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Abstract—In this paper, a new single sensor passive
emitter localization approach is presented. The use
of signal structure information allows TDOA-based
localization with a single moving sensor node. A direct
position estimation scheme is derived for the single sen-
sor TDOA localization problem. The feasibility of the
proposed method is shown in simulations. The position
estimation accuracy of the single senor TDOA and the
direct technique are compared. Field experiments using
an airborne sensor are conducted to prove the concept.

I. INTRODUCTION

Passive emitter localization is a fundamental task en-
countered in various fields like wireless communication,
radar, sonar, seismology, and radio astronomy. An air-
borne sensor platform is the preferable solution in many
applications. The sensor is typically mounted e.g. on
an aircraft, a helicopter, or an unmanned aerial vehicle
(UAV). Airborne sensors provide in comparison to ground
located sensors a far-ranging signal acquisition because of
the extended radio horizon. Mostly for localization issues,
sensors are installed under the fuselage or in the wings
of the airborne sensor platform. In case of hard payload
restrictions only compact sensors come into consideration.

Aspects of the two-dimensional and three-dimensional
localization problem examined in the literature include
numerous estimation algorithms, estimation accuracy, and
target observability [2]. Typical localization systems of
interest obtain measurements like direction of arrival
(DOA), frequency difference of arrival (FDOA), time dif-
ference of arrival (TDOA) or combinations of the afore-
mentioned measurements [3].

Commonly, the desired source locations are determined
in multiple steps: the signal processing step where the
sensor data is computed from the raw signal data, and the
sensor data fusion step where the localization and tracking
task is performed. Alternatively, direct position determi-
nation (DPD) approaches have been proposed to compute
the desired target parameters in a single step based on the
raw signal data without explicitly computing intermediate
measurements like DOA, FDOA, and TDOA [12], [11]. It
has been shown that this kind of data processing offers
a superior performance in scenarios with weak or closely-
spaced sources but requires a higher computational burden
in comparison to the standard multi-step processing. For
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Figure 1. Comparison of non-direct and direct approach.

example for TDOA-based localization, a direct approach
based on the raw signal data has been proposed in [12],
[1], and a standard approach based on TDOA/FDOA
measurements has been proposed in [9], [10], respectively.
In [6], a localization approach based on the complex am-
biguity function (CAF) has been introduced which turned
out to be a compromise between localization performance
and computational burden.

In our previous work, we proposed a DPD approach

for a moving antenna array sensor [5], [4]. Furthermore
in [8], we introduced a single element TDOA localization
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approach using just a single omnidirectional antenna. In
the following, this approach is referred to as single sensor
signal structure TDOA (S*TDOA) localization (Fig. 1(a)).
Commonly, single-element approaches using a single direc-
tional antenna take the directions in which local maximum
power is received to be the DOA estimates [7]. Since
directional antennas cannot simultaneously scan in all
directions, some transient signals can escape detection and
fluctuations of the source signal strength and polarization
during the sequential lobing process may have a significant
impact on the DOA accuracy. However, these problems
are circumvented by the technique proposed in [8] which
is applicable when information about the signal structure
is a priori known (e.g. communication and radar emitters).

In this paper, the single-element TDOA localization
approach is extended by the key-idea of direct emitter
localization. For an airborne scenario with a single sta-
tionary source, we introduce a novel direct localization ap-
proach based on the cross correlation function (CCF). Our
simulation and experimental measurement results demon-
strate that the proposed approach considerably outper-
forms the standard single-element localization approach.
This approach is named as direct S*TDOA abbreviated
with DS*TDOA (Fig. 1(b)).

This paper is organized as follows: In Section II, the
considered localization problem is stated. In Section III,
we briefly review the S*TDOA localization approach based
on the CAF [8] and introduce the novel DS*TDOA ap-
proach. Simulation results comparing both approaches are
presented in Section IV. In Section V, the experimental
measurement results proof the concept. Finally, the con-
clusions are given in Section VI.

The following notations are used throughout this paper:
f[k] is a discrete version of the function f(t), f*[k] is the
conjugate complex of the function f[k], and ()T denotes
transpose.

II. PROBLEM FORMULATION

We consider an omnidirectional antenna sensor mounted
on an airborne platform moving along an arbitrary but
known sensor path observing a single ground-located
source at position x. The source emits a continuous signal
with a known periodic pulse structure given by
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> N —ir), (1)

i=—00

s(t) =

where I1M(+) denotes a rectangular function with some pulse
width T, and T > T}, denotes the pulse repetition interval.
E.g. in case of a communication signal, the pulse structure
represents the transmission and guard intervals of the
signal.

During the movement, the sensor collects N signal data
batches. The n-th received signal at some measurement
point reads

Zn(t) = an s(t — ten — tn) exp(junt) +wn(t), (2)

where a,, denotes a path attenuation factor, t., denotes
the unknown signal emission time of the n-th received
signal, t,, denotes the time difference between signal emis-
sion and signal acquisition, v, is the signal Doppler shift
induced by the movement of the own sensor platform, and
w,, denotes some addtional receiver noise,n = 1,..., V.

In practice, the sensor collects data samples from the
received signal. In the considered scenario, the sampling
rate is assumed to be high enough that the sensor location
r, is approximately constant for each collected data batch
(Fig. 2). Then, t, and v, are given by

i) = Lol "
~ vEAr,(x) fo
00 = Aol e W

respectively, where Ar,(x) = x — r,, denotes the relative
vector between sensor and source, v, is the sensor velocity
vector, ¢ is the signal propagation speed, and fy is the
center frequency of the emitted signal.

Considering the time-discrete version of the received
signal in (2), the k-th data sample of the n-th data batch
is given by

znk] = an §[kA — clk,, — 7] exp(jvn kD) + wy[k], (5)

where A is the sample interval, clk,, is the known sensor
clock of the n-th measurement, 7, is the signal time of
arrival relative to the sensor clock, and §[k] is a reference
signal representing the signal s[k]. For the ideal case, it can
be assumed that 5[k] = s[k]. Please note that clk, + 7, =
te,n+tn holds. The additional receiver noise w,, is assumed
to be temporally uncorrelated and zero-mean Gaussian.

Finally, the localization problem is stated as follows:
Estimate the source location x from the received signal
data batches z, = (2,[1], ..., z2[K])T, n = 1,..., N.

n-th batch
sensor path

emitter

Figure 2. Three-dimensional localization scenario.

768



ITI. LOCALIZATION APPROACHES

In this section, approaches for the stated localization
problem are presented i.e. the localization of a source
with periodic pulse emission using a single moving sen-
sor. Firstly, an approach based on TOA measurements is
presented. Then, the proposed novel approach based on
the CCF is presented. For the sake of simplicity, only TOA
measurements are considered in following and the Doppler
is neglected. Nevertheless, the following techniques could
be generalized to full CAF.

A. Two-step S*TDOA Approach

Step 1: Commonly for a sensor network, TDOA mea-
surements are extracted from the CCF

CCF(AT) =Y #[Klza[k + A, (6)

k=1

i.e. from the correlation of the two signals z1[k] and z3[k]
in time domain. The TDOA ecstimates are calculated by
detecting the peak in the CAF:

AT = arg max CCF(AT). (7)

However, since a single moving sensor is considered,
the measurements are not taken simultaneously. Thus in
the following, the signal processing for the single sensor
case is presented (Fig. 1(a)). Due to the known signal
structure, a quasi-TDOA measurement can be computed
by considering the individual known sensor clock clk,,:

7, = argmax CCF,,(7) (8)
with
K
CCFu(r) = 23 [k]3[k + clky + 7], (9)
k=1

where §[k] denotes a reference signal introduced in (5).
Then similar to (7), a quasi-TDOA measurement can be
calculated by taking the clock differenes (Fig. 3)

clk,, — clk, clk,, — clk,
et = ([ l] [y

into account, where the index r indicates some reference
time. Then a quasi-TDOA measurement can be extracted
from the TOA estimates by

ATy = Tn — (Tr + Dclky, ), (11)

i.e. by the difference of the individual estimated TOAs
corrected by the clock difference. The correction of the
clock difference is mandatory because the measurements
are not taken simultaneously.

Step 2: The emitter localization problem can be solved
by searching the emitter location that most likely explains
the TDOA measurements calculated in (11). Therefore,
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Figure 3. Received signal at measurement step r and n.

the emitter location can be calculated by solving the
following least-squares form:

N
JAN PREEEAN 2
X:argminz 1A% ) T GO ) (12)
* =1 ATn,r
n#r

where AT, ,(x) denotes the measurement function given
analog to (11) by

ATy (x) = t,(x) — (E-(x) + Aclky, ), (13)

according to (3) and UQA”M denote the TDOA measure-
ment variance, n = 1,..., N. The solution in (12) can be
geometrically interpreted as the intersection of the hyper-
bolae represented by the individual TDOA measurements.

At this point it is worth to mention that in practice, the
measurement variances are unknown and vary during the
time. Consequently, the measurment variance have to be
estimated because otherwise one could use an estimator
with a reduced performance.

B. One-step DS*TDOA Approach

The key-idea of direct localization approaches is to avoid
the decision for one TOA/TDOA/AOA measurement in
the first step of a localization algorithm. In the case of
the SYTDOA method as described in the previous section,
this decision is represented by the process of maximum
determination of the CCF. The choice will always falls on
the highest peak of the CCF, but when taking into account
all measurement batches, this peak might be wrong. In
this case, f.e. the second highest peak of the CCF would
correspond to the sensor emitter geometry and fit all other
measurement batches. Thus, leaving this decision open,
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allows the implicit evaluation of multiple measurement
hypotheses in one localization step.

The intention is to create a cost function that has to be
optimized in the localization step, which takes into account
all measurement batches at the same time without the
explicit decision for TDOAs (Fig. 1(b)). By calculating
the CCF of the CCF, (CCF of z, and s[k]) and the
CCF,, (CCF of z, and s[k]), the choice for an explicit
TDOA can be postponed into the localization step. We call
this approach direct single-sensor signal structure TDOA
localization (DS*TDOA).

The cost function (cross correlation of cross correlation
functions) subject to the position x is defined as

K
CCCF,, ,(x) = Y  CCF}[K]CCF,[k + A, (x)],
k=1

(14)

with the CCF given in (9). The localization problem is
then stated by

N
% = argmax »  CCCF,, .(x).

n=1

n#r

(15)

C. Discussion

The localization accuracy for both methods may de-

grade, if the distance between two observer positions is
too big compared to the signal repetition duration T'.
If Ar,(x) > % the wrong peak may be chosen in
the maximum determination of the CCFs in the case of
S*TDOA. This choice has a direct effect on the localization
accuracy using S*TDOA.

The influence on the localization for DS*TDOA is
smaller if A7,(x) < £ for almost all n. If A7, (x) > T for
a significant number of measurements , the optimization
of the localization function (15) may run into the maxi-
mum that corresponds to the wrong time slots. However
this is unlikely, because the ambiguities that are due to
ATy (x) > % are unlike to join in the same spatial position.

IV. SIMULATION RESULTS

The proposed localization approaches performance is
evaluated in Monte-Carlo simulations for a given scenario.
GSM base stations are chosen as emitter with recurring
signal structure.

A. Simulation Setup

The desired signal is sent on the broadcast channel of a
GSM base station and is divided into time slots. Each time
slot has a duration of 576.92 us. A time slot is divided into
data transmission time and guard period during which no
transmission takes place. This time slot signal structure is
represented by the reference signal 5[k] introduced in (5).

The sensor trajectory remains the same over all Monte-
Carlo runs. The position of the emitter is chosen uniformly
at random from a given area of interest. The localization
accuracy is also evaluated w.r.t. the signal-to-noise ratio

[km]

L L L L L B,
-1 -10 -9 -8 -7 -6
[km]

Figure 4. Simulation Scenario: Sensor trajectory and area of interest
(green box).

(SNR). A sensor trajectory that is similar to the one of the
field experiments (Section V) is used for the simulations.
Fig. 4 shows the trajectory as well as the area of interest
in which possible emitters are located.

We use the following definition of SNR for the simula-
tions:

Py
SNR,[dB] = 1010g10P—

with Ps; being the mean signal power and P, the mean
noise power. A total of 250 Monte-Carlo runs were per-
formed. Each Monte-Carlo run consists of the following:

(16)

1) An emitter position is chosen at random from the
area of interest.

2) A random start drift of the broadcast signal is
generated.

3) Signal noise for each sensor is generated.

4) For the given observer trajectory and emitter posi-
tion and time of measurement, corresponding TOAs
are calculated.

5) The broadcast signal is embedded into noise in ac-
cordance to the respective TOAs and scaled to meet
given SNR value.

6) Localization results are calculated using both esti-
mation methods

a) The initialization is done by evaluating a grid
of the respective cost functions for the area of
interest.

b) The position is estimated using Nelder Mead
simplex optimization.

7) Points 5 to 6 arc repeated for all SNR values in
question.

B. Position Estimation

The position estimation for the S*TDOA method is
divided into two main steps. In the first step, the received
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Figure 5. Simulation results: Localization RMSE over SNR for

DS*TDOA (red diamonds) and S*TDOA (red dots).

signal is correlated with the stored reference signal. The
maximum of this correlation function yields the TOA
of each measurement. TOAs of two observation steps
form one TDOA measurement. In the second step, the
emitter position is estimated based on a set of TDOA
measurements.

For the DS*TDOA localization, from the two obscrva-
tion steps that form the TDOA measurement in the above
described case, cross correlate the cross correlation func-
tions of the respective received signals and the reference
signal. Estimate the emitter position from a set of those
cross correlation functions.

For both methods, the respective cost functions are
minimized using Nelder/Mead simplex optimization. The
initialization problem is solved by evaluating the cost
functions of each method for a grid over the area of
interest. For the simulations, the grid points were spaced
by 100 x 100 m.

C. Results

Fig. 5 depicts the results of the simulations. For
cach SNR value, the RMSE of the position estimation
over all 250 simulation runs is calculated. The red line
with red dots shows the RMSE using the S*TDOA,
DS*TDOA is plotted using red diamonds. The accuracy
of the DS*TDOA localization approach outperforms the
STDOA localization method.

V. EXPERIMENTAL RESULTS

Field experiments were conducted to verify the pre-
sented method for real data. A GPS time-synchronized
sensor node was used to gather data from a GSM mobile
station. The sensors receiving antenna was mounted under
the wing of an aircraft. The sensor itself and a PC for
data processing were installed inside the aircraft. Every
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Figure 6. Scenario of field experiments. Sensor trajectory and local-
ization results.

five seconds, data from the broadcast channel of the GSM
base station was recorded at a sample rate of f; = 1 MHz.

Along with the signal data, corresponding timestamps
and position information from the GPS receiver of the
sensor are recorded. For each observation time step n, the
received signals are filtered and the CCF is calculated.
From this CCF the TOA 7, of the signal is estimated as
described in Section III. The CCF, the estimated TOA,
the sensors position and time are used in the localization
step. The localization estimates for both methods are cal-
culated using the same initialization for the optimization
algorithm.

Fig. 6 depicts the sensors trajectory, the position of
the GSM base station as well as the localization results
using the presented S*TDOA and DS*TDOA method. The
presented localization approach is evaluated for different
levels of signal strength. Here, a threshold P, is applied
to the measurements. If the mean received signal strength
P, is below the threshold, the measurement is not used
in the localization step. The mean signal strength of a
signal z,[k] is defined as

P..m= K (17)

with K being the total number of samples.

Fig. 7 to Fig. 10 show the localization cost functions
evaluated for a grid of possible emitter positions. The black
line indicates the flight trajectory where the black dots
indicate the measurements that are taken into account
in the localization step according to the received signal
strength threshold. The true position of the emitter is
marked by a green dot. The position estimate of the
S*TDOA method is shown by a yellow x, the respective
DS*TDOA estimate by a red circle.
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Figure 7. Cost function for S*TDOA (signal threshold -74 dBm).
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Figure 8. Cost function for DS*TDOA (signal threshold -74 dBm).

As can be seen in Fig. 7, the minimum of the cost
function of the STDOA for a received signal strength
threshold level of P, = —74dBm is not located at the
true emitter position due to the choice of one or more
faulty TOA values (maximum peaks of the CCF). This
results in a larger localization error. Here, the advantage
of the DS*TDOA approach can be scen. Fig. 8 depicts
the cost function of the DS*TDOA method for the same
scenario. As can be observed, the minimum of the cost
function is located near the true emitter position and the
localization result is more accurate. For this scenario with
a received signal strength threshold of P, = —74 dBm, the
3-D localization error of the S*TDOA is 1272 m. Using the
DS*TDOA localization algorithm, the position estimation

[km]

[km]

(km]

Figure 10. Cost function for DS*TDOA (signal threshold -60 dBm).

error is 89 m.

The cost function of the S*TDOA and a received signal
strength threshold of P, = —60dBm is shown in Fig. 9.
Less measurements are used to localize the emitter, but
due to the higher signal level, the choice of the peak of
the CCF as TOA value tends towards the correct peak.
With more accurate TDOA estimation, the localization
result becomes more accurate. The cost function using the
direct localization method (Fig. 10) is very similar to the
afore mentioned, also the localization results are nearly
the same.

The localization accuracy for the SYTDOA improves
from 1272m (P, = —74dBm) to 199m (P, = —60dBm).
For the DS*TDOA location estimation method, a slight
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Figure 11. Localization accuracy for different received signal strength
thresholds of field experiment data.

degradation of accuracy from 89m (P, = —74dBm) to
119m (P, = —60dBm) is noticed.

Fig. 11 shows the comparison of the localization errors
of both methods over different signal strength levels. It can
be observed, that the DS*TDOA method is more robust
to smaller received signal strength and outperforms the
S*TDOA-based method. As the TOA estimation using the
signal structure information relies on the amplitude of the
signal, with lower SNR, the TOA estimation becomes more
and more noisy up until peaks that do not correspond
to the signal are chosen as TOA. Since the DS*TDOA
method does not require choosing one peak of the CCF,
the localization results remain more stable for lower signal
level values.

VI. CONCLUSION

We introduced a direct localization approach for the
use with a single moving sensor. The method is based on
the S*TDOA found in [8]. The direct localization solution
DS*TDOA is derived in Section III. The performance in
means of emitter localization accuracy of STDOA and
DS*TDOA are evaluated in simulations (Section IV). Field
experiments dealing with the localization of GSM base
stations using a single airborne sensor are presented in
Section V.

The presented method allows emitter localization with
a light weight and small sensor node. Only one reception
channel combined with an omni-directional antenna is
needed. The requirements on the communication channel
bandwidth between sensor and situation display system
are small. Even if the position estimate is not determined
at the sensor node but is calculated at a control station
on ground, only CCF and corresponding time and posi-
tion information need to be transmitted. Classic TDOA
approaches require the transmission of raw signal data to

a reference sensor or control station, thus having higher
demands on the communication channel.

The feasibility of determining the position of an emitter
using a DS*TDOA is shown. The proposed DS*TDOA
localization is more robust to smaller SNR and outper-
forms the S*TDOA localization in both simulations and
field experiments.
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