Underwater Localization by combining
Time-of-Flight and Direction-of-Arrival
Wouter A.P. van Kleunen, Koen C.H. Blom, Nirvana Meratnia,
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Abstract—In this paper we present a combined Time-of-Flight
(ToF) and Direction-of-Arrival (DoA) localization approach suitable for shallow underwater monitoring applications such as
harbor monitoring. Our localization approach combines one-way
ranging and DoA estimation to calculate both position and timesynchronization of the blind-node. We will show that using this
localization approach, we are able to reduce the number of
reference nodes required to perform localization. By combining
ToF and DoA, our approach is also capable of tracking and
positioning of sound sources under water.
We evaluate our approach through both simulation and underwater experiments in a ten meter deep dive-center (which has
many similarities with our target application in terms of depth
and reflection). Measurements taken at the dive-center show that
this environment is highly reflective and resembles a shallow
water harbor environment. Positioning results using the measured
Time-of-Arrival (ToA) and DoA indicate that the DoA approach
outperforms the ToF approach in our setup. Investigation of the
DoA and ToF measurement error distributions, however, indicate
the ToF-based localization approach has a higher precision.
Shown is that both ToF and DoA and the combined approach
achieve sub-meter positional accuracy in the test environment.
Using the error distributions derived from the measurement
in the dive-center, we run simulations of the same setup. Results
from the simulation indicate ToF is more accurate than DoA
positioning. Also in simulation all approaches achieve sub-meter
accuracy.
Index Terms—underwater localization, phased arrays, acoustic
ranging
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Fig. 1. Example of a DoA and ToF localization: DoA localization uses the
angles of incoming signals from reference nodes (α1 , α2 and α3 ), ToF uses
the difference between sending time (s1 , s2 and s3 ) and receiving time of
the signal (r1 , r2 and r3 ) to estimate the position of the blind node.

The target application of our localization approach is shallow
underwater monitoring applications such as monitoring harbor
areas, which are located at shallow water reservoirs where
many reflections are present. We evaluate our approach through
both simulation and underwater experiments in a ten meter
deep dive-center (which has many similarities with our target
application in terms of deepness and reflection).
I. I NTRODUCTION
The rest of this paper is organized as follows. Section
Accurate localization under water is a challenging task. To II discusses related underwater time synchronization and
estimate the position of a blind node, underwater localization localization techniques. In Section III we introduce our ToF,
systems use either two-way acoustic ranging between blind and DoA and combined ToF and DoA localization approaches. An
reference nodes or one-way acoustic ranging with synchronous overview of the experimental setup at the dive-center and the
clocks (on both the blind and the reference nodes) [1] [2].
data acquisition testbed can be found in Section IV. The results
While range-based localization systems use timing informa- of our experimental study are discussed in Section V. Using
tion and knowledge about the propagation speed to calculate the error distributions derived from the experimental setup,
distance estimates, DoA-based systems use angular information we run the simulation as presented in Section VI. Finally, in
of the incoming signal to determine the position of the blind Section VII we summarize the results in our conclusion.
nodes. In this paper, we focus on one-way ranging with
II. R ELATED WORK
synchronous reference nodes and an asynchronous blind node.

Our localization approach combines ToF and DoA information
to calculate position and to provide time-synchronization on the
blind nodes. Using both ToF and DoA, we are able to reduce
the number of reference nodes required to perform localization
and will achieve higher localization accuracy. By combining
ToF and DoA, our approach is also capable of tracking sound
sources and positioning sound sources under water.

Figure 1 shows an example of how localization can be
performed using DoA or ToF information. Reference nodes
send out beacon messages which are received by the blindnode. With DoA localization, the angle of the incoming signal
at the blind node is estimated and used to calculate the position
of the blind node (x, y). With ToF localization, the difference
between the transmission time of the signal (s1 , s2 and s3 ) and

reception time (r1 , r2 and r3 ) is recorded and used to calculate
both the position (x, z) as well as the clock bias (b) of the
blind node. Our work focuses on combining both DoA as well
as ToF measurements to calculate the position of the blind
node. Note that sound-source localization can be performed
by receiving the signal of a blind node at the reference nodes
and measuring the reception time and angle at the reference
nodes, no changes to the localization approach are required.
Commercial acoustic localization systems, such as Long
Baseline (LBL) and Short Baseline (SBL) [3] use two-way
ranging between reference nodes and the blind node to estimate
the position of the blind-node. A system such as Ultra Short
Baseline (USBL) [3] uses two-way ranging between a reference
node and a blind node and uses multi-element transducers at
the reference node to determine the angle of the incoming
signal. Using DoA and ToF information, the position of the
blind node can be determined with only a single reference
node.
Using two-way ranging increases the amount of communication required and requires cooperation of the blind node.
For our application one-way ranging is preferred, because it
reduces the amount of communication and allows tracking
uncooperating sound sources.
GPS [4] is a well-known ToF localization system that
uses one-way ranging to calculate the position and timesynchronization of a blind node. Such an approach can be
used in a setup as shown in Figure 1 to calculate the position
of the blind node using one-way ranging. ToF localization can
be performed by minimizing a Least-Squares form using an iterative optimization technique, such as Levenberg-Marquardt [5].
DoA localization is described in [6], Peng and Sichitiu use a
Maximum Likelihood Estimation (MLE) to calculate the most
likely position. DoA localization can also be used in a one-way
ranging setup as shown in Figure 1.
We consider use of one-way ranging important as it improves
the scalability of the localization network. This is due to the fact
that the blind nodes do not introduce two-way synchronization
overhead. To reduce the number of reference nodes required
for the localization and to possibly improve the accuracy of
localization, our approach not only uses the ToF acquired
through one-way ranging but also the DoA information.

that the reference nodes are synchronized and the blind node
has an unknown clock bias denoted by b. For four reference
nodes and one blind node, we can write this as the following
equation:
φ1 = φ2 = φ3 = φ 4 = φb + b
(1)

III. U NDERWATER LOCALIZATION

3) Combined ToF and DoA based localization: The combined ToF and DoA approach requires minimization of the
following equation:

In this section we will introduce our ToF, DoA and
combined ToF and DoA localization approaches. We start
by introducing the time-synchronization approach and will
continue by describing our position estimation approaches.
A. Time synchronization
Time synchronization is the process of synchronizing the
clocks of different nodes. This notion of ‘time’ does not
necessarily have to be global over all nodes and nodes in the
network can agree on a local time for the complete network.
Let us assume that clocks of the reference nodes i = 1 . . . N
are denoted by φi and the clock of an unsynchronized blind
node is denoted by φb . For the ToF measurement we assume

The process of time synchronization is determination of
the clock offset b of the blind node. We assume there is no
clock-skew and the clock bias is constant. In reality, there is
clock-skew. However, because the measurements are taken in
a very short time period, we consider the clock-skew to have
minimal impact.
B. Localization
To perform localization, ToF and DoA estimates can be
used separately or combined. This section describes these three
localization methods. We assume that the positions of the four
reference nodes are known and the position of reference node
i is denoted by (xi , zi ). The goal of the localization algorithm
is to determine the unknown position of the blind node (x, z)
and the unknown clock bias b.
1) Time-of-Flight based localization: Given the start time
si of the reference transmission from TXi and its measured
arrival time ri at the (unsynchronized) blind node, time
synchronization and position estimation can be performed
simultaneously. This is done by minimizing the following
least-squares estimation:
ToF = min

(x,z,b)

q
N
2
X
( (x − xi )2 + (z − zi )2 − v · (si − b − ri ))
i=1

(2)

Herein, b is the clock bias of the blind node and v is the
propagation speed of the signal in water (≈ 1491m/s). The
unknown parameters (x, z, b) can be estimated using an iterative
optimization approach such as Levenberg-Marquardt [5].
2) Direction-of-Arrival based localization: To perform
localization based on DoA, we fit the parameters (x, z) to
the angles αi determined by the DoA estimation. To do so,
the following equation needs to be minimized:
DoA = min

(x,z)

N
X
i=1

(tan−1 (

x − xi
) − αi )2
z − zi

 = min (wT oF · ToF + wDoA · DoA ).
(x,z,b)

(3)

(4)

For combining the ToF and DoA measurements, weights
for the different cost criteria (wT oF and wDoA ) need to be
determined.
Figure 2 shows the error distribution of the ToF and DoA
measurements. The ToF measurements are assumed to be
normally distributed N (µT oF , σT2 oF ). For the distribution of
the angular information an extra step is needed to convert it to
a positional error. The distribution of the angular information
σDoA can be derived from the measurements, the positional

localization algorithm is to determine the unknown location
(x, z) of the array at the bottom of the tank. In terms of
Underwater Acoustic Sensor Networks (UASNs), the reference
transducers can be considered as reference nodes and the array
as blind node.
Side view
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error distribution can be calculated using the distance d and
actually follows the curve shown in Figure 2.
Theoretically, the correct way of calculating the most likely
position would be to use a MLE and to model the distribution
of the angular error using polar coordinates, as has been done
by Peng and Sichitiu [6]. Because our distances and angular
errors are small (as this is the case in the harbor monitoring
application), we simplify the error model using a straight
line rather then a curve. The error distribution of the angular
information is modelled as N (0, (d tan(σDoA ))2 ). The error
model of the angular information is dependent on the distance
estimation d and needs to be updated after every estimation
step. Weights for the combined optimization are selected based
on the variance of the error distributions of the measurements
wT oF = σ21 and wDoA = (d tan(σ1DoA ))2 . Because we use an
T oF
iterative optimization approach it is straightforward to update
these weights after each optimization step.
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Fig. 2. Error distribution of the ToF and DoA measurement. Positional error
of a DoA measurement can be calculated by using the σDoA and using the
(estimated) distance between the blind node and the reference node (d). The
positional error is distributed as N (0, (d tan(σDoA ))2 ).

IV. E XPERIMENTAL STUDY
To evaluate the performance of our combined localization
approach we have performed underwater experiments in a ten
meter deep dive-center. An overview of the setup used in our
underwater localization experiment is presented in Section
IV-A. The multi-channel underwater testbed being used for
data acquisition is described in Section IV-B.
A. Dive-center experiment
During the dive-center experiment, reference transmissions
were transmitted sequentially from four transducers attached
to a tube floating half a meter below the water surface. At the
bottom of the tank, at ten meters of depth, a four-element array
captured the reference transmissions. The received signals were
recorded using a multi-channel underwater testbed.
Figure 3 shows a technical drawing of the setup, the four
reference transducers are denoted by TX1 to TX4 with their
respective coordinates (x1 , z1 ) . . . (x4 , z4 ). The goal of the

Technical drawing of dive-center setup (not to scale).

Figure 4 shows a segmented panorama of the actual test
setup in the dive-center.
B. Low-cost Multi-channel Testbed
The multi-channel acoustic signal processing testbed described in [7] has been used to capture the signals of the
four-element array. The testbed consists of an off-the-shelf
FPGA board and an easy to build (data-acquisition) extension
board. A simplified schematic of the testbed is shown in
Figure 5. Underwater acoustic pressure waves are converted to
voltages by the four piezoelectric transducers of the array. After
amplification and filtering, all analog signals are synchronously
sampled and copied to the on-board memory of the FPGA
board. After each experiment, raw sample data was copied
from the on-board SDRAM to a PC for offline post-processing.
C. Methodology
The reference transmissions are frequency sweeps from
20khz to 40kHz. Each sweep has a duration of 90ms and
is followed by 10ms of silence. After each sweep the active
transducer is switched.
Based on the multi-channel recording of the array, the ToF
and the DoA of a reference transmission can be determined.
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a correlation of at least 50% of the maximum correlation
represents the LoS path.
Given the sample frequency of s and r, the lag time of the
LoS arrival is rounded to find an estimate of the arrival time.
E. Direction-of-Arrival Estimation
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Overview of the multi-channel underwater testbed.

The ToF is found by cross-correlation of the received signals
and the reference signals. A linear beamscan, in the 20khz
to 22kHz subband, is used to find the DoA of an incoming
reference transmission.

The four-element transducer array is used to estimate the
DoA angle of a reference transmission. In our experiment,
the acoustic bandwidth of the sweep signal is in the order of
its carrier frequency. Decomposing this wideband sweep into
multiple ‘narrow’ subbands validates the use of narrowband
beamforming to create directivity [8]. Narrowband beamforming (based on phase shifts) in the 20-22 kHz subband has
been used to determine the signal power in a certain direction.
A linear scan over all broadside look angles is performed
to determine the signal power for every angle. The latter is
known as the spatial spectrum. The angle corresponding to
the strongest signal power is considered the actual LoS arrival
angle.
V. E XPERIMENTAL RESULTS

A typical cross-correlation and lag time from a received
underwater transmission in the test environment is shown in
Figure 6. What can be seen from this cross-correlation is
The acoustic range is a distance estimate based on the
that many multi-path signals are present in the environment.
ToF and the acoustic propagation speed v in the medium.
Moreover some of the multi-path signals were received stronger
To determine an estimate of the ToF an approximation of the
than the LoS signal. These are the same difficult conditions
arrival time of the reference signal is required. The (discreteattributed to shallow water and high reflection that we expect
time normalized) cross-correlation csr [l] of the reference signal
to face for shallow harbor monitoring. Successful and accurate
s can be used to accurately determine the arrival time of the
localization in such environment can also guarantee the
reference signal:
accuracy and success of our approach for harbor monitoring.
N
−l
Figure 7 shows the results of the spatial spectra for four
X
1
csr [l] = p
·
s[n]r[n + l],
l ≥ 0. (5) reference transmissions. Based on the linear beam scan, we
css [0]crr [0] n=1
found the mean DoA angles of the reference transducers
Herein, l is the lag parameter, N is the number of samples of (TX4 . . . TX1 ) to be −17.9, −3.86, 10.66 and 20.86 degrees.
the input sequences and css [0] and crr [0] are the mean-square
Using the measurements we have determined the error
signal powers of s and r. The lag time of the Line-of-Sight distribution for ToF to be σT oF = 0.1219 · 10−5 m. For
(LoS) arrival, in terms of samples, can be found by application the DoA the error distribution of the measured angles is
of a simple threshold on the baseband representation of the σDoA = 0.1817◦ , 0.1140◦ , 0.0548◦ , 0.0548◦ . If we use the
cross-correlation results. We assume that the first peak having knowledge that the distance between the array and the
D. Acoustic Ranging
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Fig. 9. DoA, ToF and combined localization. Calculated position for ToF
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The error distribution of the ToF position is N (0.71, 0.12).
The error distribution of the calculated positions for DoA
−3
is N (0.56, 0.03). This indicates that in this setup the DoA
−4
position calculation is more accurate than the ToF position.
−5
We tried to position the array centered underneath the tube
−6
with reference transducers. However, this task turned out to
ToF position estimates
−7
be fairly difficult under water. A slight mis-alignment was
Deployed position
−8
visually observed during the experiment and the array was
Do position estimates
indeed actually more positioned to the left. Therefore, in reality
−9
the calculated positions were actually more accurate than the
−10
−1
0
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2
3
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5
6
7
71cm
and 56cm originally calculated. This is in contradiction
X coordinate (m)
with results we have obtained before, so we cannot conclude
Fig. 8. Result DoA and ToF-based localization. ToF underestimates the depth whether the DoA or ToF approach is the most accurate. From
of the array and places the positions above the array, DoA overestimates the
these results we can conclude, however, that both methods
depth of the array and places the positions under the array. Results indicate
achieve sub-meter accuracy. Note that ToF-based localization
an average position error of 71cm for ToF and 56cm for DoA positioning.
seems to underestimate the actual depth while DoA-based
localization overestimates the depth. An explanation of the
beacons is about 8.3514 meters, the error distribution of conflicting results may be that the actual depth of the array
the angular localization is approximately d · tan(σDoA ) = was different (shallower) than where we tried to position the
2.65 · 10−2 m, 1.66 · 10−2 m, 0.80 · 10−2 m, 0.80 · 10−2 m. Us- array.
ing this information we can conclude that according to these
Results for combined ToF and DoA localization can be
measurement the ToF measurement is more accurate than the seen in Figure 9. The combined localization approach pulls
DoA measurement.
completely to the ToF result. This is the result of the measured
Figure IV-A shows that the center of the array is, in theory, σT oF and σDoA . The standard deviation of the ToF error
positioned at (x = 3.00, y = −8.05). Based on ToF estimates distribution is significantly smaller than the standard deviation
for the reference transmissions, the position of the array is of the DoA distribution, weights for the ToF measurement are
estimated. The results of ToF-based localization (for forty-eight orders of magnitude larger than the DoA weights.
distinct measurements) and the DoA-based localization (for
VI. S IMULATION RESULTS
twelve measurements) are shown in Figure 8.
Depth (m)

−2

Results of both localization methods indicate that the array
was located to the left of the calculated deployment position.
When we look at the distance between the ToF calculated
positions and the deployed position of the array, we can see
that the calculated ToF position is placed on average 71cm from
the deployed position of the array. The calculated positions
from the DoA position are placed 56cm from the deployed

Using simulations we will show the expected performance
of our combined ToF and DoA localization approach in a more
controlled setup. To perform simulation user the ToF and DoA
error that we derived from the experimental setup.
In the simulations we use the same setup as the experimental
setup. The 4 reference nodes are placed at the surface and the
blind node is placed at the same position as in the experimental

setup. Rather than performing measurements, we use the
derived error distributions from the experiment to simulate
measurements errors. We run the simulation for 100 different
measurements, the results are shown in Figure 10.
ToF N (0.0, 0.1219 · 10−5 )
DoA N (0.0, 1.4775 · 10−2 )
Combined

µ
0.0522m
0.4174m
0.0522m

σ
1.8391 · 10−4 m
0.3157m
1.8391 · 10−4 m

Fig. 10. Simulated calization accuracy, ToF, DoA and combined ToF and
DoA are performed in a simulated deployment similar to the setup of the
experiment. Shown are the average positional error and standard deviation of
the error.

Similar results as from the experiment can be seen in the
simulation, the result of the combined solutions pull toward the
ToF result. This is the result of the large difference in measured
error distributions of the measurements. The ToF is weighted
more significant because of the small error deviation. Different
from the experimental results, the ToF is more accurate than
the DoA positioning. We think that in the experimental setup
the ToF is also actually more accurate than the DoA result, and
the position of the array is actually positioned more towards
the ToF calculated position. Similar to the experiments, the
simulation achieves sub-meter accuracy for all localization
approaches.
VII. C ONCLUSION
We consider one-way ranging important for localization
under water because it improves the energy-efficiency and
scalability. Both ToF and DoA localization can estimate a
position using one-way ranging only. By combining ToF
and DoA, the number of reference node required to perform
localization can be reduced. Therefore in this work we propose
a combined ToF and DoA localization approach.
The goal of our localization approach is to provide localization and sound-source tracking in short-range shallow water
environments such as a harbor. These environments are highly
reflective and may contain many multi-path signals. To simulate
such an environment the experiments were performed in a divecenter. ToF measurements were performed by measuring the
propagation time of transmissions between moored reference
transducers and a transducer array at the bottom of the tank.
The DoA measurement was performed by determining the
DoA angle of the signal impinging on the transducer array.
The cross-correlation of the received signal shows that the
environment is indeed a highly reflective environment.
Looking at the results of the position calculation, we
conclude that in our setup DoA outperforms ToF localization.
However looking at the error distribution of the measurements,
the angular measurements show a greater deviation than the
ToF measurements, indicating the ToF localization to be more
precise. What we can conclude is that both approaches and the
combined localization approach achieve sub-meter accuracy.
We have used the error distributions derived from the experiment to perform simulations. From the simulations it becomes
clear the ToF performes better than DoA positioning. The

conflicting results of the experimental setup (DoA performing
better than ToF) are likely the cause of a misplacement of
the array. Similar to the experimental results, the position
of the combined approach in the simulation pull completely
towards the ToF calculated result. This is a result of the big
difference in the deviation of the error distributions of DoA and
ToF measurement. In simulation again, all approaches achieve
sub-meter accuracy.
Future work will include similar measurements over larger
distances in a more dynamic environment, e.g. a lake or a harbor.
In the setup we would like to more accurately determine the
position of the array. We attempted to position the array directly
under the middle of the transmitters line, however this proved
to be very difficult and a positioning error could be visually
observed during the test.
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