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Abstract—Passive target localization is an important prerequisite for applications ranging from security to logistics to emergency response. The localization system estimates the location
of the target by utilizing runtime and direction of the signal
(multipath component, MPC) directly reflected by the target.
Indirect paths (IPs), i.e., MPCs that interact with environmental
objects as well as the target, need to be discerned from the
direct paths; failing to do so brings bias to location estimate,
and is a major source of localization error. This paper proposes
a novel scheme for the detection of IPs in the presence of
noise, jointly employing the time of arrival (TOA), direction
of arrival (DOA) and direction of departure (DOD) estimates.
The decision statistic of this scheme is the distance between the
intersection of DOA and DOD directions and the TOA ellipse.
Under the assumption of Gaussian errors of TOA, DOA and
DOD, the scheme is implemented to maximize the probability
of detection given a fixed probability of false alarm. The paper
derives closed-form equations for the decision criterion and the
resulting performance. Simulation results are given to support
the validity of our scheme.
Index Terms—TOA, DOD, DOA, Indirect Path Detection

I. I NTRODUCTION
Radio positioning technologies supply location information
of objects/targets and have recently received a large amount of
attention for various applications, such as patient monitoring,
survivor localization in emergency rescue operations and node
positioning in sensor networks [1].
The target to be localized can be either “active”, transmitting
signals, or “passive”, only reflecting signals from a seperate
source. Active target positioning scenarios includes cell phone
location estimation or wireless sensor positioning in the IEEE
802.15.4a Wireless Sensor Networks (WSNs). The passive
target positioning scenario is also typical in many applications
such as survivor rescue, anti-theft surveillance, automated
environment mapping. Radar is also a “passive” localization
technology which has been studied for many years [2]. The
‘passive” localization was recently shown to be a promising
technology for cancer detection [3].
Radio positioning technologies employ the parameters (such
as time of arrival TOA, direction of departure DOD, and direction of arrival DOA) of multipath components propagating
between target and the nodes of the localization system (the
nodes can be transmitters or receivers). For the subsequent
discussion, it is useful to distinguish between the direct path
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(DP), where the signal propagates directly between the target
and the localization system nodes, without interaction with
any other objects, and the indirect paths (IP), where the signal
interacts with one or more objects/obstacles in addition to the
target and system nodes.
Extensive studies [4], [5] show that positioning techniques
achieve very accurate location estimate of targets if the DOD,
DOA and TOA are obtained for the DP. However, if an IP is
mistakenly interpreted as a DP, large errors may occur in the
resulting target location estimate.
To combat the negative effects of IPs, various techniques
have been proposed in the literature. They can be divided
into two categories, IP mitigation and IP detection [6]. IP
mitigation attempts to alleviate or counter the bias of channel
parameters introduced by IPs [7], [8], [9], [10], while IP
detection attempts to differentiate DPs and IPs so that channel
parameters of IPs are not used in the DP based positioning
algorithms [11], [12], [13] and [14]. Existing IP identification
methods suffer from a dependence on the statistical information of channel parameters, and require knowledge of features
of signal impulse responses in various types of environments.
Most importantly, to the best of our knowledge, most of
the existing literature focuses on IP mitigation/detection for
the active target situation and little attention has been paid
to passive target positioning. This is all the more critical as
there is a fundamental difference between IPs in active and
passive localization systems: in an active system, any nonline-of-sight path is an IP path. In passive localization systems,
DP implies a single-reflection process (at the target), while IPs
undergo multiple reflections. In other words, the detection of
IP in passive localization requires the discrimination between
single-reflections and multiple-reflections; a task that is fundamentally different from the detection of line-of-sight paths
encountered in active systems.
To fill this gap, this paper proposes a new IP detection
algorithm based on a TOA, DOD and DOA joint DP detection
(TDAJD). TDAJD eliminates the dependence on the signal
statistics and impulse response features. The only information
needed by TDAJD is the measurements of TOA, DOD and
DOA, and the variances of the measurement errors of an MPC;
the algorithm then determines whether the MPC is a DP or
IP. The TDAJD algorithm is developed under the NeymanPearson (NP) criterion so that the probability of detection (PD)
is maximized give a fixed probability of false alarm (FA).
The principle of the algorithm is as follows: if there were
no measurement errors, any DP would have self-consistent
parameters. By this we mean that the DOD-DOA intersection
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point1 lies on an ellipse corresponding to the TOA2 . In the
presence of measurement errors, the decision statistic of the
NP test is the distance from the DOA-DOD intersection to the
TOA ellipse: if this distance lies below a certain threshold,
the algorithm judges the path to be a DP. We first show that
for small errors, the intersection of DOD and DOA is a two
dimensional Gaussian random variable (RV). Then, we prove
that the decision statistic is (one-dimensional) Gaussian and
compute its variance. A threshold is then computed, such that
comparing the decision variable with this preset threshold,
the required probability of a false alarm is achieved while
maximizing the detection probability.
The remainder of this paper is organized as follows. Section
II presents the system model. The distribution of DOD-DOA
intersection and the distance from true target to the TOA
ellipse are studied in Section III. The principle of TDAJD is
presented in Section IV. Section V presents simulation results
of TDAJD. The conclusions are drawn in Section VI.
II. S YSTEM M ODEL
For simplicity, we consider a two dimensional scenario,
as shown in Fig. 1, though extension to three dimensions
is straightforward. There is one transmitter at [− 2  0], one
receiver at [ 2  0]. We assume that estimates of the tuplets of
DOA, DOD, and TOA are available, for all MPCs, from array
measurements at the TX and RX. Measurement methods and
algorithms for the extraction of these MPC parameters (with
automatic pairing) are discussed, e.g., in [15], [16]. Without
restriction of generality, we consider in the following a single
MPC. The target is located at [ ] and one obstacle (which
could give rise to additional interactions) is at [ ]. Then a
DP is associated with a tuplet (1  2  1 + 2 ).
In case of a DP, the target location fulfills

 = tan( )( + )
2

 = tan( )( − )
2
2
2
+
= 1
( 2 )2 ( 2 )2 − ( 2 )2

(1)
(2)
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The target location [ ] can then easily be estimated based
on the measurements of DOD ( ), DOA ( ) and
signal travel range (). Note that  =  ∗ TOA, where  is
the speed of light.
[17] and [18] show that in anechoic chamber, with ultrawide-band signals (2-8 GHz) and sophisticated channel sounding techniques (RIMAX [17]), the standard deviation of TOA
(signal travel range) can be less than 0.5 cm, and the standard
deviations of DOD and DOA measurements can be less than
0.5 degree. Motivated by these results, as well as for the
sake of simplicity, we assume that the TOA, DOD and DOA
measurement errors are small and Gaussian distributed.
1 more precisely, where a straight line passing through the transmitter at an
angle equal to the DOD, intersects with a straight line passing through the
receiver at an angle equal to the DOA
2 more precisely, the ellipse with TX and RX in its foci, and total signal
runtime (or travel range) equal to the length major axis
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Illustration of TOA, DOA and DOD joint location estimation

An IP involves interaction of the MPC with both the target
and additional reflectors, as shown in Fig. 1, resulting in a
parameter tuplet (1; 3; 1 + 3 + 4). If the IP detection is not
effectively performed, and a target localization (based on Eqs.
1-3) is performed for an IP, large errors can result (we note
here that IPs cannot be used for localization at all, since the
association between TOA/DOD/DOA and reflector locations is
not bijective). If the positioning is based on IP, the mean value
of estimated target location by unbiased positioning algorithms
is not the true target location [ ] (while for the DP case, the
mean value is [ ]).
Note that the reflector might be positioned such that interaction with it occurs "on the way" from TX to target;
this case can be treated completely analogously. Furthermore,
interactions with multiple reflectors are possible, and could
be included in our model; however, for the sake of simplicity
(and due to the lower power of multiple reflections), we restrict
our attention to the case depicted in Fig. 1. MPCs that only
interact with environmental reflectors, but not the target, are
"background interference" that can be combatted by many
techniques well known in radar processing.
In the remainder of this paper, we let ¯
• denote the true value,
ˆ
• denote the estimated or measured value, and ∆• = ˆ• − ¯•.
III. G AUSSIAN D ISTRIBUTION OF THE DOD AND DOA
I NTERSECTION
In this section, we first prove that for small Gaussian errors
of DOD and DOA, the intersection of DOD and DOA is a two
dimensional Gaussian random variable. The covariance matrix
of the Gaussian distribution is also given. Second, we derive
the distribution of the distance from the target to the ellipse
of the measured TOA.
A. Distribution of intersection of DOD and DOA
Let 1 and 2 denote the values of DOD and DOA, see Fig.
1. According to (1) and (2), we obtain [ ] as follows:
 sin(1 + 2 )
 tan(2 ) + tan(1 )
=
2 tan(2 ) − tan(1 )
2 sin(2 − 1 )
sin 1 sin 2
tan(1 2 )
=
= 
tan(2 ) − tan(1 )
sin(2 − 1 )

 =

(4)



(5)
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Takeing derivatives of  and  over 1 and 2 , it follows
that,

'q

'q '

E



 =
1 +
2
1
2
sin 2 cos 2
sin 1 cos 1
1 −  2
2 
=  2
sin (1 − 2 )
sin (1 − 2 )

y

y'

x’

h

(6)

x'

and similarly
 = 

E

sin2 2
sin2 1

−

2 
1
sin2 (1 − 2 )
sin2 (1 − 2 )

where,
H=

sin(1 − 2 )


"

sin 1
sin 2
sin 2
sin 1

1
− cos
sin 2
2
− cos
sin 1

#



Assume that ∆1 and ∆2 are two independent Gaussian
variables 3 with variance 12 and 22 . Then, the probability
density function (PDF) of ∆1 and ∆2 is expressed as
h 1 ³ (∆ )2 (∆ )2 ´i
1
1
2

exp −
+
2
2
21 2
2
1
2
(9)
Combining (8) and (9), we obtain the PDF of [∆ ∆]:
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Under the assumption that the deviation of estimated from
true target location, ∆ and ∆, are small, we can substitute
them into (6) and (7). From this, we can obtain ∆1 and ∆2
as functions of ∆ and ∆ as follows:
∙
¸
∙
¸
∆1
∆
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22
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Figure 2. Illustration of DP/IP detection based on distance from DOD-DOA
intersection to TOA ellipse

B. Distribution of Distance from True Target to TOA Ellipse
Fig. 2 shows the changes of TOA ellipse due to the TOA
measurement error. The solid ellipse is without TOA measurement error, while the dashed and dash-dotted ellipses are
with (positive and negative) errors, respectively. Following the
standard parametric representation of an ellipse ( = ,
 = , with ,  major and minor axis, and  running
from 0 to 2), the target location [ ] can be represented by

cos 
2
r


=
( )2 − ( )2 sin 
2
2

 =

(14)



(15)

Let ̄ be the value of  corresponding to the true target
location [̄ ̄] satisfies
(10)

(11)

(12)

(13)

It is easy to observe from (10) that [∆ ∆] is a bivariate
Gaussian variable, with covariance matrix G.
3 correlations of the estimation errors of DOA and DOD could be taken into
account in a straightforward manner, but are omitted to simplify notation

¯

̄

tan ̄ = p
2
2
̄ −  ̄

(16)

where ̄ denotes the TOA errorless measurement.
Since the true location of the target [̄ ̄] is unknown, in the
remaining of this paper, the estimates of the target location ̂
and ̂ are used. ̂ and ̂ are evaluated as ̂ = 1 +32 +3 and
̂ = 1 +32 +3 , where [1  1 ] is the solution of (1)-(2), [2  2 ]
is the solution of (2)-(3) and [3  3 ] is the solution of (1)-(3).
We are interested in the relation between the location change
of the target [∆ ∆] and the change of the TOA measurement
∆. Taking the derivative of (14) and (15) with respect to 
and substituting ∆, ∆, and ∆ for , , and , we obtain
tan  =

ˆ
∆

=q
tan ̂
∆
(̂2 − 2 )

(17)

where ̂ denotes the estimated value and ˆ
 denotes the measured value. (17) means as the TOA measurement changes,
the perpendicular line from the true target location to the TOA
ellipse has the slope tan .
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The tangent line of the ellipse at the target point is
̂
( 2̂ )2

+

̂
( 2̂ )2

− ( 2 )2

= 1

(18)

The slope value of the tangent line is
tan  = −

̂2 − 2 ̂

ˆ2 ̂

(19)

which obviously fulfills the condition tan  tan  = −1.
We can further calculate the intersection of the perpendicular line and the  axis at [ 0], where
=

2
cos ̂
2ˆ

(20)

Remarks: Our derivation above implies that the distance
from the true target to the TOA ellipse can be approximated
by the distance from the true target to the tangent line of the
TOA ellipse. Besides, for different TOA measurements with
small differences, their tangent lines can be considered to be
parallel with each other, as shown in Fig. 2.
IV. P RINCIPLE OF TDAJD
In this section, we first propose the idea of TDAJD, based
on the distance from the DOD-DOA intersection to the TOA
ellipse, then analyze the decision statistics and derive the
threshold value given the required probability of false alarm
(PF).
As shown in Fig. 2, the DP/IP discrimination is based on
the distance from the DOD-DOA intersection to the tangent
line of the TOA ellipse. The DOD-DOA intersection is a twodimensional random variable, which is indicated by the small
shadowed ellipse in the figure. If the distance from the DODDOA intersection to the TOA ellipse  is less than a threshold
, the detection algorithm claims that it is a DP, otherwise,
the detection algorithm claims that it is an IP. To evaluate
the performance of detection algorithm, the two commonly
used metrics are the probability of false alarm (PF) and the
probability of detection (PD).
The PF denotes the probability that the algorithm claims an
IP when the channel is actually a DP, which is expressed as
follows:


= Prob(The algorithm claim a IP | The path is a DP)
= Prob(   | The channel is a DP)

and the PD denotes the probability that the algorithm claims
a IP when the channel is actually a IP, which is expressed as
follows:


= Prob(The algorithm claim a IP | The path is a IP)
= Prob(   | The channel is an IP)

It is easy to observe that  is independent of the location
of the obstacles/reflectors while  is not.
For analytical convenience, we set up a new coordinate
system where the new x axis is the true tangent line of the TOA
at the target location and the new y axis is the perpendicular
line of the TOA ellipse at the true target location. The new
x and y axes are shown in Fig. 2 by 0 and 0 with dashed

line. Let the location of the target in the new 0 -0 system be
[0   0 ].
Assume the intersection between the tangent of the measured ellipse and the  0 axis is at (0  0 ) = (0 ), and
the PDF of the DOD-DOA intersection location in the new
coordinate system be Pdf(0   0 ). The probability that the
distance between the DOD/DOA intersection location to the
tangent line of the measured TOA ellipse is smaller than , is
evaluated as
+
Z Z∞
() =
Pdf(0   0 )0  0 
(21)
− −∞

 is the probability that the distance from DOD-DOA
intersection to tangent line is larger than  when the channel is
a DP. Let () denote the probability density function (PDF) of
, considering all the possible value of ,  is then evaluated
as
+
Z∞
Z Z∞
()
Pdf(0   0 )0  0 
(22)
 = 1 −
−∞

− −∞

The rest of this section studies the evaluations of () and
Pdf(0   0 ),  and  , respectively.
A. Evaluation of ()
Let 1 denote the distance from [ 0] to the TOA ellipse,
and ∆1 =  denote the change of 1 due to the change of
TOA measurement .
According to (14) and (15),
s
´2 ³r 
³
´2

cos  −  +
1 =
( )2 − ( )2 sin 
2
2
2
r
2
2


−  cos  −
sin2 
=
(23)
4
4
Then, for small value of ∆,  or ∆1 can be expressed as
³  −  cos  ´
∆
(24)
 = ∆1 = 4 2
1
(24) indicates that  is Gaussian distributed under the assumption that ∆ is a Gaussian random variable with PDF
³
1
2 ´
() = p

(25)
exp −
2var()
2var()
where

var() =

³  ´2
1



var() =

µ


4

−


2

cos 

1

¶2

var()

(26)

B. Evaluation of (0  0 )
As shown in Fig. 2, the origin in the new coordinate system
is first moved to the true position of target.  denotes the
anticlockwise angle from  axis to  0 axis. Starting with (10),
and considering the effect of coordinate rotation, the resulting
PDF is again a two-dimensional Gaussian distribution with
covariance matrix G0 , denoted by G0 = KGK−1 where
∙
¸
sin  − cos 
K=

(27)
cos 
sin 
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Calculate the values of E
according to (17)

Calculate the values of c
according to (16) and (20)

TOA ellipse
Target
Based on the value of c , calculate
the variance of s by (26)

Calculate the covariance matrix G
using (11) – (13)

Reflector
DOD-DOA
intersection
Transmitter

Calculate the value of

Receiver

V2

V 2 using

var(m)  V '2y

Based on the value of E , calculate the
new covariance matrix G ' and the
value of V ' 2
y

Given expected Pf , calculate the threshold
h according to (30)

Compare z with h , if z ! h , claim
a IP, otherwise, claim a DP

Figure 3.

Illustration for  calculation
Figure 4.

Calculate the distance from
DOD-DOA intersection to
the TOA ellipse z

Flow chart of proposed algorithm

The PDF of [0   0 ] is
Pdf([0   0 ]) =

1
12

×

2det |G0 |
µ
∙ 0 ¸¶
1

−1
exp − [0   0 ] G0
 (28)
0
2

The variances of the location of DOD-DOA intersection
in the new coordinate system are var(0 ) = G0 (1 1) and
var(0 ) = G0 (2 2).
C. Evaluation of 
Starting with (22), (25) and (28), and using some straightforward manipulations,  can be simplified to
 = 1 −

Z

−

³´
2 ´
1
√

exp − 2  = 2
2

22
³

(29)

R∞
2
where () = √12  exp(− 2 ) and 2 = var() +
var( 0 ). Therefore, to achieve the expected  , the threshold
 is
³ ´


(30)
 = −1
2
The expected PF can be achieved by the preset threshold 
from (30).
D. Evaluation of 
The value of  depends on the distribution of the location
of the reflectors. As a simple example, Fig. 3 shows the
situation when there is only one reflector. The shadowed
ellipse and rectangle denote the DOD-DOA intersection and
area where the distance to the tangent line of TOA ellipse is
smaller than , respectively. If the estimated location falls into
the overlap region, the path is interpreted as DP, even though a
double reflection has occurred. In other words, the probability
of detection of an IP is  =Prob(The DOD-DOA intersection
is outside of the shadowed rectangle | The channel is an IP).
In Fig. 3 , we can also interpret 1 −  as the overlapping
area between the shadowed ellipse and rectangle. More overlapping between the shadowed ellipse and rectangle means
smaller  .

Note that based on system requirements,  and  may
have different definitions. More details about various definitions of  and  are presented in [19]. The evaluation of 
requires the evaluation of a triple integral, which is not shown
here due to space restrictions; it depends on the PDF of the
location of reflectors. For certain PDFs, a simplification of
the integral is possible; more details are presented in [19].
An extension of TDAJD is proposed in [19] to deal with
general non-Gaussian distributions of DOD, DOA and TOA
measurements.
V. S IMULATION R ESULTS
In this section we evaluate the performance of the algorithm.
An overall flowchart is shown in Fig. 4.
Fig. 5 (a)-(c) exhibit  vs  curves with different simulation settings. A threshold is calculated a priori, using
(30), to achieve the expected value of  . Then, based on
the threshold, the values of  and  obtained by numerical
simulations are shown in the figure. To show the impact
of different reflector location, we assume the reflector is
randomly distributed. Particularly, if the target is at [ ], there
is one reflectorTlocation uniformly distributed in the range
[ −   + ] [ −   + ].
The simulation results show that the proposed algorithm
effectively detects the IP with high PD and low PF, when
the TOA, DOD and DOA errors are small, which is achievable with sophisticated channel sounding technique and ultra
wideband signals [17], [18] and [20].
Several phenomenons deserving notice are
1) Impact of angle error (Fig. 5 (a)): In our setting,
the change of DOD error variance has larger impact
on  than the change of DOA error variance. This
is because the distance between the transmitter and the
target is larger than the distance between the receiver to
the target, therefore, change of DOD introduces larger
variation to the DOD-DOA intersection than the change
of DOA.
2) Impact of w (Fig. 5 (b)): Larger  leads to higher
 . This is because larger  leads to larger average
distance between the target and reflector, resulting in
higher probability of discerning an IP and DP.
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Figure 5. (a), Simulation results various DOD and DOA values (target is at [4 6],  = 4,  = 4 and   = 003); (b), Simulation results with various
values of  (target is at [8 10],  = 4,   = 002  = 08 degree  = 12 degree); (c), Simulations results with various target locations
( = 100,  = 50,   = 0005,  = 07 degree  = 04 degree).
Table I
L IST OF DISTANCES BETWEEN TARGET AND TRANSMITTER / RECEIVER

[121 275]
[200 2411736]
[10 3182233]

Distance to Transmitter
3238302
3473683
3238302

Distance to Receiver
2840176
2840176
3207274

3) Impact of target location (Fig. 5 (c)): The distances
between the target and transmitter/receiver are shown
in Table I. The simulation results in Fig. 5 (c) indicate
that larger distance from the target to the transmitter
or receiver leads to smaller  . The reason of this
phenomenon is the same for the item 1.
VI. C ONCLUSION
This paper studied the problem of discriminating IPs and
DPs for passive positioning purposes, from a novel perspective. We utilize the TOA, DOD and DOA information together
and test whether the parameter tuplet is consistent with the
assumption of a DP. In particular, we test the distance between
the DOA-DOD intersection point and the TOA ellipse. The
algorithm is based on Neyman-Pearson criteria to maximize
the probability of detection given probability of false alarm.
Simulations show that the algorithm can effectively detect IPs
when the TOA, DOD and DOA measurements are available
with small errors. The proposed method can be employed to
sort out DPs to increase localization accuracy, or identify the
IPs to obtain more information about the radio channels.
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