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Indoor Airborne Ultrasonic Wireless
Communication Using OFDM Methods
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Abstract— Concerns still exist over the safety of prolonged
exposure to radio frequency (RF) wireless transmissions and
there are also potential data security issues due to remote signal
interception techniques such as Bluesniping. Airborne ultrasound
may be used as an alternative to RF for indoor wireless communication systems for securely transmitting data over short ranges,
as signals are difficult to intercept from outside the room. Two
types of air-coupled capacitive ultrasonic transducer were used in
the implementation of an indoor airborne wireless communication system. One was a commercially available SensComp series
600 ultrasonic transducer with a nominal frequency of 50 kHz,
and the other was a prototype transducer with a high-k dielectric
layer operating at higher frequencies from 200 to 400 kHz.
Binary phase-shift keying (BPSK), quadrature phase-shift keying (QPSK), and quadrature amplitude modulation (QAM)-based
orthogonal frequency division multiplexing modulation methods
were successfully implemented using multiple orthogonal subchannels. The modulated ultrasonic signal packets were synchronized using a wireless link, and a least-squares channel estimation
algorithm was used to compensate the phase and amplitude
distortion introduced by the air channel. By sending and receiving the ultrasonic signals using the SensComp transducers,
the achieved maximum system data rate was up to 180 kb/s using
16-QAM with ultrasonic channels from 55 to 99 kHz, over a lineof-sight transmission distance of 6 m with no detectable errors.
The transmission range could be extended to 9 and 11 m using
QPSK and BPSK modulation schemes, respectively. The achieved
data rates for the QPSK and BPSK schemes were 90 and 45 kb/s
using the same bandwidth. For the high-k ultrasonic transducers,
a maximum data rate up to 800 kb/s with no measurable errors
was achieved up to a range of 0.7 m. The attainable transmission
ranges were increased to 1.1 and 1.2 m with data rates of
400 and 200 kb/s using QPSK and BPSK, respectively.
Index Terms— Air-coupled ultrasound, capacitive ultrasonic
transducers, channel estimation, orthogonal frequency division
multiplexing (OFDM), ultrasonic communication.

I. I NTRODUCTION

R

ADIO frequency (RF)-based wireless technologies have
become prolific in the last few decades. The use of
the RF spectrum is strictly regulated to prevent interference
between different communication systems [1]. This partly
constrains the system flexibility in allocating spectrum
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resources. In addition, due to the radiative and penetrative
nature of RF communications, the signals can be easily
intercepted remotely [2], therefore, limiting their ability to provide a secure system to ensure confidentiality of information.
Furthermore, RF transmissions are inappropriate in some circumstances where communication is required, such as inside
intrinsically safe industrial environments. Long-term exposure
to RF radiation is also considered as a potential threat to
public health as the World Health Organization has classified
the emitted RF electromagnetic fields as a possible human
carcinogen [3]. Some countries are also restricting the use of
RF, for example, in 2015, the Assemblée Nationale in France
passed a bill prohibiting the installation of Wi-Fi equipment
in areas dedicated to the activities of children under 3 years
of age [4].
Unlike RF communications, ultrasonic transmissions use
unregulated frequency bands, and can be implemented in
relatively simple and low-cost fashion. They may also be a
good alternative to RF methods in circumstances where radio
emission is prohibited. On the other hand, ultrasonic signals
in air are highly localized and do not penetrate easily through
solid materials, therefore, eliminating unwanted external intervention. The medical experience of therapeutic and diagnostic
ultrasound in the last few decades has shown that the use of
ultrasound is harmless, as long as the overall acoustic output
intensity is limited to safe levels, preventing hazardous bioeffects such as heating and cavitation in tissues [5]. Therefore,
the use of ultrasonic technology in wireless communications
can be considered as a safe alternative to RF systems for
transmitting data more securely.
The use of ultrasonic waves as means of signal transmission
in air has been investigated previously by several authors.
Ultrasonic data were successfully transmitted and received
across a 3-m distance through air at 31 kHz, with a system
rate of 75 b/s in [6]. An indoor data communication system was developed by transmitting 40 kHz frequency-shift
keying (FSK) modulated ultrasonic signals [7]. The system
achieved a functional range of 10 m with a data rate of 100 b/s.
Later work has studied ultrasonic communications over a
short distance of 0.5 m using multiple-channel amplitudeshift keying and ON–OFF keying (OOK) modulations with
a carrier frequency of 250 kHz [8]. In this paper, a pair of
laboratory-made prototype ultrasonic transducers was used,
achieving a system transfer rate of 80 kb/s. Another later study
has compared the performances of OOK, binary FSK, and
binary phase-shift keying (BPSK) modulation schemes used
for transmitting ultrasonic signals across an air gap [9]. The
maximum system bit rate used was 83 kb/s at a range up
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to 1.6 m without decoding errors. Similar work done in [10]
has looked at the implementation of quadrature phase-shift
keying (QPSK) modulation at a higher bit rate of 200 kb/s
over 1.2 m. The previous works indicate that most ultrasonic
communication systems have suffered from either limited
data rates or short transmission ranges. The motivation for
the work described in this paper was to investigate more
efficient and reliable airborne wireless ultrasonic communication methods using advanced orthogonal frequency division
multiplexing (OFDM) modulation algorithms, achieving more
practical data transfer rates and transmission ranges in an
indoor environment. Note that this paper is an extension of
the previously published International Ultrasonics Symposium
paper [11]. In Section II, the implementation of the OFDM
system including signal modulation, demodulation, channel
estimation, and synchronization technique is described. This is
followed by the apparatus used and experimental layout of the
work in Section III. Sections IV and V give the experimental
results and the conclusions, respectively.
II. S YSTEM D ESCRIPTION
A. OFDM Modulation and Demodulation
OFDM is a special form of multicarrier method that distributes data over a number of equal-bandwidth narrow frequency
channels. To maintain the orthogonality among all the subcarrier signals over the symbol duration Ts , the symbol rate 1/Ts
was chosen to be equal to the separation f d of the neighboring subcarriers. The use of orthogonal subcarriers allows
subchannel spectra to overlap, thus eliminating unnecessary
guard bands and significantly increasing the spectral efficiency.
A typical baseband OFDM signal, s(t), can be expressed as
the sum of N modulated subcarriers
s(t) =

N−1


sk e j 2πk f d t (t)

(1)

k=0


1, 0 < t ≤ Ts
(t) =
0, otherwise.

(2)

Here sk represents the OFDM symbol. Each transmitted
symbol sk , which carries log2 M bits of binary information, is assigned with one of M possible signal states, and
can be denoted as sk ∈ [s (1) , s (2) , . . . , s (M) ]. For example,
M = 4, if QPSK modulation is applied, and correspondingly,
s√k can be represented as random-value complex numbers from
2/2 · {1 + j, 1 − j, −1 + j, −1 − j }, thus each transmitted
symbol contains an unit energy. (t) represents a rectangular
pulse with a duration of Ts . This rectangular window in the
time domain produces a sinc-shape spectrum in the frequency
domain, which makes the subcarriers heavily overlap each
other. Due to their orthogonal nature, the peak of each subcarrier spectrum corresponds directly with zero crossings of all
adjacent subchannels. Therefore, no crosstalk or intercarrier
interference is introduced. The OFDM symbols, sk , can then
be detected by

1 Ts
s(t)e− j 2πk fd t dt
(3)
sk =
Ts 0
at the receiver if there is no channel distortion introduced.

Fig. 1.

Block diagram of OFDM modulation and demodulation.

Fig. 2. Simulated OFDM signal constellation diagrams for an SNR of 5 dB.
(a) BPSK. (b) QPSK. (c) 16-QAM. The detection boundaries are indicated
by dashed lines.

The block diagram of OFDM modulation and demodulation
is illustrated in Fig. 1. In practice, the encoded bits in series are
mapped onto a modulation constellation producing complex
values that represent the modulated subcarriers in parallel. The
modulation and multiplexing can then be achieved digitally
using an inverse fast Fourier transform (FFT) as (1) can be
expressed by
 N−1

N−1


2π
2π
nTs
sk e j N k fd nTs =
sk e j N kn
(4)
=
s
N
k=0

k=0

where Ts /N is the sample interval and n = 0, . . . , N − 1.
The OFDM demodulation is virtually the inverse operation
of the modulation. The FFT processing block transforms
the subcarrier OFDM signals from the time domain to the
frequency domain before sending to an equalizer to compensate the channel distortion. The corrected signals were
then demapped to the corresponding constellation patterns
according to different modulation formats used.
In digital communications, a graphical representation of the
received signal symbols modulated in different modulation
modes is usually used to observe the interference and
distortion in a signal. This is known as the constellation
diagram. It displays the signal as a 2-D scatter diagram in
the complex plane at symbol sampling instants. The real
and imaginary axes are often called the in phase and the
quadrature, respectively. Fig. 2 shows three constellation
diagrams of the received OFDM signals using BPSK, QPSK,
and 16-QAM with a signal-to-noise ratio (SNR) of 5 dB
in simulation. As can be seen, after introducing an additive
white Guassian noise (AWGN) model, the demapped OFDM
symbols are scattered around their target points, but all
the constellation points are grouped and well separated.
As long as there is no demapped symbol across the detection

JIANG AND WRIGHT: INDOOR AIRBORNE ULTRASONIC WIRELESS COMMUNICATION

1347

boundaries, all the transmitted bits can be correctly decoded.
Note that all the three of these modulation techniques were
studied in the OFDM communication system in this paper.
B. Channel Estimation
As OFDM is highly sensitive to frequency and phase noise,
pilot symbols are added to the data packet. They are used
to estimate the channel transfer function, and the inverse is
applied to every subcarrier OFDM signal to compensate for
the channel, so that OFDM can simplify the equalization
process using a single complex multiplication in the frequency
domain, therefore, turning the frequency-selective channel into
a flat channel. During demodulation, the pilot subcarriers that
were known by the receiver are used to correct the phase and
amplitude of the received OFDM signals.
Assuming that the channel has noise present in the form
of AWGN, the continuous-time received signal r (t) in such a
system is given by
r (t) = s(t) ∗ c(t) + n(t)

(5)

where s(t) is the transmitted pilot signal, c(t) is the channel
impulse response, and n(t) is the noise signal. In matrix form,
(5) can be rewritten as
r = Spc + n

(6)

where the received signal vector r, channel frequency response
vector c, and the noise signal vector n are given as
⎤
⎡
⎤
⎡
⎤
⎡
c0
n0
r0
⎥
⎢
⎥
⎢
⎥
⎢
(7)
r = ⎣ ... ⎦ c = ⎣ ... ⎦ n = ⎣ ... ⎦
r N−1

c N−1

and S p which is referred
⎡
s0
⎢
⎢0
Sp = ⎢
⎢ ..
⎣.
0

n N−1

to the pilot matrix is defined as
⎤
0 ···
0
⎥
..
.
s1
0 ⎥
⎥
(8)
.. ⎥.
..
..
.
.
. ⎦
· · · 0 s N−1

Given the vector r and the matrix S p , the pilot-aided channel
estimation technique is used to find an estimate ĉ of the
channel vector c. This can be achieved by using maximum
likelihood (ML) parameter estimation [12] which is based on
finding the value of c that solves
min ||r − S p c||2 .
c

(9)

It is obvious that the ML estimate of c is equivalent to the
least-squares (LS) estimation algorithm in this case, yielding
ĉLS = S−1
p r.

(10)

Fig. 3. Hanning-windowed LFM signal in (a) time domain and (b) frequency
domain.

be achieved by correlating the received signal with a known
pilot signal being transmitted in front of the information data
packets. As widely used in practical radar systems for range
detection, a linear frequency modulation (LFM) signal whose
frequency increases or decreases linearly with time is used as
the pilot for wireless synchronization [13]. The LFM signal in
the time domain can be expressed as





k
2πt
cos 2πt f 0 + t + φ (11)
s(t) = 0.5 1 − cos
T
2
where f0 is the initial frequency and k is the rate of the
frequency change. Note that the LFM signal is multiplied by
a Hanning window 0.5[1 − cos(2πt/T )] to smooth out the
sudden changes in signal amplitude and improve the resolution
of the received signal during signal processing. Fig. 3(a)
presents a time-domain LFM signal with a frequency change
from 50 to 150 kHz within 0.5 ms, multiplied by a Hanning
window, showing a bell-shaped amplitude with a fade-in and
fade-out characteristic. Its frequency spectrum in Fig. 3(b)
shows a concentrated shape without any redundant sidelobes.
By correlating the received signal with a known LFM signal
through a matched filter at the receiver, the highest peak of
the matched filtering output then indicates the first arrival of
the transmitted signal. The response of the matched filter to a
signal s(t) is defined as
 ∞
s(τ )h(t − τ )dτ
(12)
g(t) =
−∞

whose impulse response is h(t) = s ∗ (T − t), where s(t)
is assumed to be confined to the time interval [0, T ]. The
matched filtering of a received signal r (t) then produces the
output signal
 ∞
r (τ )h(t − τ )dτ
yMF (t) =
−∞
 T
=
r (τ )s ∗ (τ )dτ.
(13)
0

III. A PPARATUS AND E XPERIMENTAL L AYOUT
C. Frame Synchronization
Time synchronization is the first step before conducting
demodulation and decoding at a receiver for any wireless
communication system. Once an ultrasonic signal packet is
detected, it is critically important for the receiver to identify
the starting point of the arriving packet. Synchronization can

Most ultrasonic transducers used for airborne applications
have a bandwidth too narrow to provide an acceptable data
rate for wireless communications. There is a capacitive ultrasonic transducer [14] widely available commercially, originally
designed by Polaroid as a range finder for autofocus cameras. The ultrasonic transducers used in this paper, as shown
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Fig. 4.

Fig. 5.
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SensComp series 600 environmental grade ultrasonic transducer.

Laboratory-made air-coupled capacitive ultrasonic transducer.

Fig. 6. Schematic cross section of a high-k capacitive ultrasonic transducer.

in Fig. 4, are SensComp series 600 environmental grade with a
prominent frequency of 50 kHz. These devices are composed
of a gold foil coated polymer membrane and a rigid contoured
aluminum backplate with an aperture size of 38.4 mm. The
SensComp series 600 capacitive transducers have been used
in robotic applications [15], ultrasonic tomography of concrete
structures [16], and acoustic separation of suspended submicrometer solid particles in gases [17].
In addition, a pair of prototype broadband capacitive ultrasonic transducers was also investigated in the communication
system. The custom-made transducer [18], as shown in Fig. 5,
had a pitted backplate covered by a metallized PET membrane,
and assembled into a screened casing with a 10-mm diameter
aperture. Fig. 6 shows a schematic cross section of the capacitive ultrasonic transducer. The backplate had small symmetric

Fig. 7. Experimental setup for a prototype ultrasonic communication system.

square pyramid shaped air cavity etched into a silicon substrate
with edge length γ = 40 μm, pit separation β = 80 μm, and
sidewall incline α = 125.264°. A HfO2 high-k layer with
a thickness of 800 nm was uniformly distributed across the
pitted backplate, and covered by a 5-μm metallized polymer
film. Here, k is the dielectric constant, and a high-k material
allows increased capacitance of a parallel plate capacitor [19].
Fig. 7 illustrates the experimental setup of the ultrasonic communication system. The modulated data signal generated by a PC using MATLAB (The Math
Works, Inc., Natick, MA, USA) was uploaded to a
TTi TGA 12102 arbitrary waveform generator (Thurlby
Thandar Instruments Ltd., Huntingdon, U.K.) through a
GPIB interface before being amplified by a Falco WMA300 amplifier (Falco Systems B.V., Katwijk aan Zee,
Netherlands) and superimposed with a bias voltage of
+200 V fed by a Delta Elektronika ES 0300-0.45 dc power
supply (Delta Elektronika B.V., Zierikzee, Netherlands). The
air-coupled ultrasonic signal was detected by a receiver
transducer that was connected to a Cooknell CA6/C charge
amplifier (Cooknell Electronics Ltd., Weymouth, U.K.) with
its SU2/C 100 V biasing unit. The voltage signal was then
digitized by a PicoScope 6403A PC oscilloscope (Pico Technology, St Neots, U.K.), and sent back to the PC through an
USB interface for the data analysis.
The system frequency response and the phase response
when using SensComp transducers over a typical range of 2 m
are shown in Fig. 8(a) and (b), respectively. As can be seen
in Fig. 8(a), the spectrum peaks at about 50 kHz as expected
with a dominant response extending to about 115 kHz.
It indicates using data channels at ultrasonic frequencies from
46 to 113 kHz is appropriate in terms of 6-dB bandwidth.
The phase response of the system in Fig. 8(b) is nearly linear
across the 6-dB bandwidth. It means that there is no phase
distortion due to the time delay of frequencies relative to one
another.
For the high-k transducers, the measured system frequency
response over an air channel of 0.5 m is shown in Fig. 9(a).
As can be seen, the spectrum peaks at about 260 kHz with
a significant decline in response above 450 kHz. The 6-dB
bandwidth is about 220 kHz from 190 to 410 kHz. Fig. 9(b)
shows that the phase response of the channel is nearly linear
at frequencies under 650 kHz.
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Fig. 10. Wireless synchronization. (a) Received LFM signal at 10 m. (b) Its
matched filter output.
Fig. 8.
System characteristics using SensComp transducers over 2 m.
(a) Frequency response. (b) Phase response.

Fig. 9.
System characteristics using high-k transducers over 0.5 m.
(a) Frequency response. (b) Phase response.

IV. R ESULTS AND D ISCUSSION
The experiment was carried out in an indoor laboratory
with no detectable ultrasonic background noise. The center
normals of the transmitter and receiver transducers were laser
aligned to provide a direct line-of-sight (LOS) transmission
link. The OFDM symbol Ts was set at 1 ms, giving a subcarrier
spacing f d of 1 kHz in order to retain the orthogonality. Three
different baseband modulation methods, BPSK, QPSK, and
16-QAM, were used to modulate the subcarrier signals from
55 to 99 kHz using the SensComp transducers, and 200 to
399 kHz using the high-k transducers. Note that Gray coding
was used for generating both QPSK and 16-QAM symbols.
This is to minimize the decoding error as every two adjacent
symbols differ from each other by only one bit [20]. Due to
the memory limitation of the arbitrary waveform generator,
only 90 packets of 1-ms OFDM signals were sent through the
air channel.
Fig. 10(a) shows a received Hanning-windowed LFM synchronization signal at 10 m with low SNR. The signal had a
duration of 1 ms with its frequency swept from 50 to 100 kHz.
By performing cross correlation of a known signal and the
received signal in noise using a matched filter, the resulting
waveform in Fig. 10(b) shows a large enhancement of SNR
which enables a precise and robust detection of the starting
point of the incoming signal packets.
Fig. 11 shows the received 16-QAM-OFDM signal constellations before and after channel equalization using SensComp

Fig. 11.
Received OFDM constellations using SensComp transducers
(a) before and (c) after the channel equalization for 16-QAM at 2 m, and
constellations using high-k transducers (b) before and (d) after the channel
equalization for 16-QAM at 0.5 m.

and high-k ultrasonic transducers. Note only 16-QAM-OFDM
signal constellations are presented as illustrative samples.
As can be seen from Fig. 11(a) and (b), both the constellations
are heavily distorted with corrupted phases and amplitudes.
After channel equalization, both constellations in Fig. 11(c)
and (d) form three circular rings with three different openings.
This is because the amplitudes
the 16 constellation
points
√
√ of √
have three different values 2, 10, and 3 2 as shown
in Fig. 2(c). However, the two constellation diagrams indicate
that the amplitude distortion has been recovered while the
phase distortion is still retained. This phase rotation was
introduced by the Picoscope oscilloscope as the sampling
rate of the transmitted OFDM signal was 10 MHz precisely, while the received signal was actually sampled at
9.766 MHz. To tackle this sampling frequency offset problem,
the received signal was interpolated until it had the same
number of samples in 1 ms as that of the transmitted signal,
as MATLAB can only process on integer number of samples.
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Fig. 13. Trend of the group phase offset when using SensComp and high-k
ultrasonic transducers with their individual linear fittings.

Fig. 12. Received OFDM constellations using (a) SensComp transducers
at 2 m and (b) high-k transducers at 0.5 m after interpolation and channel
equalization. (c) and (d) Corresponding signal constellations showing the
first 10 (×) and last 10 (◦) OFDM data packets.

Fig. 12(a) and (b) shows the received constellations when
using SensComp and high-k transducers, respectively, after
applying interpolation and channel equalization. As can be
seen, the constellations shown in Fig. 12(a) were well located
around their original points when using SensComp devices at
relatively low-frequency subcarriers. However, in Fig. 12(b),
the constellations of demapped symbols at higher frequencies
when using high-k transducers still had a certain amount of
group phase rotation which moved part of the constellations
across the detection boundaries. It indicates that OFDM signals
were more sensitive to phase distortion especially at highfrequency channels. This phase rotation was also accumulating
with time as the constellations in Fig. 12(d) show that the last
10 out of 90 OFDM signal packets received had larger phase
rotations than the first 10 packets. In comparison, both the
first 10 and last 10 packets of the received OFDM signal
constellations at low frequencies were clustered within the
16 individual detection regions with negligible phase rotation as shown in Fig. 12(c). The group phase offsets, φ,
of different OFDM data packets when using both SensComp
and high-k transducers were calculated and plotted in Fig. 13.
As can be seen, the phase offset of the received signal when
using SensComp transducers had a minor increment with time
from 0° to about 1° at the 90th data packet. When using
high-k transducers at high-frequency subcarriers, the phase
offset gradually increased from 0° for the first OFDM packet
to approximately 16° when the last packet was received.
The phase offset was a cumulative hardware sampling error
but it could still be compensated for. As an alternative to
compensate the phase offset for high-frequency OFDM signals
using high-k devices, the pilot signal was periodically inserted
between the OFDM data packets. Fig. 14 shows the pilot

Fig. 14.
Illustrative 2-D discrete frequency and time grid for the pilot
arrangement. The separation of the lines corresponds to different OFDM
signals in time (horizontal axis) and subcarrier frequency bands (vertical axis).

arrangement used in this paper. As can be seen, all subcarriers
were used as pilot signals, and the pilots were inserted
every ten OFDM data packets. This limited the group phase
offset within 2° which was considered a safe decoding range.
However, the overall system data transfer rate was reduced
by 10% at the same time after the pilot insertion.
The performances including bandwidth efficiency, data rate,
attainable transmission range, SNR, and bit error rate (BER)
of all the three modulation schemes were evaluated and
compared using SensComp and high-k ultrasonic transducers
in the experiments. The bit errors of the OFDM signals were
measured with increasing range, and each 90-packet signal
was transmitted 10 times before averaging. The maximum
attainable transmission distances with no measurable errors
are listed in Table I. As can be seen, higher order modulation
schemes had smaller noise margins, therefore, requiring much
larger SNRs to error-free transmission (i.e., no measurable
errors) compared with low-order modulations. The achieved
error-free ranges using 16-QAM at low and high frequencies
were up to 6 and 0.7 m, and at 180 and 800 kb/s, respectively.
These ranges were extended to 11 and 1.2 m when BPSK
modulation was used at 45 and 200 kb/s. Apparently,
the most reliable OFDM link was transmitting BPSK
modulated signals with the minimum SNR required. But
when the system throughput is a priority, 16-QAM signals
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TABLE I
E XPERIMENTAL OFDM T RANSMISSION

Fig. 15. BER performance of different OFDM modulations at 1-m range.
SC2, SC4, and SC16 represent BPSK, QPSK, and 16-QAM when using
SensComp transducers, respectively, and HK2, HK4, and HK16 represent
BPSK, QPSK, and 16-QAM when using high-k transducers, respectively.

which are four times more efficient than that of BPSK are
suggested for a higher data transfer rate. Besides, as highfrequency ultrasound suffers severe atmospheric absorption
in air [21], more energy was needed for a successful signal
transmission, and the attainable ranges were also significantly
restricted. Fig. 15 compares the BER performance for different
OFDM configurations. The overall trend again shows that
higher order modulations require higher transmitting power
to deliver data with fewer bit errors. It also indicates that the
high-k transducers consume more energy to achieve similar
BER performance compared with the SensComp transducers
as much higher carrier frequencies were used.
To better visualize the received OFDM signal conditions before and after the channel equalization, constellation diagrams of BPSK, QPSK, and 16-QAM are shown in
Figs. 16 and 17 when using the SensComp and high-k transducers, respectively. As can be seen in Fig. 16(a)–(c), the raw
signal constellations after the demodulation process are completely corrupted as a significant amount of demapped symbols
have drifted in both phase and amplitude. By analyzing
the received pilot signal which was previously known by the
receiver, the phase and amplitude shifts due to the effect of the
ultrasonic channel in air could then be compensated for before
decoding. Fig. 16(d)–(f) illustrates the three constellations
after channel equalization. As can be seen, all constellations

Fig. 16.
Received OFDM constellations using SensComp transducers
(a)–(c) before and (d)–(f) after the channel equalization for BPSK, QPSK,
and 16-QAM at 11, 9, and 6 m, respectively.

Fig. 17.
Received OFDM constellations using high-k transducers
(a)–(c) before and (d)–(f) after channel equalization for BPSK, QPSK, and
16-QAM at 1.2, 1.1 and 0.7 m, respectively.

of BPSK, QPSK, and 16-QAM were recovered and clustered
around their target points. Similarly, when the signals were
transmitted and received using high-k ultrasonic transducers,
considerable phase and amplitude noise can be observed from
the raw received data after the OFDM symbols were demapped
as shown in Fig. 17(a)–(c) for different modulation schemes.
Again, Fig. 17(d)–(f) shows the three individual well located
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priority, high-frequency transducers with broader bandwidth
should be used, while if the transmission range is considered as
the most important factor, transducers with relatively low resonant frequency bands are required. Potential applications may
be found using ultrasonic communication systems in an indoor
office environment for secure data transmission. Each device
may provide individual access using the same frequency bands
without interfering with each other as the ultrasonic transmissions may be localized to each other. Alternatively, a practical airborne indoor ultrasonic communication network may
be implemented with ceiling-mounted transceivers, allowing
mobile access with ultrasonic handover between different base
stations. All of these will be considered in the future studies.
Fig. 18. Comparison of different airborne ultrasonic data communication
systems and their data rates at attainable transmission ranges. SC2, SC4,
and SC16 represent BPSK-OFDM, QPSK-OFDM, and 16-QAM-OFDM when
using SensComp transducers, respectively, and HK2, HK4, and HK16 represent BPSK-OFDM, QPSK-OFDM, and 16-QAM-OFDM when using high-k
transducers, respectively.

constellation patterns after channel equalization as the inserted
pilot signal provided the measurement of actual noise at each
ultrasonic channel to correct the distortions and to separate
different constellation points.
V. C ONCLUSION
As a highly efficient modulation scheme, OFDM has been
investigated in this paper for the implementation of an airborne ultrasonic communication system using both commercially available and prototype transducers. The commercially
available and prototype ultrasonic transducers had different
operating frequency at 77 and 300 kHz, and with bandwidths
of 45 and 200 kHz, respectively. Baseband modulations chosen
were BPSK, QPSK, and 16-QAM, and their performances in
terms of data rate, range, spectral efficiency, SNR, and BER
were evaluated. The results have indicated that a 16-QAM
modulation can be used to transmit ultrasonic signals in air
at 180 kb/s over a range of 6 m in an LOS manner using
SensComp transducers, and at 800 kb/s over 0.7 m using
high-k transducers. It was also shown that the BPSK approach
can provide the most reliable communication link up to 11 m
at a reduced system transfer rate of 45 kb/s using SensComp
transducers, and 1.2 m at 200 kb/s using high-k transducers.
It is also concluded that a tradeoff should be made between the
attainable range and the data transfer rate for airborne ultrasonic communication as the transmission range is significantly
restrained by the high-frequency attenuation of ultrasound
while at the same time broader bandwidth at high frequency
is needed for higher system data rates. Fig. 18 compares this
paper with the prior airborne ultrasonic data communication
systems described in Section I in terms of their data rates
and attainable transmission ranges. As can be seen, when
SensComp transducers are used for OFDM signal transmission, this paper has improved the data rates at longer ranges
when compared with the prior works. Using high-k transducers, this paper has also improved the overall system data rate
at short ranges. Therefore, if the system throughput is the first
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