we use Cartesian velocity
components instead of the given polar velocity compo-
nents because these are more insightful for illustrating
the CRBs. The FIM in (15) can be easily transformed
in Cartesian coordinates by using a suitable transfor-
mation.

In Fig. 4, the CRBs for the considered scenario are
depicted. The subfigures show the individual bounds
w.r.t. the state vector with a maximum of 12 com-
ponents, namely (in correct order) for the position
x, y, for the Cartesian velocity &, g, for the tangen-
tial and normal accelerations ay o, at,1, at,2, and an o,
Gn,1, Gn,2, as well as for the two maneuver change-over
times ¢, f» regarding the three maneuver segments.
Note, that when a maneuver change takes place at
time £, € {400s,600s} (depicted by the dashed ver-
tical lines), the dimension of the state vector increases
by three elements: ¢, @nm, and i, are added. So,
the state vector consists of six elements for ¢, and of 12
elements for ¢, = 600s.

It can be recognized that the estimation accuracy in-
creases with a growing number of measurements. This
is clear since the Fisher information is added up over
all previous measurements (see also (15)). At maneu-
ver changes, the dimension of the FIM and therefore of
the entire estimation problem increases since the state
vector has three new elements. Hence, the estimation
accuracy decreases. A further reason for this are the ac-
celeration components: They have rapidly altered since
the last maneuver change-over and are effectual for a
short time, so that only a few measurements can sup-
port them.

5.2 Accuracy study

For the considered scenario, Monte Carlo simulations
with 1000 runs have been carried out to study the per-
formance of the estimator given in Section 4. In our
simulations, we use the simplex method of Nelder and
Mead [9] to find the minima of the cost function (25)
and we initialize every search with the true value. For
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maneuver change-over times ¢y, to.

the sake of simplicity, we use also the Cartesian velocity
components to solve the optimization problem.

Firstly, we consider the case of N = 600 measure-
ments. Therefore, the target performs two maneuvers
and the state vector contains 12 parameters. Fig. 5
shows the xy-plane of the cost function with fixed re-
maining parameters. The cost function displays a well-
pronounced minimum near by the true target location
and no further local minima. We find similar results for
other cuts trough the cost function.

The scattering of the Monte Carlo estimates around
the true values can be visualized, e.g., through scat-
ter plots of the estimation error. Mathematically, the
scattering of the projected sample values is adequately
described by the projection of the estimation error
covariance in (12) onto the respective 2D subspaces.
The resulting 2D estimation error ellipses are compared
with the corresponding (Cramér-Rao) bound ellipses
(Fig. 6). The ellipse parameters were chosen in such
a way that, assuming normally distributed estimation
errors, the ellipses enclose 95.4% (20-ellipse) of the sam-
ple values.

Fig. 6 shows estimation error ellipses for N = 400.
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Figure 5: Cut through cost function with true (circle)
and estimated (cross) target location.
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Figure 6: Scatter plots of the estimation error (blue dots) with estimation error mean (red quad), estimation
error ellipse (red dashed line), and Cramér-Rao bound ellipse (black solid line).

The estimation error ellipses and bound ellipses have
a similar orientation and expansion. The scatter plots
display that the estimation results are biased, but it
is well-known that the MLE is asymptotically efficient,
i.e., the estimates are biased in the presence of noise
and for a finite number of measurements N. Overall, we
find a good consistency between the estimation ellipses
and bound ellipses, especially for the estimates of y,.
Furthermore, the scatter plots prove that the target
maneuvering time can be estimated, even if the error
ellipse deviates from the bound ellipse in this case.

6 Conclusions

The considered target motion model subsumes the
models described in the literature. We have presented
an exact solution of the corresponding motion equation
and have derived the CRB for the case that the maneu-
ver accelerations and change-over times are unknown.
In a Cramér-Rao analysis, we have found that the ex-
tension of the target state by acceleration components
and change-over times leads to a declined estimation ac-
curacy. Nevertheless, we have proposed an MLE which
is able to estimate the target state parameters including
the unknown maneuver change-over times. In Monte
Carlo simulations, we have proven that the achieved
estimation accuracy corresponds to the expected accu-
racy given by the CRB. Future work may also exploit
additional measurements, e.g. the azimuth rate &, and

may include the development of a recursive filter.

A Derivations
The following substitutions are used in this appendix:
ca = (4a? +a®)71,
S(t) = (2aq sin p(t) — ay cos p(t))v3(t),
T(t) = (2as cos (t) + ansinp(t))v?(t),
At=t—t,,
AS = 5(t) = S(t:),
AT =T(t) —T(t).
A.1 Components of f[x,;t,1,]

The solution by initial value problem are given by (5).
The components of f[x,;¢,¢.] depending on the initial
value X, = (1, Yr, Ur, 01, s, an)? are specified by

o(t) = mr+caAS. forat\/an;«é07 (26)
z, + Atwopsing,  for ay Aay, =0
r AT f Va, #0

ORI rasvmEl )
yr + Atwvycosp,  for ag Aay, =0

v(t) = v + Atay, (28)
fet 2n |1+ A2 for a0

o(t) = : ' ' o (29)
Qar‘i’At%: fOI‘CLt:O

where a¢ and a, are assumed constant.



A.2 Jacobian matrix of f[x,;t,t,]

Analogous to [8], the components of the Jacobian ma-
trix of f[x,;t,t,] are presented. The Jacobian matrix is
given by

Offxs 1.1,
0%y t=t,
1 0 dx(t)  Oz(t)  dx(t) dz(t)
vy Oy day day
0 1 ® @ 9yt Iyt
vy Opr day dan
0 0 1 0 At 0
- 30)
dp(t) op(t)  dp(t) (
00 FHr 1 TS T
0 0 0 0 1 0
o0 0o o o 1/
For the partial derivations of ¢(t) (29), we have
dp(t) 3 Atay
o w(v+ Atay)’
dp(t) _ |2 (-8 + ) forac£0
day —AT#% for ag =0
890(15) L -In ‘1 + Aty forag # 0
dan At 1 for ay = 0

The partial derivations of x(t) (26) are given by

Ox(t) _ {ca( S((:))—&— (%( )T(t)—2%> for a;Va, #0
ov, ’

At sin for ai ANa, =0

_{caAT for ay Vay # 0
&pr Atv,cosg, forag Aa, =0

B {8at02 AS + ¢, P(t) forayVa, #0
8at o % sin ¢, forat/\anzo7

B {—Qan02 AS + c,Q(t) for ay Va, #0
8% B ATcosgor for ag Aa, =0’
where

Plt) = 25580+ S T(0)

+ 20%(t) sin p(t) — 202 sin @, ,
Q) = 652(::) T(t) — v*(t) cos p(t) + v2 cos g, .

Finally, we obtain for the partial derivations of y(¢) (27)

Ay(t) _ {ca( f((tt))—i— 815 )S(t)—Z%irU for ayVa, #0

vy At cos @,

) AS
N — Aty sin @,

for a; Aan =0

dy(t)
Oy

for ay Va, #0

for ag Aa, =0’

for ay Va, #0

forat/\an:O’

Ay(t) —8ayc2 AT + c,U(t)
day, ;2 COS Py

for ay Va, #0

for ag Aay, =0

ay(t) —2a,c2 AT + ¢,V (1)
day A—t sin ¢y

with

2Nt 0p(t)

v(t) Jay
+ 202 (t) cosp(t) — 21}? cos ¢y

Ut) = ——T(t) + S(t)

vy = 22W g

B —v2(t) sin ¢(t) + v2 sin ¢, .
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