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Airborne Ultrasonic Channel
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Abstract—In this paper, we estimate the upper limit of the
transmission data rate in airborne ultrasonic communications,
under condition of the optimal power allocation. The presented
method is based on frequency response of a channel in case of
single-path LOS propagation under different climatic conditions
and AWGN background noise model, and it can be easily
extended to the case of frequency-dependent noise. The obtained
results go beyond the discrete distances for which experimental
SNR values were available, and are more accurate than the
previous calculations in the literature, due to the inclusion of
the channel frequency response and its changes over the dis-
tance. The impact of air temperature, relative humidity and the
atmospheric pressure on the channel capacity is also investigated.
The presented results can serve as a reference during the design
of airborne ultrasonic communication systems operating in the
far-field region.
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I. INTRODUCTION

Acoustic and ultrasonic data transmission can be employed
in areas where severe attenuation of electromagnetic waves
prevents effective RF communication, for example under water
[1], through metallic barriers [2], and along drill strings [3]
in logging-while-drilling applications. The ultrasonic systems
can be applied as an alternative to short-range RF wireless
systems where radio emission has to be avoided in areas with
equipment sensitive to EMI [4] or when the employment of
radio systems is restricted by law. Additionally, ultrasonic
communications can offer more secure data transfer when
compared to RF systems [5] due to propagation effects.

In recent years, different experimental systems with airborne
ultrasonic transmission have been investigated, with indoor
wireless communication on a short-range (typically up to 11
m). The most of work in this area was focused on demon-
stration of a new physical layer for digital communication,
selection of optimal frequency band, modulation [6], pulse
shaping [5] and coding scheme [7]. However, there is still a
need to evaluate the theoretical performance measures for this
kind of wireless transmission channel.

A. Related work

The maximum data rate of reliable transmission in a flat
AWGN communication channel can be determined according
to Shannon-Hartley theorem [8] as

C = Blog,|(P + N)/N)] = Blogy(1+SNR) (1)
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in bits/s, where B is the bandwidth of the channel, P is the
average signal power, IV, is the power of white thermal noise
and SNR denotes the signal-to-noise ratio. The equation (1) is
valid in case of the flat AWGN channel.

The transmission bandwidth B and the theoretical channel
capacity C' have been evaluated for acoustic and ultrasonic
communication channels with different transmission media.
In [9], the communication system is presented that consist of
two ultrasound contact transducers separated by a 0.25 inch
steel plate. The measured bandwidth of such a channel was
2.9 MHz with SNR around 30...40 dB. The upper limit of
the channel capacity was expected around 29 Mbit/s. A more
advanced system with OFDM transmission through a metallic
barrier has been presented in [2], with 63.5 mm block of steel
separating two piezoelectric transducers. The channel capacity
was estimated around 48 Mbit/s thanks to higher bandwidth
(ca. 4 MHz) and SNR (44 dB). Further increase of the system
performance has been obtained [10] with applying MIMO-
OFDM techniques. The communication system with seven
pairs of transducers separated by a 40 mm steel barrier has
achieved the theoretical channel capacity around 700 Mbit/s,
with half of that value as the practical data rate.

The bandwidth and the theoretical channel capacity in the
case of ultrasonic transmission in the human body was evalu-
ated in [11] for wireless biomedical applications. Fundamen-
tals of ultrasonic wave propagation in tissues, reflections, scat-
tering, and possible sources of noise were discussed. Finally,
the bandwidth and the capacity were calculated as a function
of the propagation distance. The estimated channel capacity
has extended from around 100 Mbit/s in long distances (10
cm), up to 30 Gbit/s (0,1 mm).

Performance evaluation of the underwater acoustic commu-
nication channel was presented in [12]. With using an analyt-
ical method that takes into account physical models of propa-
gation and ambient noise in the ocean, optimal signal energy
allocation was calculated that maximizes the channel capacity
under the constraint of finite transmission power. Closed-form
approximations for the bandwidth, transmission power and
the channel capacity (assuming SNR = 20 dB) were derived
as a tool for the design and analysis of underwater acoustic
networks. In [1], a campaign of measurements of underwater
acoustic channels in shallow waters was presented. Results
of these measurements were used to determine numerical pa-
rameters of the channel model. The theoretical capacity of the
channels was evaluated with a closed-form expression. Finally,
the channel capacity was estimated around 4 bit/s for each 1
Hz of the bandwidth (assuming SNR=12.5 dB). These results,
however, cannot be directly applied to airborne ultrasonic
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communications due to completely different characteristics of
the transmission channel.

In a context of ultrasonic communications in the air, the
first estimate of the theoretical channel capacity can be found
in [5]. The channel capacity for a system with 350 kHz
of effective bandwidth was estimated around 1.3 Mbit/s,
assuming Fj,/N, = 19 dB and the transmission distance of
1.2 m. More estimates of the theoretical channel capacity
in airborne ultrasonic communications have been provided in
[13] for several systems with different kind of transducers.
These calculations have been based on numerical results from
experiments reported in the literature. The obtained results,
however, were limited only to a few discrete distances, for
which the bandwidth and SNR values were available, and
under the assumption of flat channel frequency response and
constant bandwidth irrespective of the distance.

The assumption of flat frequency response in [13] may
be far from the real conditions. It is known that sound
absorption coefficient in air increases with the square of the
frequency [14]. As a result, the higher frequencies suffer
significant attenuation at longer distances, which must have
an impact both to the channel bandwidth and the shape of
its characteristics, as has been shown in [15]. Therefore, it
is possible to develop a more adequate frequency-dependent
channel model for the airborne ultrasonic transmission, and
the channel capacity may be estimated more precisely.

The main contribution of this paper is to evaluate the
theoretical performance limits of airborne ultrasonic commu-
nications for any distance in the far field, without limitations
to the discrete points with experimentally determined SNR
values. Our estimations are based on the experimental results
available in the literature. The results are presented in plots
of the channel capacity as a function of the distance as well
as a simple analytical expression that can approximate the
results of numerical computations. The influence of climatic
conditions (i.e. the air temperature, relative humidity and
atmospheric pressure) to the channel capacity is also discussed.

II. ULTRASONIC CHANNEL MODEL

We assume single-path, line-of-sight (LOS) propagation of
ultrasound waves in air. The transmitter and receiver trans-
ducers are aligned in parallel on the common acoustic axis
and separated by the distance d. In such conditions we can
expect three main factors [16] affecting the channel frequency
response: ultrasonic absorption in the air, spatial field response
and transducer frequency response. The assumed propagation
scenario can be applied to a few practical situations, for
example, when the transducers are working in fixed positions
in a relatively big room, when there are no obstacles and all
reflected signals can be neglected due to their low power level
and high delay in comparison with the direct component. Most
of all, the presented results should be considered as reference
(i.e. the best-case) measures calculated from experimental
values obtained in the laboratory, under the most favorable
conditions. Introduction of the multipath environment will
cause interferences and the effect of frequency-selective fading
that can be later included in a channel frequency response. It
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has been demonstrated, however, that the reflected ultrasonic
signals in practice are relatively weak compared with the direct
signal due to the directivity of the receiver [4] and that OFDM-
based system with long symbols can efficiently cope with the
interferences [4].

Atmospheric absorption of sound has been deeply inves-
tigated in the past and analytical formulas for the absorption
coefficient have been given in the literature. We assume that f
is the acoustic frequency in Hz, p; is the atmospheric pressure,
pso 1s the reference pressure (1 atm), 7' is the atmospheric
temperature in K, and 7j is the reference temperature (293.15
K). Based on formulas from [14], [17], the attenuation of
ultrasound in the air can be calculated in dB as

s T 1/2 T 5/2
Lalm(fa d) = —df2 [1.6 X 10_10% <TO) + (1?)

exp(—2239.1/T)
fro+ (f*/fr0)

exp(—3352/T)

frn +(f?/frN) H ’
)

+0.9277

X {0.1107

where f.o, frn (in Hz) are the relaxation frequencies of
molecular oxygen and nitrogen given by Eq. (2),(3) in [17]
that depend also on the absolute () and relative (h,.) humidity
of the air, according to Eq. (4) in [17].

The acoustic field in front of the ultrasound transducer can
be evaluated with a plane circular piston model [16]. The
emitted field can be considered as the interference of a plane
wave from the source and an edge wave diffracted at the
transducer’s aperture boundaries. This results in frequency-
selective channel response with distinct zeros at frequencies
dependent upon lateral displacement between the transmitter
and receiver transducers [16]. However, when the ultrasonic
transducers are aligned in parallel on the common axis, the
spatial field response can be effectively described by a simpler
model, as confirmed in experiments [18]. This model allows
us to determine the theoretical, best-case performance limits of
the airborne ultrasound channel. In the far-field the maximum
sound pressure is always found on the axis [19] and the
description by angular characteristic becomes appropriate.

It is also possible to extend the presented analysis to the
near-field region by using one of the available time-domain
propagation models [16], [20] that are also valid in the near-
field. It must be noted, however, that in this region the di-
rectional pattern becomes distance-dependent. Moreover, deep
fading at certain distances located on the acoustic axis will
occur [19], [21] which degrades the system’s reliability and
makes the analysis much more complex. Due to considered
area of application, i.e. the ultrasonic digital transmission at
distances from 0.5 to 10 m, the near-field operation will not
be discussed in this paper.

The far-field region extends for distances exceeding the
Rayleigh distance: Ry = 7D?/(4)), and for d > R, the
inaccuracy of the far field approximation is lower than 3%
[19]. The reduction of received signal power, resulting from
beam divergence loss, may be evaluated based on the angle of
divergence (eq. (4) in [18]), or more general — with Friis path
loss formula [22] for the case of identical circular transmit
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and receive transducers:

enD? erfD?
Lspread(f; d) =20 IOg |: ANd :| =20 log |: ded :| ) (3)

where € and D are the aperture efficiency and diameter,
respectively, and c¢ is the speed of sound in the air. In
case of both mentioned methods, the received signal power
is proportional to [D?/(A\d)]? which is consistent with the
general property of spherical spreading in the far field [21],
and the difference is only in a constant € associated with
the transducers’ efficiencies. This factor can be determined
by calculations of the transducers’ directivity or measured in
laboratory experiments (later in this paper it will be included
in F;). From (3) we can see that the received signal level
increases with the frequency due to rising directivity of the
transducers, which partially compensates the attenuation in air
2).

In this work we have adopted frequency characteristics from
[23], where overall system response (including the aperture
efficiency factor) was measured for two different transducers:
the commercial SensComp Series 600 [24] (D = 38.4 mm)
and the laboratory-made prototype with high-% dielectric layer
(D = 10 mm). The systems with these transducers offer
the best performance in terms of the data rates achieved in
ultrasonic transmission in air [13]. After compensating for at-
tenuation (2), (3) introduced at the measurement distance (2 m
and 0.5 m, respectively), we have estimated the normalized
frequency characteristics Hyns(f) of both transducers.

A. Parameters of channel frequency response

The frequency response of the considered channel, under
the assumption of single-path LOS propagation in the far-field
and axial placement of the transducers, and taking into account
their frequency response Hins(f), can be approximated by

Lch(.f7 d) = Latm(f7 d) + Lspread(fa d) + Htrans(f)- “4)

The plots of (4) as a function of frequency are shown in Fig. 1
for transmission distances up to 11 meters. During all calcu-
lations we assume climatic conditions as in [23]: T' = 20°C,
ry, = 72%, ps = 1 atm. The channel bandwidths, determined
by a 6-dB drop, are marked with bold lines, and the attenuation
of a lossy medium (Lam (f, d) + Lepread(f, d)), irrespective of
the transducers’ characteristics, are shown with the dashed
lines for the reference. We can clearly see that the channel
bandwidth is shrinking with the increasing distance, and for
the longest distances, only the narrow-band transmission may
be employed.

We assume an AWGN background noise model as in [5],
[6], [18] since no experimental data of frequency-dependent
background noise is currently available for indoor airborne
ultrasonic channels (apart from the severe interferences gen-
erated by industrial equipment [25], which is not a suitable
environment for any acoustic communications). According to
private communication with the author of [23], the background
noise levels measured in the systems with both transducers
(SensComp, high-k) were 3 mVpp and 0.45 mVpp, respec-
tively (similar noise levels have been reported in [4], [5], [6],

SensComp, R=38.4 mm
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Fig. 1. Frequency response of the channel with different transducers

[18], [26]). The application of five-sigma rule to population
of Gaussian samples allows us to estimate the noise variance
o2, After dividing o2 by the system bandwidth (67 kHz
and 220 kHz [23]) we obtain single-sided white noise power
spectral densities for both systems: Ny = 2.68x 10~ mW/Hz
and Ny = 1.84 x 1073 mW/Hz, respectively. The received
signals have been measured at the output of the low-noise
amplifier (LNA) and the power values have been calculated
for its output impedance (Zy = 50 2). This has no impact to
our results since only relative power levels (SNR) are essential.

The power level of the transmitted signal was not reported
in the literature and it needs to be estimated based on SNR
values, e.g. from [23]. It is known that the transmitters emitted
the fixed average power, regardless of the distance. In our
work, the average power level P, was calculated so that to
achieve the nearest SNR values (in a least-square sense) to
those reported in the literature for all the measured distances
(see Tab. I in [23]), with respect to the system bandwidth and
Ny values from the previous paragraph, and under assumption
of the flat spectrum of the transmitted signal. Finally, we have
obtained P; = 9.8 mW (SensComp) and P, = 0.15 mW (high-
k) The value of P, should be considered as an extrapolation
of the received signal power to d = 0 situation, that takes
into account: the transmitted power level, the efficiency of the
transducers and the gain of receiver LNA.

III. PERFORMANCE EVALUATION OF AIRBORNE
ULTRASONIC CHANNEL

A. Theoretical capacity of the channel

The signals emitted in the high-data rate ultrasonic com-
munication systems (e.g. [5], [18], [23]) can be considered as
wide-band, since their bandwidths B are comparable with the
center frequencies. Additionally, each of the transmitted fre-
quency components is subjected to different attenuation level
and the channel becomes frequency-selective that degrades
simple estimations [13] based on the Shannon-Hartley theorem
(1).

The channel with non-flat frequency response and
frequency-dependent background noise can be approximated
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with a set of N parallel, narrow-band AWGN subchannels.
In this case, the capacity is achieved [27] by choosing the
power level p,, transmitted in each subchannel (n =1...N)
according to the water-filling principle [12]:

_ Kd _Ach(fa d)Nch(f)7 Ach(f7d)NCh(f) < Kda
Pn = 0, otherwise,
(5)

where Acy(f,d) is the frequency response (4) in a linear
scale, Ne(f) is the noise power in a subchannel with the
center frequency f and bandwidth Ay (for white noise we
can assume: Nen(f) = NoAy), and Ky (the water level) is a
constant associated with the total transmitted power

N
P=> pn 6)
n=1

According to (5), more power is allocated to subchannels with
higher SNR. The bandwidth occupation, resulting from non-
zero power allocation (5), usually differs from a heuristic
definition (e.g. based on 6 dB drop) [12]. The considered
adaptive power allocation can be employed in ultrasonic
communication systems with OFDM transmission, since in
these systems the wide bandwidth is divided into subchannels
with small sub-carrier spacing (e.g. Ay = 125 Hz [4]).

B. Numerical evaluation of the channel capacity

The subchannel bandwidth Ay should be narrow enough
to allow the assumption of locally-flat frequency response
and noise p.s.d. The total bandwidth, for which frequency
characteristics Hs(f) of the transducers were acquired, has
been divided into subchannels with Ay = 1 kHz. In case
of the SensComp transducers, the differences of attenuation
at subchannel boundaries have not exceeded 2 dB in most
cases, and with high-k transducers, they are lower than 0.5 dB.
Therefore, locally-flat channel assumption can be justified.

In order to determine the optimal power distribution (5),
for each distance d, the water-filling procedure [12] has been
performed in accordance with the flow chart shown in Fig. 2.
The value of K, has been iteratively increased with relative
steps of 0.5%, starting from min{ A (f, d)Nen(f)}, and the
resulting power distribution (5), (6) has been updated. The
procedure has been terminated after the calculated power (6)
has reached the fixed level P, from the previous subsection.
After that, the theoretical channel capacity for a given distance
d has been calculated

N
Cld) =AY log, <1+ anAf)' %)

n=1

It should be noted that in the case of frequency-dependent
background noise model, the subchannel noise power NoA ¢
has to be replaced with N, (f). The optimal power distribution
obtained with (5) for the systems with both types of transduc-
ers has been depicted in Fig. 3, and the channel capacity as
a function of the distance under different climatic conditions
T, h, (for p; =1 atm) — in Fig. 4.

The obtained results show that the transmitted power is
allocated in the bandwidth that reduces with increasing dis-
tance. For d < 4 m (SensComp transducers) or d < 1 m
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Fig. 2. Procedure of optimal power distribution
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Fig. 3. Optimal distribution of transmitted power (dB relative to F)

(high-% transducers), the power distribution is relatively flat
over the entire available bandwidth (the shortest distances for
both transducers: 0.5 m, 1 m have been distinguished with
dashed lines in Fig. 3). For longer distances, however, the
transmitted power is allocated only in the lowest frequency
components. The narrow peak around 100 kHz is a result of
water-filling procedure adaptation to the bimodal frequency
response of the channel with SensComp transducers (see
Fig. 1). In case of d = 9 m, the adaptation results in a
discontinuous power distribution with zero-power region at
92...98 kHz and non-zero power up to 105 kHz. For shorter
distances (d < 8 m), the adaptation gives continuous power
distribution with local minimum in the mentioned region,
and for longer distances (d > 10 m), the obtained power
distribution ends at frequencies below 80 kHz.
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Fig. 4. Theoretical channel capacity for both types of transducers

We can observe a rapid fall of the channel capacity with the
increasing distance due to severe atmospheric absorption of
higher frequency components of ultrasound (2) and increasing
path loss (3). For this reason, a reliable and fast ultrasonic
communication over the distances longer than 11 m would
be very hard to establish with practical limits on the emitted
ultrasound pressure level [28]. The transmission with high data
rates on the long distances, if necessary, could be performed
only with using multiple-hop network topologies. It can be
also noted that the channel capacity is higher for the system
with high-k transducers (D = 10 mm) operating at short
distances (d < 1.5 m) due to its wide band operation. At longer
distances, however, the wide bandwidth does not improve the
capacity due to severe attenuation of the signal resulting in
low SNR.

The practical data rates achieved in the experimental sys-
tems [4], [23], [26] have been marked with stars, circles
and triangles in Fig. 4 for the reference. It turns out that
the experimental data rates from [4], [26] lie very close to
the theoretical capacity limits derived for the same climatic
conditions which suggests that near-optimal transmission setup
has been employed in these systems. In the system described
in [23], the sub-carriers were located from 200 to 400 kHz,
which was only a part of the bandwidth available for the
shortest distances (see Fig. 3). As a result, non-optimal power
distribution took place and the obtained data rates (marked
with circles) were lower than theoretical expectations.

The obtained theoretical limits suggests that in case of the
shortest distances (i.e. d < 1 m for high-k, and d < 5 m for
SensComp transducers), data rates higher than those reported
in the experiments [4], [23], [26] may be obtained. For
example, in the system with SensComp transducers, the data
transfer rate was limited to 180 kbit/s due to design constraints
[4], whereas the theoretical channel capacity is expected up to
1 Mbit/s. For the same reason, the data rate in the system
with high-k transducers was limited to 400 kbit/s [26] or
800 kbit/s [23], while the theoretical channel capacity at the
shortest distances is expected up to 3 Mbit/s. Therefore, further

development of short-range airborne ultrasonic communication
systems is still necessary.
The capacity plots from Fig. 4 can be approximated by

C(d') = Cp x logy(1 + Cy x 105 x 10~¢C2/1004'=2) (g)

in kbit/s, where d’ = d/D is the normalized distance. The
parameters Cj,Cy,Cy can be numerically calculated from
three selected points of the initial part of the plot (d’ < 105)
for which SNR > 1. The approximation (8) can predict the
channel capacity for d < 6.5 m (SensComp) or d < 1.1 m
(high-k transducers) with accuracy better than 5%. For greater
d, it underestimates the channel capacity which results in
diminished accuracy. The values of Cy,C7,Cs have been
summarized in Tab. I for both types of transducers.

TABLE I
PARAMETERS OF APPROXIMATION (8) FOR SELECTED T, hy (ps = 1 ATM)
20°C, 72% | 20°C, 40% | 10°C, 40% | 30°C, 40%
SensComp:
Co 70.0 71.6 68.1 71.4
Ch 36.0 26.9 49.5 27.7
Ca 1.22 0.88 0.71 1.28
High-£
Co 470.6 441.3 415.6 431.4
Ch 0.88 1.47 2.43 1.76
Ca 0.94 1.00 1.06 1.22

C. Impact of climatic conditions to the channel capacity

During this analysis, we assume that the transducer fre-
quency response Hins(f) does not depend on the climatic
conditions. The transducer response is typically described by
a plane piston model [16], [20] and formulas that involve
diameter of the aperture (D) and the speed of sound in the
air (c). The value of ¢ depends mostly on the temperature and
changes by +2.6% for T' = 25£15°C. The changes of D due
to thermal expansion are expected about +0.02% for the same
range of 7', assuming gold foil as the working material [24].
Therefore, the variations of ¢, D that impact the transducer
response are negligible in the considered range of climatic
conditions since they are much lower than the influence of the
transmission medium at distances changing from 0.5 to 10 m
(see Fig. 1).

However, when (2) is taken into account, the ultrasonic
channel response (4) and therefore the theoretical channel
capacity becomes climatic-dependent. This dependency is
especially noticeable for longer distances, as the plots for
different values of 7', h, diverge in Fig. 4. Higher channel
capacity can be expected for lower air temperature and lower
relative humidity. The dependencies of the channel capacity
on T and h, have been illustrated in Fig. 5 and Fig. 6,
respectively, for the systems with two types of transducers
and for different distances d.

The theoretical channel capacity also depends on the at-
mospheric pressure (ps), as shown in Fig. 7 — it increases
with p, rising from 750 hPa to 1040 hPa. That dependency is
clearly visible for the wide-band transducer (high-k), even at
the smallest distances (d =1 m).
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IV. CONCLUSIONS

In this paper we have applied frequency-dependent chan-
nel model, based on well-known sound attenuation effects,
to the airborne ultrasound transmission channel. Numerical
parameters of the model have been adopted from experimental
results available in the literature. This approach allows us to
numerically evaluate the channel theoretical capacity for any
distance in the far field, without limitation to the points with
experimentally determined SNR measures. It turns out that
in short distances it may be possible to achieve higher data
transfer rates than those obtained with experimental systems
described in the literature [4], [23], [26].

Because of well-described influence of the air temperature,
pressure and relative humidity to the attenuation of acoustic
and ultrasonic waves in the air, it is also possible to extend
the theoretical predictions to climatic conditions different from
these recorded in the experiments. The theoretical analysis
shows that the channel capacity rises with the falling air
temperature and relative humidity. In spite of negligible impact
at the shortest distances (e.g. d = 1 m), this relation becomes
more and more visible as the distance increases. The influ-
ence of the atmospheric pressure has been also investigated;
however, it has lower impact to the channel capacity when
compared to the air temperature and humidity, and it is mostly
observed in the case of wide-band (high-k) transducers.
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