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Abstract: - Underwater acoustic communication (UAC) is used as a means of long-range communication for
autonomous underwater vehicles (AUVs) and underwater wireless sensor networks (UWSNs). The signal-to-
noise ratio (SNR) is an important metric for predicting the communication range and transmission rate in UAC
systems. The SNR measurements of input SNR (ISNR) and output SNR (OSNR) are widely used in acoustic
modems. However, they are sensitive to acoustic reflections, and their measured values depend on the
communication environment. This paper presents a pure carrier-to-noise ratio (PCNR) method that extracts only
signal power derived from sound propagation loss. This method enables environment-independent SNR
measurements. The effectiveness of the proposed method is verified through simulations and experiments
conducted in a water tank.
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1 Introduction Although the SNR is defined as the ratio of signal
Underwater acoustic communication (UAC) is used power to background noise power, there are various
as a means of longrange communication for methods for SNR measurement. The mput SNR
autonomous underwater vehicles (AUVs) [1] and (ISNR) measures the signal and noise power values
underwater wireless sensor networks (UWSNs) [2]. of the received signal [8]. The output SNR (OSNR)
UAC has been studied for a long time, as well as is defined as the ratio of the average power of the
radio communication. For example, single sideband demodulated message signgl to.the average power of
amplitude modulation (SSB-AM) communication the noise [9]. The SNR estimation methodg based on
units were developed in the 1950s. Digital ISNR and the OSNR have been discussed 1n.[}0].
modulation schemes such as spread spectrum [3], Th? convgntlonal methods  are sensitive o
OFDM [4], and MIMO [5] are often discussed in acoustic rf:ﬂectlons. When there are many reflections
current UAC systems. Spread-spectrum (SS) is of acoustic waves from the.surrounghngs, the ISNR
widely used for long-distance transmission [6]. In our value INCreases. EV?I} with a hlg}} ISNR, the
previous work, we presented a digital modem scheme communication condition may deteriorate .due to
called stretchable symbols with multiple sequences multlpath-mtgrference. As long as channel estimation
(SSMS) [7] to combat with non-uniform Doppler and equalization are perfect, the OSNR plays the role
shifts. of an accurate SNR indicator. However, the OSNR
The signal-to-noise ratio (SNR) measurement is Value.depends on the demodulation quality after the
important for predicting the communication range equahz-atlon. _ _ _
and transmission rate in UAC systems. In underwater This paper presents a pure carrier-to-noise ratio
acoustic modems, a received signal strength indicator (PCNR) methoq that extracts OI?IY signal power from
(RSSI) is typically measured, where the SNR value §ound propagation loss to achieve an environment-
is obtained by subtracting the noise strength from the independent SNR measurement. The CNR 1S one of
RSSIL. Transmit power control and data rate the SNR metrics and is defined as the ratio of the
adjustment are performed according to the measured received modulated carrier signal power. The PCNR
SNR. is calculated by the cross-correlation function

between the received signal and the reference signal.
It is a stable metric that is insensitive to acoustic
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reflections. The effectiveness of the proposed method
is verified through simulations and experiments
conducted in a water tank.

2 System Model
The block diagram of the SNR measurement in UAC
systems is shown in Figure 1. Although this paper
does not restrict the communication system, we
explain the case of phase shift keying (PSK)
modulation for simplicity. When the input data is
mapped to a PSK symbol, the transmitted signal is
modeled as
x(t) = Ba(t)elet, (1)
where t is a discrete time index and @4(t) is a
baseband PSK signal for the d-th symbol. The PSK
signal is modulated by the carrier signal e/®<t,
The received signal after passing through the sound
wave propagation path is expressed by
y(&) = h(t) * x(t) + n(t), )
where h(t) is an impulse response from a transmitter
to a receiver, n(t) is a noise component, and * shows
a convolution operation.

If all signal components are known, the
theoretical SNR can be computed as
E{|n(zo)*x(t)|?} _ Ef|h(zo)|?
SNR = {Ih(@o)*x @17} _ E{h(To)l} 3)

E{n®2}  E{n@®I?}

where the amplitude of the transmitted signal is
adjusted as |x(t)| = 1. The theoretical SNR is
defined by the received signal power in the direct
path and the noise power. The impulse response for
only the direct path is expressed as

h(zy) = a, (4)
where « is the signal attenuation coefficient when an
acoustic wave propagates from a transmitter to a
receiver. The value of a is one when there is no
propagation loss.

In actual UAC systems, the signal components of
h(0) and n(t) are unknown. The SNR value is
measured from the received signal, and the various
measurement methods have been discussed.
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Fig. 1: Block diagram of SNR measurement in UAC
systems.

3 Conventional Methods

3.1 Input SNR

The ISNR measures the signal and noise power
values of the received signal in the time domain. The
ISNR measurement portions in a communication
frame are illustrated in Figure 2. The frame format
commonly used in UAC systems consists of a
preamble and data symbols. The signal portion yg(t)
is extracted from the preamble. The noise portion
yn(t) It is located between frames. The ISNR is
computed as

E{lys®I)}-E{lyn(®)I*}
= 5
s E{lyn (D2} )
"_" ys(t) > yn(t)
5 b = .t
[ —
Preamble Data symbols
Created by the authors
Fig. 2: ISNR measurement portions in the

communication frame.

3.2 Output SNR

The OSNR is defined as the ratio of the average
power of the demodulated message signal to that of
the noise. The OSNR is computed as

E{|24(0)I*}
E{|®q(t)—P4(DI?}’

(6)

$osNR =

where @,(t) is the baseband PSK signal after the
demodulation at the receiver side. Examples of the
baseband PSK signals at the transmitter and receiver
sides are plotted in Figure 3. The noise component is
obtained by the difference between the two signals.
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Fig. 3: Examples of baseband PSK signals.

3.3 Influence of acoustic reflections

We investigated the influence of acoustic reflections
using an acoustic simulator. The simulator tracks
sound waves using sound ray tracing. Based on the
path that sound waves take from a sound source to a
receiver, it generates an impulse response is
generated. Users specify the sound field space, sound
pressure reflectance, and the positions of the sound
source and receiver in the simulator [11].

Figure 4 shows an example of acoustic rays,
where the parameters of R =
[Rxl, Ry2,Ry1, Ry2, Ry1, Rzz] give the sound pressure
reflectance ratios on the six surfaces. When the
reflectance ratios are set to [0,0,0,0,0.7,1], The
sound waves are reflected many times on the top and
bottom surfaces.

Figure 5 shows an example of the impulse
response. The first peak is caused by the direct path,
while the other peaks are caused by the reflected
paths. In this figure, the signal attenuation coefficient
is given by h(ty) = 0.1. This indicates that the
amplitude of the transmitted signal is attenuated to
one-tenth by the direct path from the transmitter to
the receiver.
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Fig. 4: Example of acoustic rays in an acoustic
simulator.
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Fig. 5: Example of impulse response in acoustic
simulator.

Figure 6 shows the ISNR measurement results for
a theoretical SNR of 10 dB for three acoustic
reflection conditions, where the acoustic rays and the
received signals are plotted. In Figure 6(a), which
shows no reflection, the ISNR value is equal to the
theoretical SNR value. When the water surface
reflection is added as shown in Figure 6(b), the ISNR
value increases slightly. With reflections from all
boundary surfaces, the ISNR value is 16.9 dB in
Figure 6(c), where significant differences are
observed between the ISNR and SNR values.
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Fig. 6: ISNR measurement results under three acoustic
reflection conditions.

The amplitude of the signal portion yg(t)
increases under conditions of strong acoustic
reflection. This amplitude increase is caused by
h(ty), h(zy), ..., and h(tp). This phenomenon
implies that the ISNR is sensitive to the acoustic
reflections.

Figure 7 shows the OSNR measurement results
without and with phase and amplitude offsets for a
theoretical SNR of —5 dB. The red triangles indicate the
transmitted baseband signals. The preamble part in
Figure 2 is treated as known at the receiver side and
is used for channel estimation and equalization. The
phase and amplitude offsets are compensated in the
demodulation process. However, this compensation
is not always perfect. The OSNR values differ
significantly with and without residual phase and
amplitude offsets. In Figure 7, the OSNR values are
19.8 dB and 11.0 dB, respectively, despite the noise
component having the same magnitude. The OSNR
value depends on the demodulation quality after the
equalization.
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Fig. 7: OSNR measurement results without and with
phase and amplitude offsets.

4 Proposed Method

We focus on the cross-correlation between the
received signal and the local template signal for the
SNR measurement. In wireless communication, the
preamble shown in Figure 2 is commonly used for
the SNR estimation [11]. When a part of the
transmitted signal x(t) is known by the preamble, the
cross-correlation between the received signal and the
preamble can be expressed as follows:

y(@®) =y *x(t)

= (h(®) * x() + n()) * x(t)

= h(t) * x(t) * x(t) + n(t) » x(t)

= h(ty) + h(t))+... +h(tp) + 71(t), (7)
where * denotes the operation of cross-correlation.
The SNR based on the cross-correlation is calculated
as

Eeor = |h(zo) [
Corr = Ey(0)2]

®)
where E|[ | denotes the expected value.

The measured cross-correlation corresponds to the
impulse response under noisy conditions, as
illustrated in Figure 8. The magnitude of the impulse
response at the direct path h(ty) can be extracted
using the maximum peak detection as |h(zy)| =
max|[|y(t)|]. The noise power can be measured from
the other components. However, this SNR metric is
affected by the acoustic reflections because the direct
path and the reflected path cannot be separated in the
cross-correction function of y(t).
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Fig. 8: Example of cross-correlation under noisy
conditions.

We propose the PCNR method, the key idea of
which is to separate the impulse response of the
reflected paths h(7,) and noise component 7i(t). The
steps of the PCNR are described below:

Step 1:
Extract the received signal not only from the
preamble portion but also from the section that
includes the portion without the communication
frame.

Step 2:
The template signal is the same length as the received
signal, with zeros added after the preamble.

Step 3:

Perform a cross-correlation calculation between the
received signal and the template signal using the FFT
method.

Step 4:

Measure the signal power at the position with the
maximum value. The noise power is measured from
the section where no communication frame exists.

Figure 9 illustrates the timing charts of the
proposed method. It is possible to extract the noise
component and separate the impulse response at the
reflected paths. The PCNR is calculated as follows:

|h(To)|?
LE[lyn@®I?]°

©)

¢peNR =

where yy(t) is the cross-correlation at the noise
portion without the acoustic wave reflection, and L
denotes the signal length in the cross-correlation
analysis. The proposed method achieves an
environment-independent SNR measurement that is
not affected by acoustic reflections.
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Fig. 9: Timing charts of the proposed method.

5 Simulation Results

We compare the SNR measurement methods in a
simulation under the three acoustic reflection
conditions described in Section 3.3. SNR
measurements are performed simultaneously with
demodulation of the communication frame. The
communication specifications are listed in Table 1.
This evaluation uses a direct-sequence spread
spectrum (DSSS) system. The SNR measurement
results are shown in Figure 10. The theoretical SNR
can be computed precisely in the simulation because
the signal power and the noise power are known.

Table 1. Communication specifications.

Sampling frequency 250 kHz
Frequency band 12 kHz - 32 kHz
Primary modulation QPSK
Secondary modulation DSSS
Symbol length 16 ms
Number of symbols 100
Frame length 1.76 s
Inter-frame spacing 0.80 s
Number of bits per frame 200 bits
Transmit data rate 125 bps
Error correcting code None

Channel equalization One tap equalizer

Created by the authors

As shown in Figure 10(a), the SNR values of
ISNR and PCNR are nearly identical to the
theoretical SNR, except below —15 dB. In regions
where the SNR is less than —15 dB, the signal power
is very small, requiring long-term observation. The

Volume 22, 2026



WSEAS TRANSACTIONS on SIGNAL PROCESSING
DOI: 10.37394/232014.2026.22.15

OSNR does not match the theoretical SNR because
the two metrics used to calculate them differ
significantly.

Regarding the acoustic reflection conditions in
Figure 10(b) and Figure 10(c), the ISNR does not
provide accurate SNR values that align with the
theoretical SNR values. Conversely, the PCNR
achieves an  environment-independent =~ SNR
measurement, meaning the measured SNR values are
identical to the theoretical SNR values. The values of
OSNR decrease as the acoustic reflection condition
becomes more severe.

Theoretical SNR
—O6—ISNR

OSNR
—A—PCNR

30

20

Measured SNR [dB]

-10
SNR [dB]

(a) No reflection

L Theoretical SNR
—6—ISNR
OSNR
| | —A—PCNR

Measured SNR [dB]

SNR [dB]
(b) Water surface reflection
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(c) Reflections from all boundary surfaces
Created by the authors

Fig. 10: SNR measurement results in simulation.
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6 Experimental Results

The underwater acoustic experiment was conducted
in a water tank. The size of the acoustic field is 21 x
21 x 3.3 meters (length, width, and height).

Figure 11 illustrates the locations of the
transmitter and receiver hydrophones. The receiver
hydrophone was fixed 1 m below the water surface.
The transmitter hydrophone's location changes from
1 to 3 meters of water depth. This tank is stepped, and
the depth changes from 1.5 m to 3.3 m. As the
transmitter's position is lowered, the experimental
condition changes from line-of-sight (LOS) to non-
line-of-sight (NLOS). The NLOS condition causes
significant sound propagation loss and degrades
communication performance.

Figure 12 shows the SNR and BER measurement
results. The horizontal axis indicates the transmitter
hydrophone depth. While the ISNR value changes
minimally with transmitter location, the BER
worsens at depths greater than 2.5 m. The ISNR
cannot detect this BER degradation. The PCNR value
drops below 0 dB at depths greater than 2.5 m,
indicating its ability to detect changes in
communication conditions from LOS to NLOS. The
PCNR is useful for observing sound propagation
independently of acoustic reflection.

Water surface

1m 3m Transmitter
Receiver O >0 —
0.5m
5 = Depth
Imto3m
Created by the authors
Fig. 11: Locations of transmitter and receiver

hydrophones in water tank.

7 Conclusion

This paper presented the PCNR method, which
extracts signal power based solely on sound
propagation loss. Through an evaluation of
simulations and experiments, we confirmed that the
PCNR method enables environment-independent
SNR measurements, even in highly reflective
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conditions. In our future work, we will consider the
applications of underwater acoustic networks for IoT
communications [12].
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Fig. 12: Experimental results.
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