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Abstract— In this paper, we present algorithmic develop-
ments for a single mobile robot equipped with a directional
antenna to localize unknown networked radio sources. We
assume that the robot only senses radio transmissions at the
physical layer and that the network has a carrier sense multiple
access (CSMA)-type medium access control (MAC) layer. The
total number of radio sources are assumed unknown. We first
formulate the localization problem and then propose a particle
filter-based localization algorithm. The algorithm combines a
new CSMA model and a new directional antenna model. The
new CSMA model provides network configuration data, such as
the network size and the probability of collision, when listening
to network traffic. The directional antenna model enhances the
efficiency of robot motion. The new combined sensing model is
capable of handling transmission collisions during localization.
The overall algorithm runs in O(nm) time for n particles and
m radio sources at each step. The numerical results show that
the algorithm can localize unknown networked radio sources
effectively.

I. INTRODUCTION

The recent fast-evolving technology of radio frequency
(RF) wireless sensor networks is a double-edged sword.
On the one hand, it improves our capability of acquiring
information from a remote environment; on the other hand,
it provides new espionage tools that threaten our security
and privacy. A sensor network is usually composed of a
large number of miniature wireless sensor nodes with self-
configurable ad hoc networking capabilities, which make it
very difficult to be localized. When a mobile robot does not
understand the communication packet and does not know the
total number of radio sources, it is challenging for the robot
to perform the localization process because: (1) the periods
of radio transmission are short and radio sources may not be
active at al times and awaken intermittently and (2) there
could be more than one radio source transmitting signals.

We are interested in developing algorithms and schemes
to guide robots that are equipped with directional radio
antennas to localize unknown networked radio sources. This
paper reports the first step of the study in which only one
robot is used for the locaization task (Fig. 1). Using the
equipped directional antenna, the robot can detect variations
of radio signal strengths as it travels in the field of radio
sources. Although the antenna cannot decode intercepted
packets and identify the transmitter by on-the-fly packet
content, by listening to the transmission patterns, we can
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gtill obtain the physical layer information and limited MAC
layer information of the wireless network.
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Fig. 1. (a) Schematics of deploying a single mobile robot to localize
unknown networked radio sources. The radio sources with dashed circles

indicate that they are sending radio signals. (b) A prototype of a mobile
robot and a radio source.

The recent development of radio frequency-based local-
ization can be viewed as the localization of “friendly” radio
sources because researchers assume either a continuously
transmitting radio source (similar to a lighthouse) [1]{4] or
known packet information of the network [5]-9]. Letchner
et al. [2] use a network of wireless access points to localize
a mobile agent, which can be viewed as a dual version of
our problem. They use multiple static listeners to localize a
mobile transmitter, while we try to localize multiple static
transmitters using a mobile listener. The problem we are
facing is more challenging because the robot/listener are not
assumed to understand the packet. In [8], Sichitiu and Ra-
madurai try to localize sensor network nodes with a mobile
beacon. However, the scheme requires the communication
between the mobile beacon and sensor nodes to identify the
transmitter of the radio signal.

In robotics research, simultaneous localization and map-
ping (SLAM) is the process of mapping the environment
and localizing the robot’s position at the same time [10]—
[12]. Directly applying SLAM methods to our problem is
not appropriate because networked radio sources create a
highly dynamic environment where the signal transmission
patterns change quickly. A directiona log-periodic dipole
array (LPDA) antenna is used in our setup because it has
excellent wide-band reception. Although physical models of
the LPDA antenna have been discussed for more than 20
years [17], unfortunately, for a given antenna, the model
cannot provide an accurate prediction of the real signal field
due to many random factors, such as the antenna surface and
shape. Moreover, the physical model is computationally ex-
pensive and cannot be used for real-time applications. Most
existing research often simplifiesthe signal field asan inverse
quadratic function with a circular radiation pattern, and such



a simplification cannot capture the antenna's directivity. In
this paper, we construct a tractable computational model
based on a half wave dipole antenna model.

An early work in [3] uses multiple orthogonal antennas to
triangulate the position of a radio source. Although only the
physical layer information is assumed for the receiver, the
antenna model [3] does not address the problem of multiple
simultaneous transmissions, namely, modeling of network
traffic. Since a large class of wireless networks use a CSMA-
based MAC layer protocol [18], we assume such a proto-
col as prior knowledge of the network. Incorporating this
knowledge into the localization mechanism greatly enhances
the system’s performance. Existing MAC layer models [19]
focus on modeling of MAC protocol behaviors, such as
transmission delay and channel capacity and do not provide
information for the localization purpose.

Our approach builds on an augmented particle filter
that combines three new developments: an antenna sensing
model, a probabilistic sensing model, and a CSMA protocol
model. The new antenna model characterizes the properties
of an LPDA antenna, and the combined probabilistic sensing
model predicts sensor readings when there are collisions
between multiple transmissions. Combining the information
from the three developments, we generate robot control
commands to search for and localize radio sources. The
overall agorithm runsin O(nm) time for n particles and m
radio sources at each step. Our preliminary simulation results
show that the scheme can effectively localize networked
radio sources.

The remainder of the paper is organized as follows. We
formulate the localization problem in Section II. We also
present the system architecture in this section. In Section |11,
we introduce our sensing model based on the antenna and
the CSMA protocol models. The overall algorithm and simu-
lation experiments are presented in Section 1. We conclude
the paper with Section V.

Il. PROBLEM STATEMENT AND SYSTEM DESIGN
A. Problem Satement

We denote the location of the ith radio source as (z;, y;),
i = 1,...,m, where m is the total number of the radio
sources. Denote X, = {(z;,¥;)|i = 1,...,m} as the state
variable and uy, as the robot motion command at time k. We
measure the radio signal strength Z* at time k, and ¢;; is
the carrier phase difference between radio sources i and ;.
We consider following assumptions.

1. The robot and radio sources are in a free 2D space, and
the radio sources are static nodes,

2. The network traffic of the radio sourcesis light and each
transmission is short. Therefore, radio sources cannot be
treated as continuous beacons,

3. The radio sources communicate with each other using a
CSMA-type MAC protocol,

4. The directional antenna on the robot has high sensitivity
and can listen to all traffic,

5. The radiation pattern of the radio sources is circular
and the phase difference between any two carrier waves

from radio sources ¢ and j is uniformly, identically,
and independently distributed, ¢;; ~ UJ[0,2x], i,j =
1,...,m,

6. The robot accurately executes its motion command and
we do not consider the mobile robot’s dynamics.

We define the localization problem as

Localization Problem: Given the received RF signd
strengths, Z', Z2,..., Z*, and robot motions, Uy, Us, .. ., Uy
at time k&, identify the number of radio sources m and localize
the position of each radio source, {(z;,v:)},i =1,2,...,m.

B. System Design

Fig. 2 illustrates the system architecture. The input is the
signal strength from the directional LPDA and the output of
the system is robot motion commands. The antenna model
outputs a probabilistic distribution of transmitter locations
according to the LPDA properties and RF wave superposi-
tion. The CSMA model listens to the communication traffic
and estimates the total number of transmitters. Both the
antenna and CSMA models are integrated together in our
sensing model. A particle filter is then employed to estimate
the posterior probabilistic distribution of states and output
such a distribution to the motion generation module. The
motion generation module selects the motion that leads the
robot toward the most probable radio source location. The
robot makes the movement, and the system advances to the
next step.

Antenna readings
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Fig. 2. System architecture.

The localization framework builds around a particle filter.
The estimate of the probabilistic distribution p(x;|Z*) char-
acterizes possible states given current sensor readings. Using
Bayes theorem, p(x,|Z*) can be computed iteratively as

(x| Z*) = np(Z¥|xi,)

/p(Xk\Xk—l,Uk—l)p(Xk—1|Zk_1)ka—17 D

where 7 is a normalization constant and p(Z*|x;) is the
measurement model that characterizes the conditional prob-
ability distribution of sensor readings Z* given state x;.
p(Xk|Xk—1,Ux—1) is the motion model that characterizes the
distribution of states x;, given its previous state x;_; and
motion commands uy_;. Computation in Eq. (1) is non-
trivial because p(xx|Z*) is often non-Gaussian and nonlin-
ear. We adopt a Monte Carlo localization method [14] with
a sampling/importance sampling (SIS) particle filter.

The localization problem is considered as the following
two subproblems. The first subproblem is to compute the
conditional probability of the signal strength reading given



known sensor locations p(Z*|x;). The second subproblem
is to estimate the total number of radio sources m based
on CSMA modeling. The resulting m and p(Z*|x;) is fed
into Eq. (1). Then, the SIS particle filter is used to compute
p(xx| Z%). Given the current posterior probability p(xx|Z*)
and m, the robot motion uy, is computed toward the most
probable radio source locations. If the robot moves close to
a radio source within a preset radius, we consider the radio
source to be localized.

I1l. SYSTEM MODELING

The sensing problem isto compute p(Z*|x;,), the probabil-
ity distribution of the measured signal strength given aknown
robot and radio source configuration. Z* is arandom variable
because (1) a radio transmission pattern is a random event
and (2) the carrier wave phase difference between collided
transmissions is random variable. To compute Z*, we need to
address the following three problems: (1) What is the antenna
reading for an individual transmitter? (2) What is the antenna
reading if there is more than one simultaneous transmitter (or
acollision)? (3) What are al possible collision types? In the
following, we address these three problems sequentially.

A. Antenna model

1) Sngle radio source: We denote r; as the distance
between the robot and the :th radio source, 6; as the antenna
orientation with respect to the ith radio source, z; as the
measured signal strength from the ith radio source, 7y, (a
random variable) as the measured signal strength when v
radio sources are transmitting signals simultaneously, Z;; (a
random variable) as the measured signal strength when both
ith and jth radio sources transmit signals simultaneously, and
P, g1 as the channel idle probability.

(a) Antenna photo

(b) Radiation pattern

Fig. 3.
properties.

WiINRADIO AX-31B planar log-periodic directional antenna

We use a WINRADIO AX-31B Planar LPDA in our
system (Fig. 3). Because the reception and radiation patterns
of an antenna are identical [20], either pattern may be
referred to as the “radiation pattern.” In order to compute
the measured signal strength z;, we need to model the
LPDA directional antenna. The received signa strength of
the directional antenna is given as

% =Cr;  f(6:), @

where C'is a constant depending on transmission power and
Ty 7 is the signal decay function. We use the well-accepted
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Fig. 4. LPDA antenna gain curve fitting.

decay factor 5 = 2 [21]. The directivity of the antenna is
captured by the term f(6;), which describes the radiation
pattern of the antenna.

To obtain an efficient computational model, we use a
curve-fitting method based on numerical data from the an-
tenna simulator SuperNEC [22]. We use our LPDA configu-
rations, such as beam lengths and spacing, and the simulator
generates the radiation pattern as shown in Fig. 3(b). Note
that an LPDA is a wide band antenna with multiple beams
and only the beam with length close to half of the wave
length is the most effective receiver. Therefore, we use a
half wave dipole antenna model to fit the radiation pattern
of the LPDA antenna at 433 MHz. We choose this frequency
because it is the working frequency of the Berkeley mica2
[23] motes that are used in the experiment.

The radiation pattern in Fig. 3(b) is given by a unit of
dBi, which is the antenna gain over a theoretical isotropic
(point source) antenna. We convert the radiation pattern to
an absolute gain as shown by the solid-line curve in Fig. 4.
The resulting function is given by

1.4825 cos 0;,
f(0;) = { —1.0654 cos 6;,

0§97;<§0r3§§97;<27r
s 3
3 =0i<F.

©)

The model fits well with simulation data as illustrated in
Fig. 4. We then compute the probability distribution of Z*
given that only radio source i is transmitting,

. 1, ZF=1z+0.5
p(Zk‘Z’X’“) - { 0 (EtherwiseJ

where | | is the floor function. The model in Eq. (4)
considers that the antenna only takes integer readings and
there is no randomness in a single radio source.

2) Two or more radio sources. Assume that there are
v,1 < v < m, radio sources transmitting at the same
time. Each radio source ¢ has amplitude A; and phase ¢;,
i=1,2,...,v. The wave ¥, caused by radio source i can
be described with a wave function, ¥, = A; cos (wt + ¢;),
where w is the carrier frequency. According to the the-
ory of wave superposition, the combined wave ¥ =

> Aicos(wt +¢;) = Acos (wt + ¢), where A is the com-
lerlled amplitude with

A2=N"A2 423 N AjAjcos (¢ — ¢). (B)
=1

i=1 j>i

(4)



Based on RF theory, the received signal strength is propor-
tional to the square of the wave amplitude, i.e. z; ~ AZ.
Therefore, we have

Z{v}—ZZL—FQZZWCOb ®;). (6
i=1 j>1
When the network traffic is light, the CSMA protocol
introduces a random back-off mechanism that makes the
probability of collisions involving three or more nodes negli-
gible. We consider only collisions between two radio sources.
Defining ¢;; = ¢; — ¢;, Eq. (6) becomes

Zij =2z; + Zj + 21/2’1‘2’]' COS ((f)”) (7)

Since ¢;; ~ UJ0, 2], the cumulative distribution function
(CDF) of Z;; is obtained as

y—Z,; —Zj
7(y) p(Zij < y) = P(cos(¢ij) < Wz )
1 ifyZZi—‘ij—FQ«/ZiZj
= 0 ify <z +z; —2,/2i%; (8)

1 —1 (Y—zi—%j H
1— —cos ( QWJ) otherwise.

Since z; and z; are readings for individual receptions from
radio sources ¢ and j, respectively, they can be obtained
based on known radio source and robot locations using
Eq. (2). Hence, we can compute the probability distribution
of Z* = Z,; over the integer reading y when transmissions
have collided,

p(Z" = yli,j %) =Py — 0.5 < Z* <y +0.5)

=Fz(y+0.5) — Fz(y — 0.5). 9

B. Sensing model

Now we are ready to compute the sensing model
p(Z¥|x;.). Only three possibilities exist in the network,
namely, no radio transmission, single transmission, and col-
lision. When there is no transmission, p(Z* = 0) = Pqe,
where the calculation of the channel idle probability P;q;.
will be discussed in the next section. Considering that
collisions involving three or more radio transmitters have
a very small probability of occurring under light network
traffic, we approximate the general sensing model by only
considering two-source collisions,

= ZP(Zva Xk)p(
= (10)

where p(i) and p(i,j) are the probabilities of the given
collision types (no collision or collision) when the channel
is busy, namely, non-zero received signal strength. We next
discuss the caculation of p(z) and p(i, j).

C. CSMA-based MAC protocol model

Let P, denote the channel busy probability, P. denote the
channel collision probability, P,. denote the probability that
a collision happens during a busy period, and P,. denote the
long-run probability of collision given the channel is busy.

p(Z% %)
i=1 j>i

Z)+Z Zp(Zkﬁ,j,Xk)p(i,j),

We compute p(i) and p(i,7) in Eq. (10) based on the
CSMA-based MAC protocol model. Assuming that al the
radio sources are identical and the communication protocol
isfair, the probability that each radio source transmits is thus
equal, and the probability that any two radio sources transmit
during the same transmission period is equal. We define
p(i) =p, p(i,j)=¢q,i=1,...,m, j > i. Recal that P,
is the channel idle probability. The channel busy probability
is then P, = 1 — P,g.. We define the busy collision
probability P,. as the conditional probability of a collision
given the channel is busy, namely, P, = £ = =5
where P, is the unconditional channel collision probab|l|ty
The busy period is composed of the single-source sending
and the two-source sending cases. Thus,

m m m

m(m—1)
Zp )+ Y pli,g) =mp+ — 5 —a=1 (1
=1 j>1
where Z > p(i,7) is the busy collision probability, and
i=15>i
Py. = m(m — 1)q/2. Therefore,
1 2Py
=—(1-"PFPy), ¢g= ———. 12
p=—(1=Py), q mm —1) (12)

If we know P,., we can compute p and ¢. In addition, the
measured channel idle probability P,y is critical to estimate
the number of radio sources m. We now begin modeling for
Py and P;gjc.

Successful transmission period Unsuccessful transmission period ‘
Packet 2 ‘ Normalized
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Fig. 5. CSMA: transmission period analysis.

Fig. 5 illustrates the timing diagram of a CSMA proto-
col. The time axis is divided into busy and idle periods
aternatively. In the figure, a < 1 denotes the propagation
delay, t is the starting time of a busy period, and ¢t + Y
is the time when the last packet arrives between ¢ and
t+a, 0 <Y <a. B, I, and U are the durations of the
busy period, the idle period, and the time during a cycle
that the channel is used without conflicts, respectively. Each
busy period is aso termed a transmission period, which is
further classified as a successful transmission period or an
unsuccessful transmission period.

Without loss of generality, we set packet length 7' = 1
in Fig. 5. A packet takes additional time a to propagate.
Therefore, a successful transmission takes time (1 + a). If
a radio source decides to transmit Packet 2 at time ¢, then
the duration between ¢t and ¢ + a is a “vulnerable” period
because other radio sources cannot sense its transmission
and may initiate another transmission (e.g. Packet 3), which
leads to a collision.

We assume that each radio source is an independent
Poisson source with the same packet generation rate A. Thus,
the aggregated transmission rate S is given by S = mA. Due



to retransmission (with rate R), the actual packet arrival rate
G = S+ R, and we cal it the offered traffic rate. By the
aggregation of several Poisson signal sources, S is aso a
Poisson process. The offered traffic rate G can aso be ap-
proximated with a Poisson process. The collision probability
of atransmission period P, is calculated as P, = 1—e9G,
Upon each collision, there are two retransmissions scheduled.
Each retransmission time is determined by the congestion
backoff (CBO) value of the protocol used by the radio
sources. Defining § as the expected CBO time, R can be
represented as R = 25P,.(}) = Qs(%ewc) Therefore,

25(1 — e~¢)
5 .
Now we are ready to compute the channel idle probability
P,y and the busy collision probability P,.. Using the
renewa reward theorem and recaling that B and I are
the length of the busy and idle periods, respectively, then
Pigie = E%J' where T = 1/G' is the expected idle period,
and B is the expected busy period. Recall that Y is the
moment that a packet arrives between ¢ and ¢ + a (Fig. 5).
Then B = 1 +a+ Y, where Y = E(Y) is the mean
vaue of Y. The value of Y depends on whether there is
a callision or not. A collision means there is at least one
new arrival in [t,t + a). Y = 0 if there is no collision.
Therefore, we obtain Y = E(Y) = E(Y|collision)P,, =
E(Y |callision)(1 — e~2%). The CDF of Y given a collision
caseis

G=5+ (13)

Fy (r|callision) = p(Y < |collision)
p(no arrival in [t + 7,t 4+ a), at least one in [t,t + a))
- p(at least one int,t + a))
_ p(atleast one arrival in[t,t+7)) 1—e "¢
~ p(at least one arrival in [t,t +a)) 1 —e—aC’
where 0 < 7 < a. Since Y is non-negative,

E(Y|collision) = /a(l — Fy (7|collision))dr.
0

We then obtain YV = 4 (1 — %) — ae~*“ and

P = (14)

G(l1+a)+2—e 9 —aGe oG’
The busy collision probability Py, is different from P,.,
since P, is defined as the probability that a collision happens
in a busy period, while P,. counts the total time that the
channel has more than one simultaneous transmitter during
a busy period. Since we consider the case that two radio
transmissions collide (Fig. 5), the actua busy collision time
should be 1 — Y, and the actual busy period should be 1 +
a+Y. Py, is obtained
pci = (1- e—aG)i.
1+a+Y 1+a+Y
Recalling that S = mA, Eqg. (13) establishes the connec-
tion between m and G. We thus obtain m using P,y based
on Egs. (13) and (14). We compute p and ¢ using m and
Py, using Eq. (12). Hence, the sensing model in Eq. (10) is
complete.

Py = (15)

IV. ALGORITHM AND EXPERIMENTS
A. Localization algorithm
We summarize the algorithm as follows.

Localization < false; step < 0; tnept «— 1 o(1)
While Localization = false and step < MAXSTEP do
Sample signa strength
Update P;q. according to Eq. (14)
Update Z* according to non-zero signal readings
Update m estimate according to Egs. (13) and (14)
Compute p(Z*|x,) according to Eq. (10)
Apply SIS particle filter [14] with n particles
Extract next estimated radio source location with the
highest probability from particles
Generate motion command and update robot position
Update P,. according to Eq. (15)
If aradio source is identified then
Inext < tnewt + 1
Regenerate particles and update particle filter
If ipest = m or step > MAXSTEP then
Localization «— true
End if step«— step+1
End while

OO0 00 000 000000
3
3

Since the number of particles n > m, we know that the
overall localization agorithm takes O(nm) time.

B. Experiments

We have implemented the localization agorithm using
Microsoft Visual C++ .NET 2003 on a PC laptop with a
1.6 GHz Pentium-M CPU and 512MB RAM.

We first verify our CSMA modeling by comparing our
modd of P,y and P,. with the network simulation results
(also implemented in Visual C++). We simulate the CSMA
protocol for different values of m, a, and A\. The results in
Fig. 6 show that our model conforms to the output of the
network simulation when X is small. Because we assume
light traffic in our model, large values of A mean heavy traffic
and the probability of collisions involving more than two
nodes increases. This is what we expected because we used
the approximation in Eq. (10). The number of radio sources
m and the length of propagation delay a have a similar effect
on the model.

003 2
0.02

001

m=4, a=0.0. odel
m=4, a=0.03, simuation

=
001 0.03 005 0.07 0.09 0.01

(@ Pidie

(b) Pyc

Fig. 6. Comparison of P;4. and P,. from the network simulation and
the proposed model under different values of a, m, and A.

We then test the overall localization agorithm. We repeat
the experiments for different network sizes m. Each data
point in Fig. 7 is an average of 5000 independent trials with
each radio source uniformly distributed in a square 2D free
space. The network has a = 0.02 and A = 0.05, which is
unknown to the robot. Initially 5000 particles are used in the
particle filter. We are interested in how efficient the method
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Fig. 8. Sample robot trajectory with network size m = 3.

can localize the radio sources. Fig. 7 reports that the number
of steps needed is linearly proportional to the network size,
which conforms to our analysis. However, there are some
outlying cases. It is unclear why the number of steps drops
form =17.

Fig. 8 illustrates a sample robot trajectory with a network
size m = 3. The parameters are the same as those in Fig. 7.
As we can see, the density of the trgjectory depends on how
difficult it is to identify the radio sources. The two radio
sources at the bottom are very close to each other. The robot
has to wander around the region for a long time to obtain
enough data to distinguish them.

V. CONCLUSION AND FUTURE WORK

We report our initial algorithmic developments of using a
mobile robot equipped with a directional antenna to localize
unknown networked radio sources. We propose a particle
filter-based localization approach that combines a new sens-
ing model witha CSMA model and a new directional antenna
model. The new sensing model is capable of dealing with
scenarios when transmission collisions occur. The overall
algorithm runs in O(nm) time for n particles and m radio
sources a each step. We have implemented and tested the
algorithm using a simulation platform. The results show that
the algorithm is capable of localizing unknown networked
radio sources when network traffic is light.

We are currently testing our algorithm using physical ex-
periments. The particle filter has also shown its low efficiency

when the problem space becomes large. Therefore, we plan
to develop other more scalable mechanisms.
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