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Abstract—Sensing tasks underwater, i.e. monitoring water
quality, spillage detection or pillar inspection, are becoming
more and more important for port operators, researchers
and local authorities. The accomplishment of these tasks is
dangerous, costly and time consuming. A variety of cheap
micro AUVs has been presented by industry and academia in
the last years. However, to enable autonomous sensing tasks
underwater, these devices have to be able to send their data to
the surface and to be aware of their own position. The use of
expensive hardware for that contradicts the implementation of
cheap µAUVs. In this paper, we present a lightweight ranging
and localization approach, solely relying on two-way ranging.
We analyze the performance of our proposed approach during
in a practical evaluation and show that self-localization solely
relying our self-developed, small and inexpensive underwater
acoustic modem, the µAUVs HippoCampus and a hydrophone
is feasible.
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I. Introduction
The sensing of underwater parameters as well as the

inspection of objects below the water surface is needed
in many different applications. In one of these cases
quality of bathing water has to be monitored to ensure
healthy conditions for the population. The detection of
cyano is an important example for that. At a higher scale
the measuring of water parameters e.g. temperature is
required to observe submesoscale eddies in the oceans,
as presented in [1]. The inspection of industrial inlets to
enforce the adherence to environment protection laws is
not less important. The inspection of objects in the water,
such as sheet pillars or sunken ships, is another example
for the need of underwater monitoring and sensing.

All the mentioned applications and use cases have in
common that they are costly, complex and dangerous,
because most of them are executed by divers, or a
vessel. Currently, they all require human intervention. The
implementation of inexpensive autonomous devices taking
over theses tasks is therefore highly desirable.

However, most of these tasks are not stationary, making
the usage of a static sensor network impracticable. Fur-
thermore, fast reaction times and high spatial resolution
are often needed, making the deployment of a single
sensing device also pointless.

To fulfill these requirements, the usage of small and
low-cost autonomous underwater vehicles (µAUVs) such
as MONSUN [2], [3] or HippoCampus [4] is advisable.

A length of less than 1m allows deployment in narrow
places and agile navigation. To obtain a large area of
coverage, the deployment of these µAUVs in formations
or swarms is desired. As multiple µAUVs are needed for
formations or swarms, the single device should be low cost.
The commonly restricted budget of the user (often local
authorities) makes this even more important.

The ability to communicate with other swarm members
is mandatory for the implementation of efficient swarm
algorithms. Knowledge on the current position of these
µAUVs is needed, to ensure retaining of the current
formation and the ability to georeference measured pa-
rameters. Following the need for low-cost swarm members,
the communication and localization has also be done with
a low-cost device, or in the best case, without additional
hardware.

A. Contributions
In this paper we analyze the feasibility of self-

localization of µAUVs solely relying on small, low-cost
acoustic underwater modems. The solution we evaluate
requires a single acoustic receiver, capable of capturing
time-of-flight of an acoustic signal and no other additional
hardware, such as transceiver array, DVLs or else. The
ranging we propose is piggy-backed on communication,
needed anyway for transmitting status reports and sensor
values. The presented localization algorithm is therefore
bandwidth efficient, does not require fixed anchors or
absolute time synchronization between nodes, and is non-
centralized. The use case of the proposed solution are
small, low-cost µAUVs, equipped with likewise low-cost
acoustic modems.

In the following, we first describe our approach for
distance-based ranging in general and the influence of
speed-of-sound measuring based on that. Then, our sim-
ple, low-complex localization algorithm is presented in
detail. Next, we describe the hardware used for evaluation.
In the following we present a practical evaluation of a)
our ranging approach, b) the localization in the static
case and c) the localization in the mobile case. We
practically analyze how well self-localization relying on
cheap hardware is feasible and describe the problems we
faced during our evaluation. Before we conclude the paper
with a summary and future work, we present related
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Fig. 1: Two-way time-of-flight ranging based on a
lightweight request, response approach.

publications and other acoustic modems and localization
algorithms.

II. Ranging
In the following section we present our approach for a

time-of-flight based two-way ranging to measure distances
between two µAUVs. We analyzed the performance of
our approach and the influence of false speed-of-sound
measurements.

A. Approach
For distance-based self-localization an accurate distance

measurement between µAUVs is needed. The distance of
µAUVs is commonly between 5m to 100m in the targeted
use case; therefore, accuracy of the distance measurements
should be in the range of a few centimeter. As described
in Sect. I, communication, ranging and localization should
be done by one single device in the µAUV to lower cost
and complexity. Due to extremely low data rates of only a
few hundred bit per second, distance measurements piggy-
backed on standard communication packets are desired to
save bandwidth.

Furthermore, we do not promote a solution that relies
on time synchronization, because it adds additional (pro-
tocol) overhead and would require microsecond precision
to achieve sub-meter ranging accuracy. Due to the relative
low speed of sound for acoustic waves, underwater time-
of-flight measuring gives a good precision w.r.t to the
available time resolution, i.e. to achieve a precision of 1 cm
a time resolution of 6.67 µs is needed, assuming a speed
of sound of 1500m s−1 (cf. Sect. II-B). Following all this,
two-way time-of-flight ranging is the used approach for
distance measurements. This can be achieved by almost
any modem in the price and size range of the desired use
case. If not already implemented, it can be added with
little effort if the user has access to the modem firmware.
If not, but the processing time of the modem is known and
constant or can be estimated, then measuring distance via
time-of-flight can also be achieved.

In the case of our self-developed modem—that we pre-
sented in [5]—two-way ranging is enabled by setting a flag
in a transmitted packet, requesting a range measurement.
As depicted in Fig. 1 the sender records the time tq,tx at
the end of transmission. On reception of this packet, the
receiver records its processing duration Tp of the packet
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Fig. 2: Variation of the speed-of-sound underwater over
temperature for fresh- (0h), brackish- (5h) and sea-
water (35h) at a depth of 10m.
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Fig. 3: Error of distance measurement induced from a false
speed-of-sound estimation for distances up to 100m.

and responds with an acknowledgment containing this
duration. On reception of the response (acknowledgment)
by the sender at time t∗r,rx, the time-of-flight Tw in one
direction can be calculated as

Tw =
t∗r,rx − tq,tx − Tp

2
. (1)

By applying the speed of sound in water c (which can
be pre-programmed at mission start or measured by the
on-board-sensors) the distance to other µAUVs can be
calculated as

dSR = c · Tw. (2)

Details on the algorithm are presented in [6]. This ap-
proach assumes a nearly homogeneous water body w.r.t.
speed of sound, which is true in many shallow-water appli-
cations as discussed below. A quick remedy for different
values at sender and receiver (under the assumption of
a linear gradient between them), is calculating the mean
speed of sound at sender and receiver, which may yield
a better approximation at short distances. This can be
achieved by attaching the speed of sound at the receiver
to the ranging response.



B. Speed of Sound
An important aspect of accurate time-of-flight based

ranging measurements is an accurate knowledge of the
speed of sound in water. The propagation speed of
an acoustic signal underwater mainly depends on three
parameters, namely depth, temperature and salinity.

A variety of publications exists, providing empirically
determined, equations to estimate the speed of sound
from these three parameters. Simple equations have been
proposed by Mackenzie [7] and Coppens [8]. Refined
equations, requiring a more complex calculation, are the
UNESCO equation [9], [10], [11] or the Del Grosso’s
equation [12]. As it is the most commonly used equation,
we will be using the UNESCO equation in the remainder
of this paper.

We analyzed the influence of each of the three parame-
ters. For the designated use cases, we expect temperatures
in the range of 4 ◦C to 25 ◦C. The expected salinity
ranges from 0 ppm to 35 ppm; however, we expect this
to be nearly constant during each mission and therefore
known. The missions and applications we envision for
are commonly in shallow water and therefore depth is
expected to be 0m to 20m. The results, depicted in Fig. 2,
show that the speed of sound mainly depends on the
water temperature. We assume that this can be measured
from the µAUV, as temperature sensors are comparably
cheap and easily integrable. Note, that many µAUVs are
equipped with a depth sensor for position control, too.

Although we expect that the speed of sound can be
measured with an error of less than 10m s−1, we analyzed
the deviation of our ranging results assuming a notably
error-afflicted speed of sound. The results in Fig. 3 show
the error of ranging due to imprecise speed-of-sound mea-
surements. Assuming that depth and salinity are known
and constant and that temperature can be measured with
a precision of 1 ◦C, the error in speed-of-sound calculation
is smaller than 10m s−1 and the resulting ranging error
is less than 1m at a distance of 100m. Thus, we expect
the error of distance measurements due to wrong speed-
of-sound estimation to be smaller than 1%. The absolute
error is small compared to the error induced by standard
GNSS receivers.

A practical evaluation of the ranging method imple-
mented at our self-developed modem is given in Sect. V.

III. Localization
This section presents a leightweight algorithm for self-

localization of small, submerged µAUVs based on the
availability of anchor µAUVs with a known position.

A. Prerequisites and Geometry
The general goal of self-localization is to determine

the 3D-position of a µAUV in x, y, and z-direction. As
µAUVs are usually equipped with a depth sensor, we can
assume that the z-coordinate of each µAUV is known
up to a precision of a few centimeters. We also assume
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Fig. 4: Projection of p1 and p2 into the plane of p0. To
determine p0, we use the measured distances d0,n.

that µAUVs are equipped with GNSS, e.g. GPS, so non-
submerged µAUVs can determine their x and y position.
For the discussed use cases, the µAUVs will be deployed
in formations with distances of several meters, so GPS-
accuracy is assumed to be sufficient. Positions of non-
submerged nodes are used as reference for localization. In
the following we assume every µAUV to be numbered by
an ID i ∈ N(i < N,N ≡ number of µAUVs). The position
of a µAUV i is defined as pi = (xi, yi, zi). W.l.o.g., the
to-be-localized µAUV gets assigned ID 0, whilst the non-
submerged µAUVs, in the following called anchors, are
assigned in ascending order with i = 1, 2, . . . . Following
this, we can assume that pi is known for all i ≥ 1, i.e.
through GNSS. zi is, however, known for every µAUV, we
define the water surface as reference plane for z, hence
it is 0 for all anchors, and measured through the depth
sensor by the submerged µAUV. The distance between a
µAUV i and j is denominated as di,j .

In the case of two available anchors, the situation is as
shown in Eq. (3). Since z0 is known, the positions p1 and
p2 can be projected into the horizontal plane of p0, called
p′

1 and p′
2. This gives two circles

r2i = (x0 − xi)
2 + (y0 − yi)

2 i ∈ {1, 2}. (3)

Due to the projection into horizontal plane of p0 we obtain

r2i = d20,i − z20 i ∈ {1, 2}. (4)

The two circles have two intersections, representing the
two possible locations p0a , p0b of µAUV 0. Combining
Eq. (3) and Eq. (4) for each i, and subtracting the results
from each other yields

2x0x1 + 2y0y1 − x2
1 − y22 − r21 + r22 = 0. (5)

This equation represents the line defined by the two
intersection points. The problem is thus reduced to a
line-circle intersection problem with two possible solutions
where µAUV 0 could be located. Our algorithm, presented
in the next section, will take care of this ambiguity.

If three anchors are available, we obtain another circle as
depicted in Fig. 5. Equation (3) and Eq. (4) are modified
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Fig. 5: Projection of p1, p2 and p3 into the plane of p0.
To determine the solution for p0 we use the measured
distances d0,1, d0,2 and d0,3.

by an increased set i ∈ {1, 2, 3}. If a perfect speed-of-sound
measurement, anchor positioning and ranging is assumed,
this leads to a unique solution. As this is not the case
in the real world, no exact solution exists. Instead an
overlapping area may occur inside the node is located.
Another possibility is, that no solution does exists. The
localization algorithm has to determine a single solution
for those cases, i.e. by using minimizing the mean square
error.

B. Algorithm
The proposed localization algorithm is based on two-

way ranging (cf. Sect. II) and the assumptions made in
the previous section. At the beginning of each mission,
all µAUVs are on the surface and know their position.
After submersion, x0 and y0 become unknown and must
therefore be determined by the localization process. The
IDs of all available anchors are known by all participating
µAUVs, and can be stored at mission start. The proposed
algorithm works as follows: The node sends a packet to a
broadcast address with the ranging-request flag set . After
having overheard this request, the first anchor immediately
answers with a response. The second anchor sends its
own response after overhearing the one sent by the first
anchor or after a timeout of tmax has been elapsed. The
same holds for the third anchor. All the ranging responses
contain the corresponding position of the anchor. After
receiving all responses or after a timeout of (n+1)·tmax has
been elapsed a new round is started and another request
can sent by the to-be-localized µAUV. The time tmax is
determined by the speed of sound c, the length l of the
packet, the data rate R of the used acoustic modem and
the maximum distance between sender and receiver dmax.
It is calculated as

tmax =

(
dmax

c
+

l

R

)
. (6)

For our self-developed acoustic modem (R = 266 bit s−1)
and a packet length of 15B (header and payload of two
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Fig. 6: HippoCampus Testbed with integrated A) pixhawk
controller, main battery and telemetry transmitter; B)
acoustic modem and Raspberry Pi with own battery and
C) hydrophone mounted to the hull of the µAUV. The
external WiFi antenna is not included in the picture, the
external connection to it, is shown on the very left end of
the µAUV.

sensor values), a maximum expected distance of 150m,
and a minimal speed of sound of 1400m s−1 a value of
1.06 s was calculated for tmax.

The behavior of the localization algorithm after each
round depends on the number of received ranging re-
sponses. If less than two responses are received, no local-
ization is done. If exactly two responses are received two
exact solutions are calculated as described in the beginning
of this section. The node choses the solution as new
estimated position which has a smaller euclidean distance
to the last known position. Due to distances between
µAUVs of several meters and a comparable slow movement
of a few meters per second this is a feasible approach.
If more than two responses are received, there is not
necessarily an exact solution due to distance measurement
errors. We use a least square estimation to determine the
position minimizing the distance error to all circles found
by the two-way ranging and the projection into the plane.

IV. Hardware Integration
For practical evaluation of the feasibility of self-

localization of µAUVs with small and low-cost acoustic
modems a testing platform is needed, with a) an integrated
low-cost acoustic modem allowing time-of-flight ranging,
b) a fixed depth, so that measurements are not influenced
by varying distances induced by changed depth, c) the
ability of sailing the test platform by hand, so that
desired trajectories can be sailed and d) the availability
of reference positions to compare against.

For communication, we use our small, self-developed,
low-cost acoustic underwater modem, due to its low-
cost and availability at the institute. The communica-
tion distance of our modem is at least 150m with a



Fig. 7: Acoustic modem prototype (left to right): hydrophone, mainboard (blue), receive filter and amplifier (green),
bridge send power amplifier (red). Note that the power amplifier has half of its components on the back side. All
components are shown in actual size without scaling.

data rate of up to 4.7 kbit s−1. With a price of only
e 600 including hydrophone and form factor of only
50mm× 50mm× 25mm (see Fig. 7) it is designed for the
use in small and low-cost µAUVs. A detailed presentation
of our modem is given in [5]. Note that the presented
localization technique can be done with any other modem,
if it provides time-of-flight measuring or any other kind
of ranging.

We integrated our modem in the HippoCampus [4]
µAUV. We chose the HippoCampus as it perfectly fits
our targeted use case of low-cost, small µAUVs. The Hip-
poCampus can be easily extended by additional hardware
and is available at the TUHH. The movement of the
robot is controlled via a pixhawk [13] control board. As
an autonomous behavior is not needed or desired during
our evaluation, we control the robot with an off-the-shelf
RC radio control transmitting on the 40MHz-band. The
telemetry data of the robot is sent out from the pixhawk
board via a serial communication interface, connected to
a 433MHz serial bridge. The data can be observed during
the tests via the QGroundcontrol software, commonly used
for multicopters. Of course, the range of this connection
is strictly limited to a few meters; however, telemetry is
not needed during the evaluation. For later uses cases it
is planned to send telemetry data over the acoustic link.

To have a fair comparison between different evaluations,
depth and orientation of the robot should be fixed.
Therefore, we attached a threaded rod to the chassis of
the robot, as shown in Fig. 6. At the other end of the
rod we mounted a cross out of aluminum profiles with a
diameter of 100 cm. Blocks of polystyrene were mounted
to every end to the cross ensuring a fixed depth and a
stable position of the submerged robot.

For simplicity and easy live-tracking of the evaluation
process we integrated a Raspberry Pi Zero W into the
robot. An external WiFi antenna was attached to the
Raspberry Pi. The antenna itself is fixed at the top of the
aluminum cross to ensure continuous connection between
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Fig. 8: Results of two-way time-of-flight ranging for several
distances of modems deployed at a jetty in Hamburg-
Harburg.

the Raspberry Pi and the WiFi used by the rest of
our evaluation equipment. The acoustic modem is finally
connected to the Raspberry Pi via a serial connection.
The hydrophone used for transmission and reception of
the packets is directly mounted to the hull of the robot
with a thread. To be able to compare our localization
results against a ground truth, we connect a Navilock NL-
8001U GNSS receiver to another Raspberry Pi at the
water surface.

V. Practical Evaluation
In the following section we describe our experiences

and results during the evaluation of our time-of-flight
based ranging, our localization for the static and mobile
case. In all cases we determined the speed of sound
with a professional CTD-481 probe, manufactured by
Sea&Sun Technologies, allowing a precise speed-of-sound
measurement. For all evaluated cases the hydrophone were
placed in the same depth of around 90 cm.

A. Ranging
For evaluation of the proposed two-way time-of-flight

ranging we deployed multiple acoustic modems at a jetty
1http://www.sea-sun-tech.com/marine-tech/hydrology/ctd-

multiparameter-probe/ctd-48-multiparameter-probe.html



Fig. 9: Test setup for evaluation of static localization in
Hamburg-Finkenwerder. During tests no boats were in the
water. Image © Google Earth.

at the Harburg Channel. To obtain an accurate ground
truth we used a Leica Disto A5 [14], a laser distance
measuring tool, providing a reference distance with an
accuracy of at least 1 cm. For each pair of the three de-
ployed modes 100 ranging requests were sent. We received
94 responses for the distance of 12.6m, 90 for 20.9m
and 100 for 33.5m. The standard deviation was 11.8 cm,
9.3 cm and 1.7 cm respectively, as shown in Fig. 8. In total
we were able to achieve a reliable distance measurement
with an error of less than 30 cm. With a sampling time
of 5 µs and a speed of sound of 1500m s−1 the minimal
achievable accuracy is 7.5mm. The error of our distance
measurements is mainly caused by reflections at the water
surface, small hydrophone movements due to water current
and inaccurate packet-based synchronization. At larger
distances the difference between line-of-sight distance and
the distance via the water surface becomes smaller. We
therefore expect the error to be smaller at larger distances
and were able to confirm that by our measurements. We
also did measurements for 90m and 150m, omitted in
Fig. 8 due to no additional insight. These measurement
basically show the same precision.

B. Localization - Static Case
To test our algorithm in the static case, we de-

ployed three modems at jetties in a marina in Hamburg-
Finkenwerder. Three hydrophones were placed in a trian-
gular shape with a distance of several meters. We sent 100
ranging requests each, one every 2 s. The setup is shown
in Fig. 9. From 100 ranging requests both answers were
received in 79% of the cases. Localization was only done if
both answers were received, runs in which only one answer
(19%) or even none (2%) was received were skipped. To
obtain a ground truth, we measured the distances of the
hydrophones with a tapeline on the jetties. The results of
self-localization, shown in Fig. 10, reveal that we are able
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Fig. 10: Localization error during outdoor experiment with
anchors at (25.4m, 19.3m), (−17.4m, 20.8m) and node
at (0m, 0m) in Hamburg-Finkenwerder. p̂c denotes the
estimated positions.

to obtain a very precise position with a standard deviation
of 3.54 cm in x-direction and 3.97 cm in y-direction. The
mean error of our obtained ground truth was 24.25 cm
in x-direction and 48.42 cm in y-direction. This leads to
a mean euclidean distance error of 54.15 cm, resulting
from acoustic reflections at the water surface and from a
possibly inaccurate ground truth (jetties not orthogonal,
hydrophone moved by currents).

C. Localization - Mobile Case
Finally, we evaluated our localization approach in a mo-

bile case. We deployed three anchor modems as depicted
in Fig. 11. The distances between these modems are the
same as given in Sect. V-A. We placed the HippoCampus
equipped with our test equipment as described in Sect. IV
in the water and sailed a trajectory roughly rectangular
with a side length of approximately 10m× 30m. During
the sailing of the desired trajectory the robot sent a
ranging request every 3 seconds and the localization
algorithm was implemented as described in Sect. III. In
total, 100 requests have been sent and 86 responses have
been received from the anchor in the middle, 36 from
the right and 41 from the left anchor. Compared to our
findings during the evaluation of the ranging the packet
reception rates are comparably low, except for anchor
placed in the middle. We expect this resulting from the
placement of the hydrophone at the µAUV and the water
current on the hydrophones during sailing. As we were still
able to gather enough data for a self-localization, resolving
this issue is not done during this paper, but still on our
agenda.



Fig. 11: Testsetup at the Harburg Channel, anchors
estimated with laser distance measurement and Google
Earth. The anchors were deployed on a jettie, not included
in the satellite image. The recorded GPS track of the
µAUV is also shown. As the robot was only sailing eastern
of the jetty (and the anchors), a false GPS measurement
is clearly visible. Image © Google Earth.

Fig. 12: Testsetup at the Harburg Channel, with GPS
estimated anchors. Obviously using the GPS measured
anchors as a reference for precise self-localization will not
give usable results. Image © Google Earth.

The route, resulting from the localization process, is
shown in Fig. 14. Due to the geometry of the jetty the
anchors were on a straight line, so we assumed that line to
be the y-axis of our cartesian coordinate system, so that
xi = 0|i ∈ {1, 2, 3} holds.

The sailed trajectory fits to the desired trajectory but
is off a few meters. To have a ground truth comparison
in addition to our visual inspection of the sailed course,
we compared the logged GPS route of the µAUV to the
route calculated by the localization algorithm. For that,
the exact GPS position of the anchor modems has to be
known. We tried to average the position of each of those
modems. Unfortunately, the accuracy of the GPS receiver
available to us, is, in combination with the near wall of
a house, resulting in poor reception, not good enough to
calculate a precise position. The logged track for each of
the anchors is depicted in Fig. 11. As each of those tracks
fluctuates by up to 30m the gained GPS position is not
usable for evaluation of our localization algorithm.

However, to evaluate our results against any kind of
ground truth a correlation of logged GPS track and calcu-
lated track is needed. Following this we stick to the already
known cartesian coordinate system. The GPS track of the
robot thus has to be converted from latitude/longitude to
x/y-coordinates. We used AlvinXY projection for that, de-
veloped in 1960’s, an implementation described in [15]. As
our assumption that the anchors lay completely horizontal
on the y-axis does not hold in this case, we measured
the angle α the cartesian coordinate system had to be
turned to fit the GPS coordinates via the Google Maps
tool and simple trigonometry and calculated a value of
α = 6.38 deg. Thus, all latitude/longitude points of the
logged GPS track were converted via AlvinXY projection
and then rotated via the rotation matrix

Rα =

(
cosα − sinα
sinα cosα

)
. (7)

The result, calculated path vs. logged track are depicted
in Fig. 15. The calculated positions clearly fit the logged
track, however while the µAUV is near to the building
(cf. Fig. 11) the GPS track has a remarkable offset. This
offset is even visible when we compare the GPS track to a
satellite image, depicted in Fig. 12 and showing the belief
of GPS, that the robot is sailing on the land.

D. Lessons Learned
During our practical evaluation of ranging and local-

ization we faced a few challenges. The main and most
important one is the determination of an accurate ground
truth for mobile localization. As our ranging measurement
have an error of less than 30 cm we expect our localization
to be precise in the same order of magnitude. We were able
to show that for the static case. However, for the mobile
case there is no (inexpensive) ground truth available with
a precision better we our localization approach to be. On
the contrary, GPS induces an error of at least 2m in the
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Fig. 13: Acoustic distance measurements from the µAUV to each anchor, compared to the measured GPS distance.
The error bars in the bottom row indicate the GPS error, provided by the GPS receiver.
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Fig. 14: Estimated path determined by the localization
algorithm compared to desired sailed trajectory.

best case; however, during our evaluation we experienced
an error way higher. Following this, the assumption made
by many µAUV developing researchers, that the position
of a µAUV equipped with a simple GNSS receiver can be
assumed to be known is at least questionable.

Another aspect is the difficulty to sail a specific trajec-
tory with a hand controlled robot. Without any kind of
mechanical guidance a straight line can only roughly be
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Fig. 15: Self-localized position compared to logged GPS
positions.

followed. However, this is not practicable for the distance
we aim for.

Due to the delay between reception of multiple ranging
responses our approach is only applicable for µAUVs with
a small speed at the moment. The application for faster
µAUVs has still to be investigated.

VI. Related Work
Various communication devices for underwater appli-

cations exist, developed by academia and industry. The



WHOI Micro-Modem [16], [17] is one of the most common
proposals from academia, yet with a price of several
thousand dollars and therefore exceeding the cost of
the µAUV (price of Hippocampus is around $ 600) it is
inapplicable. This also holds for the modems manufactured
by Evologics [18] and Teledyne [19]. Other modems, like
the one presented by Nowsheen et. al [20] or Cario et.
al [21] are based on an FPGA or DSP and hamper fast
and easy development of novel algorithms, as knowledge
on microcontrollers is more common for researchers in the
computer science field. Despite from this fact the usage of
modems in this price class for the presented localization
algorithm is conceivable.

Furthermore, several underwater localization algorithms
have been presented by the research community in the
recent years, as shown in [22], [23]. Centralized algorithms,
like ALS [24] are not applicable for self-localization of
swarm members. Algorithms requiring stationary anchors,
like UPS [25] are not suitable for the designated use
case too, as they hamper the flexibility of deployment of
swarms without existing infrastructure. Algorithms rely-
ing on synchronized nodes (HASL [26]) or using multiple
receivers for angle of arrival estimation are raising cost
and complexity and are therefore not appropriate. This
holds for all techniques introducing additional hardware
like sonar or DVL. In addition to acoustic localization, a
few localization algorithm based on radio signals, like [27]
or on optical communication as presented in [28] are not
applicable due to their low range and robustness in murky
water.

VII. Conclusion and Outlook
We showed that self-localization of µAUVs is gener-

ally feasible by only using simple time-of-flight ranging,
a technique that is, amongst others, provided by our
self-developed acoustic modem. We described lightweight
algorithms for two-way ranging and self-localization. We
described the building of a low-cost evaluation platform
based on the HippoCampus and an acoustic modem.
During practical evaluations we analyzed the single com-
partments (ranging, static and mobile localization) for
their reliability and performance. We noticed that nothing
more than the proposed hardware and algorithm is needed
for self-localization. Our evaluation were realistic for the
desired use case of environmental monitoring in swarm,
as we used an already existing µAUV in a fixed depth,
simulating the inspection of a certain depth.

However, we also noticed that obtaining an accurate
ground truth is essential for our simple localization al-
gorithm and hard to obtain in practice without buying
costly hardware. In the future we will further improve
our localization algorithm, making it more robust against
missing ranging responses. In addition to that we will also
look at obtaining a more precise anchor ground truth,
e.g. by using free real-time kinematic service for GNSS
or implementing dead reckoning during short periods

between localization results. Also on the agenda is the
consideration of previously calculated positions to improve
the position estimation.
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