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ABSTRACT Ultrasonic communication is a desirable method for information transfer through solid
channels such as metallic bars, plates, or pipes by overcoming the physical barriers that prevent conventional
wired or radiofrequency transmission. In this paper, we investigate the architecture of a reconfigurable
software-defined ultrasonic communication (SDUC) platform that can make use of the complete channel
bandwidth for real-time video transmission through a highly reverberant solid channel. Reverberations in
solid channels are complex and generated by surface wave, lamb wave, longitudinal wave, shear wave,
reflection, refraction, dispersion, mode conversion, and scattering phenomena. To explore the multipath and
fading effects on bitrate, experimental studies were performed using an aluminum rectangular bar (ARB) of
25, 40, and 50 cm channel length. We investigated the feasibility of utilizing orthogonal frequency-division
multiplexing (OFDM) combined with quadrature amplitude modulations (QAM) for peak bitrate
performance. Design strategies and guidelines have been established for the best solutions to combat
intersymbol interference caused by the severe reverberation inherent to ultrasonic solid channels. A practical
solution for video transmission, adhering to the Digital Video Broadcasting Terrestrial (DVB-T) standard, is
also examined for video streaming transmission of 240p, 480p, and 720p resolutions at 20 frames per second
across an ARB channel. For experimental studies and performance evaluation, we designed a highperformance reconfigurable system-on-chip (SoC) SDUC platform for video transmission and bit error rate
(BER) assessment. Through experimental studies for ultrasonic channel analysis, we achieved a peak video
transmission rate of 1074 kbps with 3.3×10-4 BER despite reverberation, the multipath effect, and signal
fading within the ARB channel.
INDEX TERMS Communication channels, Ultrasonic transducers, OFDM, Software radio, Multipath
channels, Digital video broadcasting

I. INTRODUCTION

Ultrasonic communication is a viable method for
transmitting information through solid communication
channels, such as metal pipes, rectangular bars, or plates [1]
[2][4]. This method overcomes the physical barrier that
prevents conventional wired or wireless communication. For
example, nuclear facilities are partitioned into different
blocks for isolation and safety purposes. Each block is
hermetically sealed by a thick reinforced concrete wall with
an existing in-place metal infrastructure, such as pipes.
Consequently, ultrasound is a promising technique for
communication by utilizing embedded metal structures.

Also, pipelines and chemical containers have metal
structures that can be used as channels for ultrasonic
communications. An 800-bps communication system [5]
using multitone frequency-shift keying (FSK) was designed
using steel corner posts from shipping containers as the
communication channel. In our earlier work [2] [3], only a
2-Kbps bitrate with a bit error rate (BER) of 1×10-3 was
achieved for image transmission using amplitude shift
keying (ASK) due to the signal complexity within the solid
channel.
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Most advancements in ultrasonic communication are
made for underwater applications [6]. The underwater
acoustic communication technology is relatively mature, and
acoustic communication platforms are utilized by
submarines or ships [7]. There is a large interest in
maximizing the data rate and bandwidth efficiency in
underwater communication [8]. Ultrasonic waves are known
to have propagation characteristics through not only solid or
liquid materials but also biological tissues. An intrabody
ultrasonic communication network system mimicked by a
tissue phantom achieved a 28.12 Mbps data rate using
orthogonal frequency-division multiplexing (OFDM) [9].
Ultrasonic communications through solid channels such as
bars, plates, and pipes suffer from reverberation, dispersion,
and attenuation [10] [11] [12]. Reverberations in such solid
channels are generated by surface wave, lamb wave,
longitudinal wave, shear wave reflection, refraction,
dispersion, mode conversion, and scattering phenomena [13].
Time-reversal and pulse-shaping techniques can be applied to
reduce the impact of reverberations [14] [15].
To exhibit the multipath and fading effects due to
reverberation, we resorted to simulating pulse wave
propagation in an aluminum rectangular bar (ARB).
Furthermore, we investigated the feasibility of using OFDM
to realize intersymbol interference (ISI) mitigation [16].
OFDM is a bandwidth-efficient communication technique
with high data rates that can transmit modulated symbols into
orthogonal subcarriers. Separate narrowband subcarriers at
different frequencies can reduce interference and crosstalk. In
addition, a pilot symbol is inserted into OFDM symbols to
assist channel estimation, and a cyclic prefix is appended as
the guard interval to mitigate ISI. The payload modulation
methods applied are QPSK, 16-QAM, and 64-QAM. The
results are compared for several distances between the
transmitter and the receiver to estimate the optimal ultrasonic
communication bitrate.
In this study, we focus on ultrasonic guided wave
propagation along ARB channels for video transmission.
Video transmission is a promising approach that can deliver
diverse types of information [17]. For experiments and
performance evaluation, a software-defined ultrasonic
communication (SDUC) video monitoring system is
developed. The system consists of a Raspberry Pi singleboard computer (SBC) for the user interface and a Red
Pitaya, a reconfigurable and high-performance system-onchip (SoC) platform [18][19], for transmitting/receiving
video streams.
The proposed SDUC video monitoring system can deliver
real-time video streaming to remote clients. The H.264
standard is used to compress the video stream and reduce the
transmission delay while retaining video quality [20]. The
video stream is modulated, interleaved, and mapped
according to the Digital Video Broadcasting Terrestrial
(DVB-T) standard [21], a TV broadcasting standard based
on OFDM. This is a practical approach for signal recovery in

the presence of ISI and multipath effects. The DVB-T
protocol is supported by the GNU Radio software toolkit. We
present both analytical and experimental results of the
OFDM video transmission protocol for the 2K and 8K
modes. The proposed video monitoring system offers fast
data processing for real-time video transmission above 1
Mbps and a 3.3 × 10−4 BER through the ARB channel.
Due to the limited transmission distance of ultrasonic
waves, the receiver must connect to conventional
communication channels, such as Ethernet or Wi-Fi, to
interface with and transmit the video stream to a remote
client. To create robust and secure communication, we
developed a comprehensive and distributed end-to-end
cryptosystem to secure the video stream transmission link. A
chaotic encryption method utilizing 2D and 1D iteration
models confuses and diffuses the video stream [22]. A 128bit Advanced Encryption Standard (AES) Cipher Block
Chaining (CBC) is proposed to encrypt the video stream
[23]. The encrypted video file is uploaded to a content
delivery network (CDN). Only the client is granted access to
the server and has the chaotic and AES keys that can decrypt
the received video from the mobile device or web remotely.
Chaotic map encryption provides high randomness at a lower
key length and computation time compared to the AES
Encryption Algorithm. This is beneficial for computationally
constrained embedded systems. Our platform switches to
AES Encryption when transmitting the video stream to the
CDN Server since more computational resources are
available. The end-to-end cryptosystem assures secure data
transfer and provides system-level data protection for video
monitoring.
The paper is organized as follows. In Section II, we present
the model of an ultrasonic wave propagating in a plate
channel. Section III describes the encrypted video streaming
architecture, including the video codec encoder, the end-toend cryptosystem, and the DVB-T standard channel encoder
and decoder based on OFDM. In Section IV, a laboratory
benchmark ultrasonic video monitoring system configuration
is demonstrated. Section V presents experimental studies for
low BER communication through solid channels using
different modulation schemes and channel lengths. Video
streaming test results are presented in Section VI. Section VII
summarizes and concludes the contributions of this paper.
II. ULTRASONIC WAVE PROPAGATION IN ARB
CHANNEL

The geometry of the ultrasonic communication channel
impacts the severity of reverberation and multipath effect and
consequently the bitrate performance [4] [24]. We performed
a finite element analysis (FEA) with Abaqus/Explicit software
to simulate ultrasonic wave propagation in the ARB channel.
The ARB size is 100×10×2 cm. Multiple longitudinal and
shear waves are produced due to mode conversion [25] at the
boundary of the ARB. As can be seen in Fig. 1, a pseudo-color
map of the displacement distribution depicts the amplitude of
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the ultrasonic wave patterns. Fig. 1a–e shows the transmitted
wave patterns at 21, 48, 97, 143, and 189 µs corresponding to
distances of 12, 27, 55, 82, and 99 cm. As shown in these
figures, ultrasonic waves collide with the boundary of the
ARB, causing mode conversions, reverberation, and wave
spreading. Consequently, the ultrasonic wave energy disperses
along the length of the ARB (compare Fig. 1a–e) with lower
intensity.

applied to code, interleave, and map the stream data to QPSK,
16-QAM, and 64-QAM modulation, followed by error
correction codes and the shuffling of the bit positions in the
blocks. The symbols are modulated using the OFDM. The
modulated video stream data is transmitted by the PZT
transmitter through the ARB channel.

FIGURE 1. Computer simulation of a 2.5-MHz ultrasonic wave
propagating in the ARB channel. Ultrasonic wavefronts are visualized
with a pseudo-color map of the displacement distribution at 21, 48, 97,
143, and 189 µs.

Fig. 2 shows experimental pulse wave responses in the
ARB channel for different channel lengths. Two 2.5-MHz
PZT transducers with 60˚ oblique angle wedges are used as the
transmitter and receiver. The transmitted pulse shown in Fig.
2a is 1 µs. The received pulse wave response is spread and
faded due to the ultrasonic beam spreading in the wedges,
longitudinal and shear wave mode conversion within the bar,
and the propagating wave on the surface of the bar. The
severity of the multipath effect and signal fading is governed
not only by the size of the bar but also by the location of the
transmitter and the receiver on the ARB channel. The received
waveform is the superposition of all propagating wave modes.
Consequently, Fig. 2b–d displays the superposition of several
scattered wave-packets associated with different traveling
paths in the received signal. Furthermore, the wave dispersion
and fading effect become more pronounced as the channel
length increases.
III. ENCRYPTED VIDEO STREAMING ARCHITECTURE

In this section, we present the major components of our
encrypted video streaming architecture. Fig. 3 displays the
experimental setup of the SDUC system for video
transmission. After acquiring the video stream from the
webcam, the video codec encoder is used to compress the
video data. The stream bits are encrypted using the chaotic
encryption method [26] [27]. Then the DVB-T standard is

FIGURE 2. Pulse wave response test for multipath effect exhibition of
different channel lengths. (a) Transmitted pulse, (b) Received signal ag
25 cm channel length, (c) Received signal at 40 cm channel length, and
(d) Received signal at 50 cm channel length.

The received stream is demodulated at the receiver side
using a DVB-T decoder. The DVB-T decoder is used to
retrieve the signal back to the original video stream. Thus, the
OFDM demodulation, demapping the constellation,
deinterleaving, and decoding are performed consecutively. In
addition, the recovered video stream is encrypted with AES
encryption [28][29] and uploaded to the CDN server [30]. The
CDN grants permission to the remote user to access the video
stream. Chaotic encryption is implemented on the transmitter
side of the ARB channel, AES encryption is implemented on

VOLUME XX, 2017

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License. For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/

1

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI
10.1109/ACCESS.2022.3168706, IEEE Access

the receiver side of the ARB channel, and the CDN server
constructs the end-to-end cryptosystem to secure the video
stream data. On the side of the remote client, the user is
required to have two private keys and a public key to decrypt
the video streaming. The video codec decoder follows the
inverse steps of the encoder to recover the data from the
compressed data. Note that all the encoding/decoding
processes are lossless.

transmitter. Consequently, message-carrying ultrasonic waves
are generated, and these waves travel through the ARB
channel and will be picked up by the ultrasonic PZT receiver.
The received signal is IQ demodulated, the cyclic prefix is
removed, and the original signal is recovered using FFT. The
channel estimation and synchronization are performed by
removing the pilot signals. The bitstream is obtained through
constellation symbol detection. In the end, the original TS data
is fully recovered by using the FEC decoder. The DVB-T
process based on OFDM provides an efficient and robust
transmission method to overcome the multipath of ultrasonic
video communication.

FIGURE 4. A frame structure of the DVB-T OFDM pilot subcarriers.

FIGURE 3. Secure SDUC system architecture for remote video
monitoring.

The DVB-T standard is a practical method to broadcast
transmission of digital terrestrial television [21]. The benefit
of channel encoding is signal recovery, avoiding the multipath
effect of solid channels for ultrasonic communication and
noise. As shown in Fig. 3, the DVB-T information processing
sequence contains a forward error correction (FEC) encoder
and an OFDM modulator by which the information is coded,
interleaved, and mapped to the QPSK, 16-QAM, or 64-QAM
constellations. The symbols are transmitted at different
frequency subcarriers using the inverse fast Fourier transform
(IFFT) method. The number of IFFT points is also referred to
as the number of subcarriers. The 2K mode has a total of 2048
subcarriers, out of which only 1705 are used; the 8K mode has
a total of 8192 subcarriers, out of which only 6817 are used.
The remaining subcarriers are reserved for reference pilot
signals, and unused subcarriers are nulled to mitigate the
multipath effect. The reference pilot signal and null
subcarriers are necessary for signal recovery. After the cyclic
prefix insertion, the symbols are in-phase (I) and quadrature
(Q) modulated. The generated IQ data is modulated by the
carrier frequency with its 90˚ phase shift. The carrier
frequency for ultrasonic video transmission is 2.35 MHz,
governed by the frequency characteristic of ultrasonic PZT
transducers. Then, the modulated signals are summed and fed
into the DAC, which is interfaced with the ultrasonic PZT

Channel estimation and equalization are achieved by
inserting pilot signals (pilot subcarriers transmit with a known
data sequence) surrounded by the information subcarriers. The
frame structure of the DVB-T subcarriers is shown in Fig. 4.
The horizontal axis is the frequency, and the vertical axis is
the time. The symbols in an OFDM frame are numbered from
0 to 67. All the symbols contain both video data and pilot
subcarriers. The subcarriers are indexed by 𝑘 ∈ {𝑘𝑚𝑖𝑛 , 𝑘𝑚𝑎𝑥 },
where 𝑘𝑚𝑎𝑥 =1704 in the 2K mode and 𝑘𝑚𝑎𝑥 =6816 in the 8K
mode. Note that only 1512 (2K mode) and 6048 (8K Mode)
of the subcarriers are used for information symbols. The
remaining subcarriers are reserved for pilot signals. Various
sets of pilots are applied depending on the transmission
parameters. There are three types of pilot signals: scatter
pilots, continual pilots, and transmission parameter signal
(TPS) pilots. Note that 45 continual pilots, 131 scatter pilots,
and 17 TPS pilots are used in the 2K mode and that 177
continual pilots, 524 scatter pilots, and 68 TPS pilots are used
in the 8K mode. The position of the pilots is indexed based on
the DVB-T standard [21].
The IFFT/FFT size of the 2K mode is 2048 symbols, and
that of the 8K mode is 8192 symbols. For the 2K mode, there
are 342 null subcarriers, and for the 8K mode, 1374 null
subcarriers are placed along the edges of the signal spectra as
guard bands. Null guard bands are desirable to combat the
spectrum spreading of OFDM signals. Furthermore, a null
subcarrier in the middle of the spectrum suppresses the DC
component in the OFDM signal. Fig. 5 illustrates the
distribution of the OFDM subcarriers for the 2K mode. After
the IFFT is performed on the OFDM subcarriers, the cyclic
prefix is added to the OFDM waveform in the time domain,
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whose value is the repetition of the end of each OFDM
waveform. The cyclic prefix converts and accounts for the
cyclic characteristic of the IFFT for obtaining the time-domain
signal. A cyclic prefix of sufficient length in the time domain
provides a guard interval to mitigate the multipath effect. As a
result, one OFDM symbol consists of an OFDM waveform
and a cyclic prefix.

FIGURE 5. OFDM subcarriers (channel bandwidth) and OFDM
waveforms (blue represents the in-phase signal, and red represents the
quadrature signal).

The transmitting time of video frames determines the video
stream symbol rate. The I/Q symbol rate of the Red Pitaya
platform is configurable, and six settings are available: 20k,
50k, 100k, 250k, 500k, and 1250k symbols per second (SPS).
The efficiency of the symbol rate can be calculated as the
number of video symbol subcarriers within one OFDM frame
over one OFDM symbol length. For 2K-mode video
transmission, only 1512 OFDM subcarriers are information
symbols, so the efficiency of the symbol rate is 65.625%.
Similarly, for 8K-mode transmission, only 6048 OFDM
subcarriers are allocated for information symbols, resulting in
a 71.59% symbol rate efficiency.
IV. SDUC SYSTEM CONFIGURATION FOR REMOTE
VIDEO MONITORING

In this section, the prototype and configurations of a secure
video transmission/reception system are examined. The
dedicated hardware and software parts of the video monitoring
system are developed on a Zynq-based field-programmable
gate array (FPGA) platform known as Red Pitaya [31]. Zynq
system-on-chip (SoC) FPGA devices integrate dual ARM
processors and FPGA architectures into a single device.
Consequently, they provide higher integration, lower power, a
smaller board size, and higher-bandwidth communication
between the processor and the FPGA. This platform
incorporates the GNU Radio software to create an SDUC
system. The SDUC system is an adaptive and reconfigurable
ultrasonic communication system with the capability to
interface with Raspberry Pi (a single-board computer) for the
development of a video transmission protocol. Both the
Raspberry Pi computer and the Red Pitaya platform are lowcost, low-form factor, and power-efficient modules.

FIGURE 6. SDUC system architecture for secure remote video
monitoring.

Fig. 6 displays the real-time ultrasonic video transmission
and reception architecture through an ARB channel using the
SDUC platform. The ultrasonic video transmitter is in a sealed
environment and is fully isolated within a physical
containment structure. The webcam is interfaced with the
Raspberry Pi computer by a USB cable, and the data link
between the Raspberry Pi computer and the Red Pitaya
platform is realized through an Ethernet cable. Raspberry Pi
computes
encryption,
compression,
DVB-T
formatting/packetization, and OFDM modulation of the video
stream. Then, the Raspberry Pi computer transfers the
packetized video streams to the Red Pitaya platform for
ultrasonic transmission through an ARB channel using a PZT
ultrasonic transducer. On the receiver side, the Red Pitaya
platform acquires the OFDM data stream by a PZT ultrasonic
transducer. The Red Pitaya platform transfers the acquired
data to Raspberry Pi for video stream recovery. Then, the
DVB-T decoder and OFDM demodulator are implemented in
the Raspberry Pi computer. The wireless router accesses the
Internet to deliver a secured video stream from the Raspberry
Pi computer to the end-users through the CDN server. The
prototype of the SDUC video streaming architecture shown in
Fig. 6 is depicted in Fig. 7.
The Red Pitaya platform (a Zynq SoC-based system
operating at a master clock frequency of 125 MHz) used in the
system is equipped with a 14-bit analog-to-digital converter
(ADC) operating at 125 mega samples per second and a 14-bit
digital-to-analog converter (DAC) operating at 125 mega
samples per second. On the transmitter and receiver sides, the
digital up converters (DUCs) are implemented within the
FPGA fabric to match the ADC and DAC sampling rate to the
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I/Q symbol rate. Note that the symbol rate is governed by the
SNR and decided by the user to obtain an acceptable BER.
Raspberry Pi is the host computer, generating the OFDM
baseband video and processing the received baseband to
recover the video data. The DVB-T transmitter/receiver
protocol is implemented in GNU Radio software in the
Raspberry Pi computer. The GNU Radio software is supported
with a configurable communication library that allows

customization of modulation/demodulation and signal
processing algorithms. In addition, the encryption/decryption
and the video codec encoder/decoder are computed in the
Raspberry Pi computer using Python software tools. A pair of
broadband ultrasonic transducers (with a center frequency of
2.5 MHz and a 3-dB bandwidth of 2.0–3.0 MHz) with 60°
oblique angle wedges driven by the Red Pitaya platform are
used as transmitters and receivers.

FIGURE 7. SDUC video monitoring prototype assembled in the laboratory. (a) Ultrasonic video transmitter system in a sealed containment, and (b)
Ultrasonic receiving system outside the sealed containment.

V. EXPERIMENTAL STUDIES OF VIDEO
TRANSMISSION

In this section, we present test results and the feasibility of
applying the DVB-T OFDM standard to ultrasonic
communication for remote video monitoring. The SNR of the
received signals is affected by two factors: the video stream
data rate and the propagation distance. We examined the
performance of different modulation schemes (i.e., QPSK, 16QAM, and 64-QAM) and 2K-mode DVB-T and 8K-mode
DVB-T for OFDM communication. Furthermore, we
examined six symbol rate settings for efficient and reliable
video transmission. Also, the impact of the channel
transmission distance (for three different lengths: 25, 40, and
50 cm) using the ARB is studied. These efforts were directed
to determining the optimal configuration in terms of bitrate
and BER for video data transmission using ultrasound.
A. MULTIPATH EFFECT AND BER EVALUATION

We modeled an ultrasonic multipath channel model to study
the BER and the overall performance of the ultrasonic
communication system using the OFDM method. The
multipath channel model is extracted by using the
experimental pulse wave response of the ARB channel shown
in Fig. 8a. Fig. 8b reveals the eight multipath wavelets in terms
of delays and normalized amplitudes associated with the
measured signal shown in Fig. 8a.

FIGURE 8. Ultrasonic multipath channel model.

We used the experimental results shown in Fig. 8b to
represent a realistic multipath effect associated with the ARB
channel characteristics and ultrasonic transducers for
transmission/reception. The QPSK, 16 QAM, and 64 QAM
are used to modulate/demodulate the binary video
information. Furthermore, 2K and 8K IFFT/FFT are examined
in the OFDM simulation for BER evaluation. Fig. 9 compares
the BER performance of different modulation schemes and the
number of subcarriers applied in OFDM.
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FIGURE 11. OFDM constellation diagrams in the 8K mode. (a) QPSK
modulation, (b) 16-QAM modulation, and (c) 64-QAM modulation.

C. BITRATE PERFORMANCE EVALUATION

FIGURE 9. BER curves for different modulation schemes and DVB-T
operation modes.

B. MODULATION METHODS AND DVT-B MODES

An experiment was conducted to evaluate the performance of
ultrasonic communication using different modulation schemes
under 2K and 8K operation modes. The distance between the
transmitter and the receiver is set at 25 cm, and the symbol rate
is 100k SPS. The experimental constellation results using
QPSK, 16-QAM, and 64-QAM based on 2K-mode OFDM are
shown in Fig. 10. The Error Vector Magnitude (EVM) and
BERs are used to quantify the constellation results [32].
Consequently, a higher-order QAM offers a higher bitrate but
necessitates a lower EVM for an acceptable BER. The
scenario of a lower-order modulation scheme, e.g., with
QPSK, has more margin to failure and better BER
performance. Similar observations can be made using 8Kmode OFDM (see Fig. 11). Compared with the 2K mode
results, the constellation diagrams for QPSK, 16-QAM, and
64-QAM are more explicit for the 8K mode, and the scattering
of the constellation points is more condensed with lower
EVM. This observation indicates that 8K OFDM is the
preferred mode for video transmission with a higher bitrate
and a lower BER through the 25-cm-long ARB channel using
the 2.5-MHz ultrasonic transducers.

FIGURE 10. OFDM constellation diagrams in the 2K mode. (a) QPSK
modulation, (b) 16-QAM modulation, and (c) 64-QAM modulation.

Bitrate in ultrasonic communication defines the speed of
digital transmission. An ultrasonic carrier with a high bitrate
makes real-time remote video monitoring practical. However,
a high bitrate requires more bandwidth and leads to a lower
SNR and consequently a higher BER. Ultrasonic experiments
using the Red Pitaya platform were performed to evaluate the
highest possible transmission rate in an ARB channel. The
symbol rate in the Red Pitaya platform can be adjusted to 20k,
50k, 100k, 250k, 500k, and 1250k SPS. The SNR is affected
by the characteristic frequency of the ultrasonic transducer and
the ARB channel.
Experimental studies in search of the optimal bitrate were
conducted using an ARB channel length of 25 cm (distance
between the transmitter and the receiver), 2.5-MHz ultrasonic
transducers, and 8K-mode OFDM. Fig. 12 shows the QPSK
constellation diagram at the different symbol rates. As the
symbol rate increases, the received constellation symbols
become more scattered, resulting in a higher BER. Figs. 12a–
12f shows the constellations and EVMs for different symbol
rates. As shown in Fig. 12f, the QPSK constellation for 1250k
SPS is highly scattered with an unacceptable EVM value of
44.65%. On the other hand, the 500k SPS with an EVM value
of 9.08% (see Fig. 12e) is the optimal symbol rate for the 8K
mode using QPSK modulation.

FIGURE 12. Bitrate performance evaluation using a 25-cm-long ARB
channel. (a) QPSK constellation diagram at 20k SPS, (b) QPSK
constellation diagram at 50k SPS, (c) QPSK constellation diagram at
100k SPS, (d) QPSK constellation diagram at 250k SPS, (e) QPSK
constellation diagram at 500k SPS, and (f) QPSK constellation diagram
at 1250k SPS.
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To find the optimal (i.e., highest) bitrate for ultrasonic
communication, we studied the combined impact of symbol
rate and modulation order. Fig. 13 displays the 16-QAM (4thorder modulation) and 64-QAM (6th-order modulation)
constellations at different symbol rates. The EVMs of 16QAM for 250k SPS and 500k SPS are 7.04% and 17.68%,
respectively. The EVMs of 64-QAM for 250k SPS and 500k
SPS are 6.33% and 12.56%, respectively. When the symbol
rate is 250k SPS, both 16-QAM and 64-QAM are viable
according to the constellation diagrams (see Figs. 13a and
13c). In Figs. 13b and 13d, the symbol rate is 500k SPS, and
both 16-QAM and 64-QAM failed to recover the video stream
due to the high EVM.

channel frequency response for different distances between
the transmitter and the receiver, whose power spectra span
from 1.3 to 2.8 MHz, as shown in Fig. 14. The ARB channel
is attenuative, dispersive, and reverberant which impact the
SNR and selected frequency fading. As shown in Fig. 14, an
ARB channel length of 25 cm displays the best SNR. A
comparison of Figs. 14a, 14b, and 14c reveal that the longest
channel length has the lowest SNR. This observation implies
that the SNR of ultrasonic communication is inversely
proportional to the channel length.

FIGURE 14. Frequency response of an ARB channel for different
channel lengths. (a) 25 cm, (b) 40 cm, and (c) 50 cm.

FIGURE 13. Bitrate performance evaluation of a 25-cm-long ARB
channel. (a) 16-QAM constellation diagram at 250k SPS, (b) 16-QAM
constellation diagram at 500k SPS, (c) 64-QAM constellation diagram at
250k SPS, and (d) 64-QAM constellation diagram at 500k SPS.

In summary, when using 2.5-MHz ultrasonic transducers
and an ARB channel length of 25 cm, the optimal bitrates are
as follows:
1) For 500k SPS and QPSK modulation, the optimal bitrate
is 716 kbps.
2) For 250k SPS and 16-QAM modulation, the optimal
bitrate is 716 kbps.
3) For 250k SPS and 64-QAM modulation, the optimal
bitrate is 1074 kbps.
Consequently, the best solution for ultrasonic
communication is using 64-QAM modulation and a symbol
rate of 250k SPS, which is equivalent to 1074 kbps.
D. FREQUENCY RESPONSE OF THE ARB CHANNEL

In this study, two 2.5-MHz PZT ultrasonic transducers are
utilized as the transmitter and receiver. We first study the ARB

Experiments were conducted to observe the 8K-mode ARB
channel frequency response for symbol rates ranging from 20k
SPS to 1250k SPS. The ARB channel length is 25 cm, and the
center frequency of the ultrasonic carrier is set to 2.35 MHz.
The ARB channel frequency response results are shown in
Fig. 15. The relative gain of the frequency response
demonstrates the SNR of video transmission. The symbol
rates of 20k, 50k, and 100k SPS have a very similar frequency
response, and the SNRs are 25 dB. When the symbol rates are
250k and 500k SPS, the SNR falls to 15 dB, and certain
frequency bands are attenuated more critically. However,
when the symbol rate is 1250k SPS, the SNR drops below 10
dB, and the useable frequency band becomes highly limited,
so symbol recovery turns out to be difficult if not impossible
(see Fig. 12f). It is important to point out that the channel
characteristics related to ultrasonic wave dispersion, the
multipath effect, mode conversion, and attenuation adversely
impact the SNR and BER, particularly for higher symbol
transmission rates.
Experiments for bitrate assessment and channel limitation
were conducted by setting the ARB channel lengths to 40 and
50 cm. QPSK modulation and 16-QAM were used to evaluate
the ARB channel limitation. Fig. 16 displays the QPSK
constellation diagram and frequency response for the 8K mode
when the channel length is 40 cm. The examination of Fig. 15
and Fig. 16 clearly reveals that longer channel lengths result
in lower SNRs. Based on these results and despite the
deterioration in SNR, the video transmission at 250k SPS
across a 40-cm-long distance ARB channel using QPSK
modulation offers the best solution.
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proportional to the ARB channel length. The optimal bitrates
(i.e., best solution) for channel lengths of 40 and 50 cm are
presented in Table I. Examining all the results for channel
lengths of 40 and 50 cm, the best solution for a channel length
of 40 cm is QPSK modulation and a symbol rate of 250k SPS.
This arrangement allows a maximum bitrate of 358 kbps. The
best solution for a channel length of 50 cm is QPSK
modulation and a symbol rate of 50k SPS. This arrangement
allows a maximum bitrate of 72 kbps.

FIGURE 15. Frequency response of a 25-cm-long ARB channel for
different symbol rates. (a) 20k SPS, (b) 50k SPS, (c) 100k SPS, (d) 250k
SPS(e) 500k SPS, and (f) 1250k SPS.

FIGURE 17. Constellation diagrams using 16-QAM modulation. (a) 50k
SPS, and (b) 100k SPS.

FIGURE 16. Constellation diagrams and frequency response of a 40-cmlong ARB channel using QPSK. (a) QPSK constellation diagram at 50k
SPS, (b) QPSK constellation diagram at 100k SPS, (c) QPSK
constellation diagram at 250k SPS, (d) Frequency response at 50k SPS,
(e) Frequency response at 100k SPS, and (f) Frequency response at
250k SPS.

In Fig. 17a, 50k SPS can be achieved for the 8K mode using
16-QAM modulation with an EVM of 10.01% across a
distance of 40 cm, while a symbol rate of 100k SPS with EVM
of 22.49% fails to recover the video symbols. Similar
experiments were conducted using a 50-cm-long ARB
channel, with Fig. 18 displaying the QPSK constellation
diagrams and frequency responses for several symbol rates. As
expected, the 50-cm-long channel has the worst SNR
compared with the 40-cm-long and 25-cm-long channels. For
a 50-cm-long channel, 50k SPS (the highest symbol rate) and
QPSK modulation with an EVM of 18.21% is the best solution
for video transmission. Fig. 19 displays the 16-QAM
constellation diagrams for 20k SPS and 50k SPS. According
to the frequency responses and the constellation diagrams, 20k
SPS is the only feasible symbol rate for 16-QAM with an
EVM of 11.14% across a 50-cm-long ARB channel. In
summary, the SNR of ultrasonic communication is inversely

FIGURE 18. Constellation diagrams and frequency response of a 50-cmlong ARB channel using QPSK. (a) QPSK constellation diagram at 20k
SPS, (b) QPSK constellation diagram at 50k SPS, (c) QPSK constellation
diagram at 100k SPS, (d) Frequency response at 20k SPS, (e) Frequency
response at 50k SPS, and (f) Frequency response at 100k SPS.

FIGURE 19. Constellation diagrams of a 50-cm-long ARB channel using
16-QAM. (a) 20k SPS, and (b) 50k SPS.
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TABLE I
OPTIMAL BITRATE, HIGHLIGHTED IN BLUE, FOR CHANNELS OF 25, 40,
AND 50 CM

Channel
Length

QPSK

16-QAM

64-QAM

25 cm

716 kbps
(500k SPS)

716 kbps
(250k SPS)

1074 kbps
(250k SPS)

40 cm

358 kbps
(250k SPS)

143 kbps
(50k SPS)

N/A

50 cm

72 kbps
(50k SPS)

57 kbps
(20k SPS)

N/A

The 240p, 480p, and 720p encrypted video streams are
transmitted through the ARB channel over a distance of 25 cm.
The received and recovered video frames are shown in Figs.
21, 22, and 23, with resolutions of 320×240, 680×480, and
1280×720, respectively. The end-to-end BER, including the
channel coding and encryption, is calculated by comparing the
recovered video frames with the original frames. For example,
as shown in Fig. 13c, the constellation with an EVM of 6.33%
(for a 25-cm-long channel, 250k SPS, and 64-QAM) can
realize a high-quality real-time video transmission (see Fig.
22) with a bitrate of 1 Mbps and BER of 3.3 × 10−4 . On the
other hand, a higher transmission rate (e.g., see Fig. 13d
showing a constellation diagram for a 25-cm-long channel,
500k SPS, and 64-QAM, with an EVM of 12.56%) is prone to
an unacceptable BER of 4.8 × 10−1 , and consequently, fails to
recover the image frame accurately (see Fig. 24).

VI. VIDEO TRANSMISSION TEST RESULTS AND
ANALYSIS

We examined the functionality of the SDUC system by
transmitting video streams with 20 frames per second (fps) and
three video resolutions: 240p (320 x 240), 480p (640 x 480),
and 720p (1280 x 720). The latency for the received video
stream is a function of transmitted video resolutions. The
optimal video transmission settings are chosen according to
the data highlighted in blue in Table I. The video is encrypted
before transmission. Fig. 20 shows a transmitted encrypted
video frame with a 480p resolution using chaotic maps. The
encrypted frame (Fig. 20b) is random with a uniform
distribution (Fig. 20c) and not recognizable. Fig. 20 displays a
correlation analysis of an encrypted frame. This figure reveals
that chaotic encryption greatly reduces the correlation between
neighboring pixels.

FIGURE 20. Ultrasonic transmission of a video frame. (a) Original video
frame with a resolution of 640×480, (b) Encrypted video frame using a
chaotic map, (c) Histogram analysis of an encrypted frame, and (d)
Correlation analysis of adjacent pixels within the encrypted frame.

FIGURE 21. Received video frame (resolution 320×240).

FIGURE 22. Received video frame (resolution 640×480).

VOLUME XX, 2017

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License. For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/

9

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI
10.1109/ACCESS.2022.3168706, IEEE Access

REFERENCES
[1]

[2]

[3]

[4]
[5]
FIGURE 23. Received video frame (resolution 1280×720).

[6]

[7]

[8]

[9]

[10]
FIGURE 24. Received video frame with an unacceptable BER.

VII. CONCLUSION

In this paper, we designed and analyzed a secured SDUC
video monitoring system for communication through
reverberant ARB channels of different lengths using
ultrasound. The developed SDUC platform is a secure,
reconfigurable, and high-performance communication system
for real-time applications. We investigated the feasibility of
applying the encrypted DVB-T video streaming standard
using the OFDM architecture in ultrasonic video transmission.
Experimental studies proved that the proposed ultrasonic
video monitoring system is secure and robust for real-time
applications.
The design of the SDUC platform empowers research
experiments related to 1) examining the feasibility of
employing OFDM combined with different orders of QAM to
determine the optimal bitrate, 2) developing strategies to
obtain the best solution to combat ISI and multipath effect and
wave dispersion inherent to ultrasonic solid channels, 3)
researching the design of an efficient cryptosystem for secure
communication, and 4) evaluating the characteristics of
ultrasonic communication channels to maximize the
transmission rate and minimize BER.

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

J. Saniie, B. Wang and X. Huang, "Information Transmission Through
Solids Using Ultrasound Invited Paper," 2018 IEEE International
Ultrasonics Symposium
(IUS), 2018, pp. 1-10, doi:
10.1109/ULTSYM.2018.8579702.
A. Heifetz, D. Shribak, X. Huang, B. Wang, J. Saniie, R. Ponciroli, E.
R. Koehl, S. Bakhtiari & R. B. Vilim (2021) Transmission of Images
on High-Temperature Nuclear-Grade Metallic Pipe with Ultrasonic
Elastic Waves, Nuclear Technology, 207:4, 604-616, DOI:
10.1080/00295450.2020.1782626.
A. Heifetz, X. Huang, D. Shribak, J. Saniie, S. Bakhtiari, and R. Vilim,
"Communication in a nuclear facility with elastic waves excited with
ultrasonic LiNbO3 transducers on pipes," Transactions of the
American Nuclear Society, vol. 121, pp. 508–510, 2020.
J. L. Rose, Ultrasonic Waves in Solid Media, Cambridge, United
Kingdom: Cambridge University Press, 1999.
T. Hosman, M. Yeary, J. K. Antonio and B. Hobbs, "Multi-tone FSK
for ultrasonic communication," 2010 IEEE Instrumentation &
Measurement Technology Conference Proceedings, 2010, pp. 14241429, doi: 10.1109/IMTC.2010.5488066.
M. Ali, D.N.K. Jayakody, and Y.A. Chursin, "Recent advances and
future directions on underwater wireless communications," Archives
of Computational Methods in Engineering, vol. 27, pp. 1379–1412,
2020.
K. Zhang, W. van Kleunen, N. Meratnia, P. J. M. Havinga and E. Tijs,
"Underwater sensing and communication platform," OCEANS 2011
IEEE - Spain, 2011, pp. 1-6, doi: 10.1109/OceansSpain.2011.6003503.
C. He, L. Jing, R. Xi, and Q. Li, and Q. Zhang, "Improving passive
time reversal underwater acoustic communications using subarray
processing," Sensors (Basel), vol. 17, 2017. doi:10.3390/s17040937
E. Demirors, G. Alba, G. E. Santagati and T. Melodia, "High data rate
ultrasonic communications for wireless intra-body networks," 2016
IEEE International Symposium on Local and Metropolitan Area
Networks
(LANMAN),
2016,
pp.
1-6,
doi:
10.1109/LANMAN.2016.7548843.
X. Huang, J. Saniie, S. Bakhtiari and A. Heifetz, "Applying EMAT for
Ultrasonic Communication Through Steel Plates and Pipes," 2018
IEEE International Conference on Electro/Information Technology
(EIT), 2018, pp. 0379-0383, doi: 10.1109/EIT.2018.8500148.
X. Huang, J. Saniie, S. Bakhtiari and A. Heifetz, "Ultrasonic
Communication System Design Using Electromagnetic Acoustic
Transducer," 2018 IEEE International Ultrasonics Symposium (IUS),
2018, pp. 1-4, doi: 10.1109/ULTSYM.2018.8580149.
X. Huang, J. Saniie, S. Bakhtiari and A. Heifetz, "Contoured PPMEMAT Design for Ultrasonic Communication on Metallic Pipe
Channels," 2020 IEEE International Conference on Electro
Information Technology (EIT), 2020, pp. 206-210, doi:
10.1109/EIT48999.2020.9208292.
A. Heifetz, D. Shribak, X. Huang, B. Wang, J. Saniie, J. Young, and
S. Bakhtiari, a. R. Vilim, "Transmission of images with ultrasonic
elastic shear waves on a metallic pipe using amplitude shift keying
protocol," IEEE Transactions on Ultrasonics, Ferroelectrics, and
Frequency Control, vol. 67, pp. 1192–1200, 2020, doi:
10.1109/TUFFC.2020.2968891.
X. Huang, J. Saniie, S. Bakhtiari and A. Heifetz, "Time Reversal
Signal Processing for Ultrasonic Communication through Metal
Channels," 2019 IEEE International Ultrasonics Symposium (IUS),
2019, pp. 623-626, doi: 10.1109/ULTSYM.2019.8926138.
X. Huang, J. Saniie, S. Bakhtiari and A. Heifetz, "Pulse Shaping and
Matched Filters for EMAT Communication System," 2019 IEEE
International Conference on Electro Information Technology (EIT),
2019, pp. 386-389, doi: 10.1109/EIT.2019.8833997.
Xianbin Wang, P. Ho and Y. Wu, "Robust channel estimation and ISI
cancellation for OFDM systems with suppressed features," in IEEE
Journal on Selected Areas in Communications, vol. 23, no. 5, pp. 963972, May 2005, doi: 10.1109/JSAC.2005.845408.
U. Reimers, "Digital video broadcasting," in IEEE Communications
Magazine, vol. 36, no. 6, pp. 104-110, June 1998, doi:
10.1109/35.685371.
B. Wang, J. Saniie, S. Bakhtiari and A. Heifetz, "A High-Performance
Communication Platform for Ultrasonic Applications," 2018 IEEE

VOLUME XX, 2017

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License. For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/

9

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI
10.1109/ACCESS.2022.3168706, IEEE Access

[19]

[20]

[21]

[22]
[23]

[24]

[25]

[26]

[27]

[28]
[29]

[30]
[31]
[32]

International Ultrasonics Symposium (IUS), 2018, pp. 1-4, doi:
10.1109/ULTSYM.2018.8579697.
B. Wang, J. Saniie, S. Bakhtiari and A. Heifetz, "Ultrasonic
Communication Systems for Data Transmission," 2019 IEEE
International Conference on Electro Information Technology (EIT),
2019, pp. 472-482, doi: 10.1109/EIT.2019.8833734.
T. Wiegand, G. J. Sullivan, G. Bjontegaard and A. Luthra, "Overview
of the H.264/AVC video coding standard," in IEEE Transactions on
Circuits and Systems for Video Technology, vol. 13, no. 7, pp. 560576, July 2003, doi: 10.1109/TCSVT.2003.815165.
E. E. 3. 7. V1.6.2, Digital video broadcasting (DVB); Framing
structure, channel coding and modulation for digital terrestrial
television (DVB-T), Oct 2015.
E. Ott, Chaos in Dynamical Systems, Cambridge University Press,
1993.
D. M. Dumbere and N. J. Janwe, "Video encryption using AES
algorithm," Second International Conference on Current Trends In
Engineering and Technology - ICCTET 2014, 2014, pp. 332-337, doi:
10.1109/ICCTET.2014.6966311.
X. Huang and J. Saniie, "Channel Estimation for Ultrasonic
Communication using OFDM on Steel Pipe Channel," 2021 IEEE
International Ultrasonics Symposium (IUS), 2021, pp. 1-3, doi:
10.1109/IUS52206.2021.9593901.
Y. H. Cho, J. C. Park, J. L. Rose, and D. D. Hongerholt, "A study on
the guided wave mode conversion using self-calibrating technique,"
Journal of the Korean Society for Nondestructive Testing, vol. 42, no.
41, pp. 206–212, 2000.
S. Behnia, A. Akhshani, S. Ahadpour, H. Mahmodi, and A. Akhavan,
"A fast chaotic encryption scheme based on piecewise nonlinear
chaotic maps," Physics Letters A, p. 391–396, 2007.
X. Huang, D. Arnold, T. Fang and J. Saniie, "A Chaotic-based
Encryption/Decryption System for Secure Video Transmission," 2021
IEEE International Conference on Electro Information Technology
(EIT), 2021, pp. 369-373, doi: 10.1109/EIT51626.2021.9491868.
OpenSSL, 2018. [Online]. Available: https://www.openssl.org/.
[Accessed 26 January 2021].
M. Vaidehi and B. Justus Rabi, "Design and analysis of AES-CBC
mode for high security applications," in The 2nd International
Conference on Current Trends in Engineering and Technology,
ICCTET'14, Coimbatore, 2014.
S. Gulabani, Amazon Web Services Bootcamp, Packt Publishing,
2018.
[Online] Available: www.redpitaya.com. [Accessed 14 February
2021].
M. Vigilante, E. McCune and P. Reynaert, "To EVM or Two EVMs?:
An Answer to the Question," in IEEE Solid-State Circuits Magazine,
vol.
9,
no.
3,
pp.
36-39,
Summer
2017,
doi:
10.1109/MSSC.2017.2714398.

Xin Huang received the B.S degree in
Communication Engineering from Zhengzhou
University, China, in 2012, and the M.S. and
M.E. degrees in sensor technology from the
University of Shanghai for Sci and Tech, China
& Coburg University of Applied Science,
Germany in 2015. He is currently pursuing a
Ph.D. degree with the Illinois Institute of
Technology, Chicago. Currently, he is a Ph.D.
candidate and research assistant in the
Embedded Computing and Signal Processing
Research Laboratory, Electrical and Computer
Engineering Department at Illinois Institute of Technology. He was the
Graduate Student Research Assistant in the Nuclear Science and
Engineering Division, Argonne National laboratory. His research interests

include sensor design for ultrasonic communication applications, softwaredefined radio, signal modeling and analysis, embedded computing, and
system-on-chip design for machine learning. He won the Best Student Paper
(1st place) at the 2019 IEEE International Conference on
Electro/Information Technology and received the 2021 Sigma Xi/IIT
(Illinois Institute of Technology) Student Award for Excellence in
University Research.
Jafar Saniie (Life Fellow, IEEE) received
his B.S. degree (high honors) in electrical
engineering from the University of Maryland,
in 1974, the M.S. degree in biomedical
engineering from Case Western Reserve
University, Cleveland, Ohio, in 1977, and the
Ph.D. degree in electrical engineering from
Purdue University, West Lafayette, Indiana,
in 1981. In 1981, he joined the Department of
Applied Physics, University of Helsinki,
Finland, to conduct research in photothermal
and photoacoustic imaging. Since 1983, he has been with the Department of
Electrical and Computer Engineering, Illinois Institute of Technology,
where he is Department Chair, Filmer Endowed Chair Professor, and the
Director of Embedded Computing and Signal Processing (ECASP)
Research Laboratory. His research interests and activities are in ultrasonic
signal and image processing, ultrasonic software-defined communications,
artificial intelligence and machine learning, statistical pattern recognition,
estimation and detection, data compression, time-frequency analysis,
embedded digital systems, system-on-chip hardware/software co-design,
Internet of Things and cybersecurity, computer vision, deep learning, and
ultrasonic nondestructive testing and imaging. He has been a Technical
Program Committee member of the IEEE Ultrasonics Symposium since
1987 (the Chair of the Sensors, NDE, and Industrial Applications Group,
2004–2013); an Associate Editor of the IEEE Transactions on Ultrasonics,
Ferroelectrics, and Frequency Control (UFFC) since 1994; Publication
Chair of the IEEE Ultrasonics Symposium (2013 and 2021); Lead Guest
Editor of the IEEE Transactions on UFFC Special Issue on Ultrasonics and
Ferroelectrics (August 2014); Lead Guest Editor of the IEEE Transactions
on UFFC Special Issue on Novel Embedded Systems for Ultrasonic Imaging
and Signal Processing (July 2012); and Lead Guest Editor of the Special
Issue on Advances in Acoustic Sensing, Imaging, and Signal Processing
published in the Journal of Advances in Acoustics and Vibration, 2013. He
was the General Chair of the 2014 IEEE Ultrasonics Symposium in
Chicago. He has served as the IEEE UFFC Ultrasonics Awards Chair since
2018. He served as the Ultrasonics Vice President for the IEEE UFFC
Society (2014–2017). He has over 420 publications and has supervised 37
Ph.D. dissertations and 28 M.S. theses to completion. Dr. Saniie received
the 2006 Outstanding Faculty Award for Excellence and Contributions to
the Computer Engineering Program, and the 2007 Armour College of
Engineering and the University (Illinois Institute of Technology) Excellence
in Teaching Award. He is an IEEE Life Fellow for contributions to
ultrasonic signal processing for detection, estimation, and imaging.
David Arnold received his B.S. degree in
Electrical Engineering and M.S. in
Computer Engineering from the Illinois
Institute of Technology in May 2019. He is
currently pursuing a Ph.D. degree in
Computer Engineering with a focus on
cybersecurity at the Illinois Institute of
Technology. He is a Research Assistant at
the Embedded Computing and Signal
Processing (ECASP) Research Laboratory and is the head and founder of
the Illinois Tech CyberHawks, a cybersecurity student organization. In
Spring 2020, David was a recipient of the Department of Energy’s Office of
Nuclear Energy’s Integrated University Program graduate fellowship. His
current research interests include cybersecurity, Internet of Things,
embedded computing, distributed systems, industrial control systems, and
machine learning.

VOLUME XX, 2017

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License. For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/

9

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI
10.1109/ACCESS.2022.3168706, IEEE Access

Tianyang Fang received his B.S. and M.S.
in Telecommunications from Harbin Institute
of Technology in Harbin, Heilongjiang,
China, in 2016 and 2018. He is a Ph.D.
candidate and research assistant in the
Department of Electrical and Computer
Engineering at the Illinois Institute of
Technology. His research interests are in the
fields of signal processing, embedded system
development, Internet of Things, and
computer vision.
Alexander Heifetz received B.S.
(Applied Math), M.S. (Physics), and
Ph.D. (Electrical Engineering), all from
Northwestern University. He joined the
Nuclear Engineering Division as
Director’s Postdoctoral Fellow in 2008
and became an Electrical Engineer
(technical staff member) in 2011, and
Principal Electrical Engineer with the
Nuclear Science and Engineering
Division in 2017. At Argonne, he has been
involved in projects related to nuclear
energy enabling technology, including
ultrasonic communications, thermal tomography nondestructive evaluation
for additive manufacturing, and thermal hydraulics sensing and control. He
is a co-recipient of the Best Paper Awards at the 2019 and 2020 IEEE
International Conference on Electro-Information Technology (EIT).
Sasan Bakhtiari (Senior Member, IEEE)
received the B.S.E.E. degree from the Illinois
Institute of Technology, Chicago, IL, USA, in
1983, the M.S.E.E. degree from the University
of Kansas, Lawrence, KS, USA, in 1987, and
the Ph.D. degree in electrical engineering from
Colorado State University, Fort Collins, CO,
USA, in 1992. Since 1993, he has been with
the Argonne National Laboratory, Argonne,
IL, USA, where he is currently a Senior
Electrical Engineer and Section Manager of
the Sensors, Instrumentation, and NDE Group,
Nuclear Science and Engineering Division. He
has been involved in applied research in the areas of electromagnetic
guided-wave and radiating structures, induction sensor technology, acoustic
sensing, signal processing, and analytical and numerical modeling. He has
conducted theoretical and experimental work on electromagnetic and
acoustic/ultrasonic NDE techniques as well as active and passive
millimeter-wave sensing techniques for various industrial and scientific
applications. He has authored more than 150 journal articles, conference
proceedings, technical reports, and chapter contributions. Dr. Bakhtiari was
a recipient of 2 research and development 100 Awards and is the inventor
of several patents related to noncontact electromagnetic and acoustic
sensing technologies.

VOLUME XX, 2017

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License. For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/

9

