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Abstract—This work treats the geometric relationship in mul-
tipath propagation of radio-frequency or acoustic channels, used
for localizing unknown target nodes. We revisit the image source
model and derive a geometric relationship between target nodes
and surrounding reflective objects. The obtained relationship
reveals insights in the interaction between nodes and reflectors
and their impact on estimating multipath parameters. We demon-
strate the applicability of the geometric relationship to track
nodes without the need of an external infrastructure, e.g. fixed
anchor nodes.

I. INTRODUCTION

Multipath propagation is inherent in channel measurements
between any two nodes and serves as a valuable source of posi-
tion related-information for localization. The works presented
in [1], [2], [3], [4], [5], [6], [7] make explicit use of multipath
propagation to improve both accuracy and robustness of the
localization of target nodes. To exploit the position-related
information in multipath components (MPCs) these methods
model the measured MPC delays by a geometric relationship
of the positions of the nodes as well as the locations of the
reflective objects.

To exploit the position-related information in the MPC
delays the aforementioned methods apply an image source
model [8], [9]. The image source model conceives each mul-
tipath as an emitted signal from an image source. It requires
the distinction between transmitting (source) node m’ and
receiving node m where the position of the transmitting node
p(’”/) € R? is mirroregi at each reflecting object, resulting
in image sources {pém )}, as illustrated in Figure 1. Then
the multipath in the received signal at p(™ & R? can be
modeled as direct line to the image sources and subsequently
the kth MPC delay 7, results as geometric distance between

the image source p,(cm) and the receiver. Finally, we obtain

a bunch of equations {Tk = ||p,(€m,) - p(m)H/c} with H . ||
and c as Euclidean norm and speed of light, which are used
to estimate the position p("™ of node m from a set of delays
{7}

The benefits of the image source model are diverse. Con-
sidering the case that one of the interacting nodes’ position
is known (i.e. m') and static [1], [2], [3], [4], [5] then its
image source positions can be calculated beforehand. The
remaining node m utilizes the image sources to calculate both
MPC delays and angles of arrival in order to find its absolute
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Fig. 1. Application of image source model. The transmitting node m’ at
’

position p(™ ) (source) is mirrored at the reflecting object to model the

specular reflection, received by node m at p(m).

position. In cooperative localization [7] we are interested in
estimating both nodes’ positions simultaneously. Therefore we
require the MPC delays as well as the departing and arriving
MPC angles. As the image source model is only capable to
formulate the arrival angle, in [7] we calculated the image
sources of both interacting nodes in order to obtain both
angles. Hereby, each MPC is described by two image sources
simultaneously. Node m utilizes the image sources of m/’
and node m' utilizes the image sources of m. The multipath
propagation between both nodes is described by independent
image sources which brings us to the major limitation of
the image source model. The image sources are not coupled
to the original source or reflecting objects and thus, all
MPCs are modeled as independent signals. The assumption of
independence requires that the MPC delays are not related to
each other. As soon as we incorporate higher-order reflections
it can easily be shown that the MPC parameters are correlated.
Figure 2 illustrates the single reflection k; and the double
reflection k5. According to the image source model, the MPCs
are independent although both are reflected at object s;. Any
error in the object’s location is reflected in the MPC delays
and the assumption of independence is violated.

In the following, we revisit the derivation of the image
source model. We aim at relating the MPC delays to the lo-
cation of reflective objects rather than to static image sources.
Therefore we can explicitly model the correlations of the MPC
parameters as well as the geometric relationship between the
interacting nodes and the reflective objects. In Section III we
analyze the derived relationship regarding the sensitivity to
the reflecting objects’ locations and in Section IV we employ
the relationship for tracking positions of a cooperative sensor
network using information from multipath propagation only.



II. REVISITING THE IMAGE SOURCE MODEL

We consider two nodes m and m’ and look at a specific
MPC k. For the derivation we distinguish between the trans-
mitting node m’ and receiving node m. To model the kth path
we introduce the vector s;, which contains the indices of the
reflected objects of the wave traveling from m’ to m (the ith
reflected object is stored in [sg]; as illustrated in Fig. 2 where
Sk, = [S2, s1]). Each reflective object s is represented by one
point on its surface ps € R? and a unit vector e; € R? which
denotes the object’s orientation. Then, after writing the image
sources of m’ as function of reflective objects and the position
of m/, the delay of MPC k can be calculated as

7 = [l /¢ M

with shorthand

d=p - (HA[Sk]i)p(m/) - Z ( H A[Sk]j)b[sk]i'
i i j=itl

2)
Here, the first and second term on the right-hand-side are
linear functions regarding the sensor nodes’ positions. The
second term describes the mirroring operation applied on m/,
also known as Householder transformation with Householder
matrix A, = (I— 2é[5k]ié’[rsk]7;) and €, ), as counter clock-
wise, orthogonal unit vector to €[s,];- The Householder matrix
has eigenvalues of 1, whereas the eigenvalue of 1 is in the
direction of e, ), and the eigenvalue of —1 is along €[5, , such
that a multiplication with A[g,;, flips the sign of the coordinate
in the direction of €[, (resulting in the mirroring). The third
term is an offset which depends solely on the locations of
the reflective objects with by, ), = 2é[sk]ié[TSk]ip[sk]i. The
offset attains zero if the origin of coordinates is located on
the reflective objects (i.e. there exists a pis,], = 0).

It is interesting to note, that (2) can be rewritten such that
transmitter and receiver change their role by reversing the
chronological order of the reflected objects in sj. Therefore, it
can be used to calculate the MPC delay as well as the departing
and arrival MPC angle using the same equation. In the concept
of image sources, one can only calculate the arrival angles; to
obtain departing angles the calculation of image sources needs
to be repeated from the receiving node’s view.

III. INSIGHTS

The derived geometric relationship presents valuable in-
sights how the MPC delay is influenced by the node positions
and orientation of the reflective objects. We calculate the
partial derivative of (1) to make the impact of the geometric
relationship on the MPC delays more visible. It illustrates how
a displacement of p(™), p(™) and {p,} affects 7.

The derivatives with respect to both node positions follow

o or,  d ory,  Wd

optm — cld|]”  apt™)  c|d]]
where d/||d|| is the normalized direction of the arriving MPC
and the multiplication by ¥ = —]J; Aj,), accounts for

the geometric relationship to the reflectors by redirecting the
departing MPC. It can be shown that both derivatives with
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Fig. 2. Tllustration of a single (k1) and double reflection (kz2). The partial
derivatives (arrows) exemplify the delay sensitivity regarding the positions of
nodes and reflecting objects. MPC kg is reflected at both s and s whereas
its delay 7y, is more affected by s2 justified by the steeper MPC angle ¢, s,
at the reflection point (comparing the length of the derivatives).

respect to the sensor nodes attain a slope with absolute value
of 1/¢ (||d7/0p"™) | = |07 /p™")|| = 1/c) and pointing
in the direction of the arriving / departing MPC.

The derivative with respect to the ith reflective object
location is equivalent to

Oty _ COS(¢k7[5k]i)é[sk]i
ap[SkL c

with ¢y, [s,], as angle between arriving / departing MPC and
object orientation €,),. It is interesting to note that the
gradient points away from the nodes along the direction of
+€s, ), Furthermore, the delay is more sensitive for objects
with steeply arriving MPCs (compare ¢y, 5, With ¢y, s, in
Figure 2). An arriving angle at the reflection point of ¢ = 0°
yields a doubled sensitivity of 7 to the reflecting object loca-
tion compared to the sensor node position: |04 /0ps,],

2[|0m./op™ || = 2/e.

IV. APPLICATION

In the following we employ the derived relationship be-
tween positions of nodes and locations of reflective objects
for anchor-free tracking of sensor nodes using real data.
Knowledge of reflective objects enables the association of
MPCs to the surrounding geometry which compensates for
the demand of anchor nodes with known positions. In our
setup we consider four nodes moving on trajectories of n €
{1,...,200} steps in a hallway, as illustrated in Figure 3.
At each time step n the nodes perform channel measurements
where we distinguish between self and relative measurements.
At self measurements a single node explores the reflections
from the surrounding environment. For these measurements
we equipped each node with two antennas, assembled next
to each other. The measured channel response between both
antennas contains reflections only (as the line-of-sight (LOS)
component arrives at 7 os =~ 0). The relative measurements
are performed between neighboring nodes, and we obtain in
total four self and six relative measurements at each n.
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Fig. 3. Illustration of the hallway and the trajectories of the nodes. Black and red crosses are the true and estimated nodes’ positions. The multipath propagation

at time step n = 30 is shown in blue.

We performed the channel measurements using a correlative
channel sounder where we convolved the received impulse
response with a raised cosine pulse with pulse duration of
1ns (which corresponds to a 3dB bandwidth of 1 GHz), roll
off factor of 0.5 and carrier frequency of 7GHz. The MPC
delays of each measurement are estimated using [1].

To model the floorplan we considered objects with dimen-
sion greater than 25cm, e.g. walls, doors and windows. The
floorplan parameters {p;} and {e;} were obtained using a
measuring tape. Note, the required floorplan accuracy depends
on the transmitted signal. Large bandwidths of 1 GHz enable
ranging in cm range [10]. Hence, accurate floorplans are
required for an unbiased modeling of the MPC delays (see
[7] for an experimental evaluation of the floorplan’s impact).

We employ an Extended Kalman Filter to recursively es-
timate the nodes’ positions using the measured MPC delay
information. As measurement model we use the derived rela-
tionship in (1) where we consider that at self measurements
the transmitting and receiving node in (1) attains the same
position. At each time step the nodes’ positions (red crosses
in Figure 3) are jointly estimated using the linearized mea-
surement model which is equivalent to the partial derivatives
of (1), derived in Section III.

Figure 4 shows the cumulative distribution function of the
position error. We can observe that the nodes are able to
estimate their positions with high accuracy using information
contained in multipath only. The 90 % limit of the position
errors is below 6cm which justifies the eligibility of the
derived geometric relationship. It is interesting to note that
the performance of nodes 2 and 3 is slightly better compared
to nodes 1 and 4. This can be reasoned as nodes 2 and 3 are
well surrounded by cooperative neighboring nodes. Thus, it is
more likely to receive multipaths from uniformly distributed
directions which subsequently reduces the position error in
both dimensions. This is different at nodes 1 and 4 whose
positions are separated from the neighboring nodes (see Fig-
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Fig. 4. Cumulative distribution function of the position error of nodes 1 — 4.

ure 3). Their position related information is obtained from
mainly one direction which limits the achieved accuracy in
the perpendicular direction.

V. CONCLUSION

We revisited the image source model for assessing the
impact of node positions and reflecting object locations on the
multipath propagation. We pointed out that the MPC delays are
more sensitive to errors in the reflecting object locations (up
to a factor of 2) compared to the sensor node positions. Our
findings support the importance of highly accurate locations
of the reflecting objects due to their strong impact on the MPC
delays. We demonstrated the benefits of the derived geometric
relationship by tracking the positions of cooperative nodes
using multipath propagation only. Future work will expand
the investigations to point scatters and complex shapes of
reflectors.
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