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Abstract—Small and cheap micro AUVs enable diverse un-
derwater monitoring applications in shallow inshore waters; e.g.,
inspection of underwater assets, observation of water quality, and
identification of pollution sources. The formation and collabo-
ration of swarm members yet requires communication and self-
localization based on cheap, miniature acoustic devices. However,
this is severely hampered by the effects of multi-path propagation
in shallow waters. We study the benefits and applicability of
narrow-band chirp-based modulation vs. frequency-shift keying
(FSK). First, we discuss the influence of multi-path propagation
on FSK through real-world experiments. Second, we show that
narrow-band chirps can be used as a direct replacement of FSK
symbols, increasing the detection probability by up to 23% and
accuracy and precision by up to 39% and 53%, respectively, at
virtually no bandwidth penalty.
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I. INTRODUCTION

Exploration and monitoring of underwater sceneries is
drawing considerable attention. Recent examples are the
investigation of sub-mesoscale eddies [1] or ship track-
ing in harbors [2]. Timely acquisition of data mandates
communication—typically wireless to keep installation and
maintenance cost low. Acoustic underwater modems have been
proposed by academia [3], [4] and launched by industry [5]–
[7] for this purpose.

Shallow and relatively small water bodies—such as port
basins, lakes, or canals—are a particularly challenging scenery.
Reflections at the water surface cause massive inter- and intra-
symbol interference, because the non-line-of-sight (NLOS)
signals have a low delay and attenuation only [8]. In previous
research [3] and recent measurement campaigns, we experi-
enced significant attenuation and amplification of frequency
shares depending on position and time. Figure 1 indicates the
frequency selectivity of the acoustic channel. In addition, we
noted influence of environmental conditions and their change
over time. Proposed countermeasures are, e.g., frequency
hopping, PSK, and OFDM [9], [10]. Unfortunately, inshore ap-
plications and the implied use of µAUVs mandates miniature,
low-power modems such as [3] with low computing power
and resources that are insufficient to run such algorithms.

We embark on a different strategy, namely the use of
narrow-band chirp signals for preamble-based synchroniza-
tion, motivated by the following observations. We noted that
communication with our acoustic modem was—despite using
FSK modulation—reliable, if the preamble was successfully
detected by the receiver. Failure to do so arises mainly from
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Fig. 1: Quartiles of received frequency shares of a 1 s band-limited
(10 kHz to 100 kHz) pseudo-random acoustic signal at 2.1m (left)
and 5.1m (right). Received signals were sampled at 1MHz and
broken into 976 segments of 1024 samples each. Sender and receiver
were submerged ∼0.5m in LOS conditions in a marina in Hamburg.

cancellation and amplification caused by reflections and scat-
tering. The main reason for this is intra-symbol interference
leading to unreliable symbol detection and hence synchro-
nization. Once the synchronization has succeeded, however,
the symbol windows are known and reliable communication
can be achieved through relatively simple methods such as
frequency hopping and redundancy coding.

We make the following contributions: We motivate the
benefit of narrow-band chirp modulation for preamble-based
synchronization. We sketch a low-complexity implementation
for low-power acoustic modems. We evaluate our approach
against two non-coherent detection and cross-correlation for
FSK modulation. Our results are based on real-world experi-
ments in conditions similar to typical inshore, shallow-water
application scenarios.

II. FUNDAMENTALS

A. Frequency-Shift Keying

Frequency-Shift Keying (FSK) is commonly used in acous-
tic underwater communication. In binary frequency-shift key-
ing (BFSK), a bit b is transmitted as a sinusoidal symbol
with frequency fb and duration T . There are more complex
forms of FSK, which we do not address in detail due to space
constraints.

Receivers often employ non-coherent detection due to its
efficiency, but cross-correlation is also possible. Orthogonal
frequencies fb may improve detection. The (envelope) shape
of detector output is trapezoidal for undistorted symbols with
constant amplitude, with its peak marking the symbol’s end. If
reflections overlap with the line-of-sight (LOS) signal, detector



output contains overlapping triangles as in Figs. 2a and 2b.
Depending on the number and phase of reflections, a clear
peak is no longer present, impacting detection accuracy and
likelihood.

B. Chirp Keying

A chirp is a signal with steadily changing frequency over
time. We consider linear chirps, where the frequency sweeps
linearly over time from frequency fs to fe. The chirp has du-
ration T and bandwidth B = |fe − fs|. A bandwidth-efficient
way to employ binary modulation is to use down-chirps
(fs > fe) and up-chirps (fs < fe) to represent bit b.

Detection of a chirp can be achieved through cross-
correlation. The detector output is a narrow and steep peak,
which allows a clear distinction between the LOS signal and
reflected signals as displayed in Fig. 2c. Because of this
property, chirps are commonly employed in radar applications.
For a given T , B can be chosen such that up- and down-chirp
are orthogonal, or vice versa.

C. Comparison and Discussion

In various real-world experiments (cf. Fig. 1 and [3]),
we confirmed heavy, time-varying, and location-dependent
frequency selectivity of the acoustic channel. This is of
paramount relevance for preamble-based synchronization.
Here, symbol (window) positions are derived by detecting the
preamble symbols or their peaks, respectively. For successful
packet reception and precise time-of-flight ranging [11], ac-
curate synchronization is mandatory. In case of FSK, signal
cancellation and reverberation due to reflections cause poor
synchronization. As shown in Fig. 2, the peak of the originally
trapezoidal detection result is blurred and accurate detection
hampered. Noise and multiple echos aggravate this situation.
In case of destructive interference, a peak may not be found
at all.

Chirp modulation brings two advantages: (i) its frequency
spreading increases detection probability, because attenuation
of frequency shares due to reflection is drastically reduced, and
(ii) the peaks of the LOS signal and its echos are separable
in the time domain, so that a smaller synchronization error
is expected. Using chirps yet comes at a cost. The benefit of
non-coherent FSK detection is its low computation complexity.
For each new sample, two multiplications are required, giving
a constant computation complexity per new sample. Without
optimization, cross-correlation has to be performed for a full
symbol for every sample, yielding at least logarithmic com-
putation complexity per new sample. For low-power acoustic
modems, this complexity may already be infeasible. Hence,
we study the performance of chirp vs. FSK in general but
also discuss the feasibility of chirp detection on low-power
acoustic modems.

III. PREAMBLE-BASED SYNCHRONIZATION

Preamble-based synchronization is achieved through a
preamble of Npre symbols of alternating up- and down-chirps
followed by a start frame delimiter (SFD) of Nsfd symbols.
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Fig. 2: Detection of chirp (fs = 50 kHz, fe = 54 kHz) and FSK
(f = 50 kHz) signal superimposed by an echo with 0.7ms delay and
90% amplitude (ca. 10m distance at 2m depth). Symbol duration is
T = 2.5ms. Time on the x-axis is relative to perfect LOS detection.

To detect the presence of a synchronization sequence, the
receiver employs a signal level threshold τ . The reason for
this approach is that continuous cross-correlation for each new
sample is typically infeasible on low-power modems.

To detect the first preamble symbol after threshold ex-
ceedance, a cross-correlation over a window of length 2T
is calculated. We chose twice the symbol duration to obtain
an extended window to search for correlation peaks. The
highest peak is accepted as valid preamble symbol, if its value
exceeds the mean of the correlation values by a factor of ρ.
After detection of the first peak, windows of length (1 +α)T
(0<α< 2) in steps of T relative to the first symbol (peak)
are used to detect the remaining preamble symbols. Note that
factor α sets the size and overlap of the search windows of the
individual symbols and marks a trade-off between calculation
speed and detection tolerance. When the SFD sequence is
identified, we take the median of all stored detection times,
delete all synchronization symbols with a deviation of more
than βT (0<β<1). The mean value of the remaining peaks’
times is finally accepted as synchronization point—i.e., the
symbols of the following data packet are expected in intervals
of T relative to this time.

Based on previous finding and dedicated experiments, we
chose Npre = 16 and Nsfd = 4, α = 0.4, τ = 20%, ρ = 3, and
β = 0.1.

IV. EXPERIMENTATION SETUP

For all experiments, we used the smartPORT acoustic
modem [3], a low-power, low-cost device for use in µAUVs
such as MONSUN [12] and Hippocampus [13]. The required
amount of signal processing limits the sampling frequency
to 200 kHz. The receive circuitry embraces an analog 16th-
order bandpass filter with passband from 50 kHz to 75 kHz
and a digitally-adjustable gain. The communication range is
above 100m with an Aquarian Audio AS-1 hydrophone as
transducer.

For evaluation of our chirp-based synchronization, we con-
ducted real-world tests in the marina of TuS Finkenwerder,
which offers ideal and realistic testing conditions: Several
jetties of up to 150m length allow for testing at versatile
distances and in LOS conditions. This plot resembles the
envisioned scenario in rivers and port basins. The water is
at least 2m deep.



Due to the fundamental nature of our investigation, signal
preparation and processing was done with MATLAB. Signal
generation and recording was performed with a TiePie HS5
USB oscilloscope and waveform generator connected to the
receiver and the transmitter circuitry of our acoustic modem.
Sender and receiver were connected to the same oscilloscope
to enable calculation of absolute time differences. Cable
lengths limited the maximum distance to 5.1m.

Unless stated otherwise, the sampling rate of the receiver
was 200 kHz to match the setting of our modem. Hydrophones
were placed in a depth of ca. 0.5m. To obtain a ground-truth
for synchronization accuracy, we sent a long, wide-band chirp
(10 kHz to 150 kHz, 100ms) sampled with 1MHz. For each
distance, this measurement was repeated 10 times, producing
a reference value with a standard deviation of at most 2.1 µs.

V. RESULTS

A. Synchronization Macroscope

First, we evaluated chirp vs. FSK synchronization on a wide
frequency band of 40 kHz to 90 kHz with frequency steps of
2 kHz. The distance between sender and receiver was 5.1m.
We performed 100 synchronization attempts per modulation
scheme and frequency with T = 2.5ms and B = 2.342 kHz,
which produces orthogonal up- and down-chirps. We examined
synchronization accuracy and precision in terms of the mean
and standard deviation of the absolute synchronization errors.
Besides the LOS signal, we observed a dominant (surface)
reflection arriving with a mean delay of 54 µs (cf. Sect. IV).

Figure 3 shows heatmaps of the synchronization errors. The
figure reveals high variance for non-coherent (Fig. 3a) and
cross-correlation (Fig. 3b) FSK; i.e., lower precision compared
to chirps (Fig. 3c). Only in rare cases, the benefit of chirp
modulation is small—e.g., for f = 90 kHz, precision is lower
than for FSK; and for f = 46 kHz, its benefit is marginal.

An important aspect of synchronization is the percentile
of successful detection within a given margin of a symbol
duration T , because this will affect the number of bit errors
during demodulation of the transmitted data packet; e.g., a
10% margin means that the actual symbol and demodulation
window overlap by 90%. According to our measurements,
chirping achieves 83.8% vs. 76.8% and 67.9% for cross-
correlation and non-coherent FSK, respectively, for a margin
of 10% (or 250 µs). This implies a 23% improvement of
chirping over non-coherent FSK. For a 20% margin, these
numbers climb up to ∼90% for all modulation schemes.

Regarding accuracy and precision, chirping outperforms
non-coherent FSK with an average synchronization error of
56.5 µs vs. 93.1 µs and a standard deviation of 39.9 µs vs.
84.9 µs for a 10% margin. Surprisingly, cross-correlation FSK
has better (average) accuracy (34.5 µs) but lower precision
(99.0 µs). Figure 3b shows many early synchronizations, which
are caused by received signal cancellation due to reflections.
In case of chirping, on the contrary, there is a tendency to
late detection caused by the surface reflection. In addition to
accuracy, we also calculated absolute synchronization errors,
because from a perspective of succesful packet reception,

negative and positive errors do not cancel out from packet
to packet. The corresponding numbers are 75.2 µs for chirp,
106.3 µs for cross-correlation, and 119.9 µs for non-coherent
FSK, exhibiting a 29.3% advantage of chirping. Values for a
20% margin are comparable and omitted.

B. Synchronization Microscope

We further explored the previous findings by examining the
distribution of synchronization times for one frequency band
in detail. For this experiment, 1000 synchronization sequences
have been sent for each modulation scheme and at distances
of 2.1m and 5.1m. We used f0 = 62.44 kHz, f1 = 62.84 kHz
for FSK and fs = 62.44 kHz, fe = 64.782 kHz for chirping.

Figure 4 shows the distribution of synchronization errors. At
a distance of 2.1m, chirping has a 13.7% higher success rate
compared to FSK, whereas the improvement of accuracy and
precision is small. However, at a distance of 5.1m (Figs. 4a
to 4c), chirp synchronization improves overall success rate of
up to 20.7% and also accuracy and precision are improved.
The reason for this is that at larger distances, LOS and NLOS
(surface reflection) signals exhibit less separation in time-
domain. Figure 5 provides a detailed study of our performance
metrics, and it shows that chirping improves the synchro-
nization precision up to factor of 3.1. It is also evident that
chirping elevates the success rate considerable and provides
higher accuracy.

VI. CONCLUSION

Underwater communication and self-localization are re-
quired for the deployment of swarms of µAUVs. Preamble-
based synchronization for communication is hampered due to
reflections in shallow waters. We showed that chirp modulation
for synchronization is generally superior to FSK modulation,
as it improves accuracy, precision, and success rate. This
enables higher data rates, less packet loss, and better (packet-
based) localization accuracy. We experienced that the benefit
of using chirp synchronization is larger at a distance of 5.1m
than at 2.1m. We expect that this also holds for much larger
distances, because the relative error between LOS signal and
first echo decreases at large distances. However, chirp detec-
tion is more complex and needs carefully designed algorithms
and implementations for low-power acoustic modems.
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Fig. 3: Heatmaps of synchronization errors for chirp and FSK-based synchronization and 5.1m LOS distance. Time resolution is 5 µs.
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Fig. 4: Distribution and cumulative distribution function (CDF) of synchronization errors for chirp and FSK based synchronization (f0 =
62.44 kHz, f1 = 62.84 kHz, fs = 62.44 kHz, fe = 64.782 kHz). Turquoise graphs show the relative distribution, blue line the cumulative
frequencies. Failed synchronizations or this with an error of more than ±250 µs are not included in the plot for better readability.
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