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Abstract—Wireless communication is ineffective for 
communicating through a solid steel wall due to the shielding 
effect of the metal. In some cases, holes can be made in the wall to 
allow wires to pass through, enabling the transport of electronic 
data. However, holes are often undesirable because they can 
reduce the integrity of the wall. This paper describes several 
approaches for using ultrasound to communicate low-rate digital 
data through a steel wall. The techniques minimize the 
complexity and power consumption of the communications 
hardware on the side of the wall from which the data is being 
sent, supporting applications in which a sensor may be either 
permanently embedded in a structure or is difficult to reach for 
servicing.  Both pulsed and continuous-wave ultrasound 
techniques are described. Experimental data is presented 
showing the performance of the techniques when implemented 
using 1 MHz transducers mounted on a 15.24 cm (6 inch) thick 
steel wall. The results show that data rates on the order of 500 
bits per second are readily available using simple 
communications techniques. Higher rates are possible if 
equalization is used to mitigate the effects of the multipath 
propagation within the steel block. 
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I.  INTRODUCTION  
Presently, there are no identified means - apart from wires 

or cables fed through drilled holes - for communicating sensor 
data across thick-wall (~ 15.24 cm) steel barriers. Since it may 
be undesirable to make holes in a steel barrier, there is a need 
for sensor systems that can return information directly through 
the steel.  Conventional radio-frequency “wireless” cannot be 
applied due to the shielding provided by the steel.  However, 
ultrasound propagates readily through steel and can be used to 
convey information.  Ultrasound has been used successfully for 
underwater communications for some time; see for example, [1, 
2].  However, the different communication paths presented by a 
steel wall require different approaches than those used in the 
underwater environment.  Additionally, since the sensors and 
communications hardware may be permanently embedded in a 
structure or may be difficult to reach for servicing the 
complexity and power consumption of the electronics on the 
“inside” of the wall need to be minimized.  

This paper describes three approaches for conveying sensor 
data using ultrasound.  All three techniques were tested using 
binary digital modulation [3], meaning that the sensor data to 
be transmitted is first sampled, quantized and converted into a 
string of 1’s and 0’s before being sent. However, the techniques 

can also be used with higher-level digital modulations as well 
as analog modulations. Both pulsed and continuous-wave 
(CW) ultrasound carriers are considered.   

The next section describes the three approaches that have 
been implemented.  These approaches are denoted as “double-
hop”, “reflected-pulse” and “hybrid”. Subsequent sections 
provide greater detail on the implementation of a proto-type 
system for the hybrid approach.  A final section discusses the 
results of these investigations. 

II. ULTRASONIC COMMUNICATIONS TECHNIQUES 

A. “Double-Hop” Approach 
Figure 1 shows a block diagram of the “double-hop” 

method.  Here, pulsed ultrasound is applied using a transducer 
that is attached to the outside of the wall.  A transducer 
attached to the inside of the wall receives this ultrasound and 
converts it into an electric signal.  This electric signal is 
modulated by the binary sensor data, shown as a multiplication 
in the diagram, and fed to a second inside transducer, which 
produces a modulated ultrasound signal that propagates to the 
outside wall.  Information from multiple sensors may be 
multiplexed together and used to modulate the electric signal.  
A second transducer on the outside of the wall receives the 
modulated ultrasound and converts it into an electric signal 
which is first time gated to isolate the initial pulse from any 
reflections and then envelope-detected.  In this approach, the 
presence of a pulse indicates a “1” data bit while the absence of 
a pulse indicates a “0”.  If the information stream contains the 
multiplexed data from multiple sensors, a de-multiplexing 
operation is used to isolate the information from the individual 
sensors. 
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Figure 1. Double-hop approach. 
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A feature of all of the approaches described in this paper is 
that the ultrasound power is only applied on the outside.  The 
inside circuitry only modulates the externally-applied carrier 
(pulses in this case) and, therefore, does not require its own 
carrier generation (pulser) or power amplification electronics. 
Additionally, all timing for the inside circuits can be derived 
from the applied pulses, meaning that an inside clock is not 
required.  

In this double-hop approach, the shortest duration path is 
from the pulser, through the block, through the mixer, and back 
through the block.  As a result, the first return pulse after the 
application of a pulse “carrier” is the desired pulse which 
carries the information.  Additional pulses will arrive at the 
receive transducer due to the many alternate acoustic paths 
within the block.  To avoid having these additional pulses 
interfere with the desired pulse, the repetition rate of the pulser 
is kept sufficiently low so that the reverberations due to one 
pulse are substantially reduced before the application of the 
next pulse.  This simple approach for avoiding “inter-symbol 
interference” (ISI) combined with the fact that a single data bit 
is placed on each pulse effectively limits the maximum data 
rate for the system.      

B. “Reflected-Pulse” Approach 
A drawback of the double-hop approach is the need for a 

pair of transducers on each side of the wall.  Figure 2 shows the 
“reflected-pulse” approach that uses only a single pair of 
transducers.  In this case, the information is conveyed to the 
outside by varying the amplitude of the signal that is reflected 
by the receive transducer.  This variation is introduced by 
changing the electrical load on the inside transducer which, in 
turn, varies its acoustic impedance and, consequently, the 
amplitude of the reflection. Binary data can be sent by short-
circuiting the transducer output for a “0” and open-circuiting 
the transducer output for a “1”.  When the applied ultrasound is 
pulsed, the load impedance is changed on a per-pulse basis to 
send data at a baud rate that is equal to the pulse repetition rate.  
After applying a pulse, the outside system switches to receive 
mode to collect the reflected pulse which it processes to detect 
the transmitted data.  
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Figure 2. Reflected-pulse approach. 

As with the double-hop approach, the data rate is limited by 
the length of time it takes for the reflections to diminish after 
the application of each pulse.  Also, it is very important for the 
coupling between the inside transducer and the wall to be very 

good in order to maximize the effect that changes in the 
electrical load placed on the transducer have on the acoustic 
reflection coefficient at the inside wall.   

C. “Hybrid” Approach 
The reflected-pulse approach works well with a pulsed 

carrier but may be difficult to implement with a CW carrier 
because a single outside transducer is used to both introduce 
the carrier and receive the carrier that has been modulated by 
the sensor data.  Using a CW carrier may be desirable since it 
has the advantage of applying power continuously, thereby 
having a smaller peak applied voltage for a given applied 
power level. Figure 3 shows a block diagram of the hybrid 
approach that combines features of the double-hop and 
reflected-pulse approaches.  This approach is suitable for both 
pulsed and CW carriers.  In the hybrid approach, a pair of 
transducers is used on the outside and a single transducer is 
used on the inside. These outside transducers can be placed 
very close together to optimize the received reflected power.  
The outside processing is similar to that for the double-hop 
approach, i.e. the carrier is introduced using one transducer and 
the modulated signal is recovered using the second transducer.  
The inside processing is the same as that for the reflected-pulse 
approach.   
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Figure 3. Hybrid Approach 

Since there are two outside transducers, the carrier can be 
applied continuously, making the approach suitable for CW 
carriers.  With a CW carrier, the received signal on the outside 
will be the superposition of a modulated component and an 
unmodulated CW carrier resulting from the standing-wave.  
The modulated component has reflected off the surface of the 
inside transducer that changes the reflection coefficient with 
the data being sent.  The standing wave is a constant due to the 
non-changing, reflected paths.  The net result is an amplitude-
modulated (AM) signal, in which the envelope carries the 
desired data, as shown in Figure 4. 

III. PROTO-TYPE IMPLEMENTATION 
While all three approaches have been successfully 

implemented and tested, only the proto-type for the hybrid 
system is discussed in detail here. The proto-type uses a custom 
circuit board to perform the inside processing and a 
combination of commercial evaluation boards for the outside 
processing.  The inside board is battery operated and is built 
around a complex programmable logic device (CPLD).  This 
board is equipped with two Analog Devices ADT7301 digital 
temperature sensors and an analog-to-digital converter (ADC), 
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which can be used individually or in combination to provide 
data to communicate to the outside. When multiple sensors 
and/or the ADC are used, the digital data is multiplexed for 
transmission to the outside. Figure 5 is a block diagram 
showing this inside system. The CPLD formats the data from 
the transducers, adding framing bits to enable the receiver to 
determine which sensor the data comes from.  The CPLD then 
uses the digital data from each of the sensors to produce the 
necessary sequence of electric shorts and open circuits on the 
transducer to convey the information.  The opening and 
shorting of the transducer terminals modulates the electrical 
load on the transducer.  A metal-oxide semiconductor field-
effect transistor (MOSFET) with source and drain placed 
across the transducer terminals and the CPLD driving the gate 
to turn it on and off performs the actual opening and shorting 
operation.  For example, a logic 1 in the serial stream causes 
the MOSFET to be turned on, resulting in the shorting of the 
transducer terminals.  A logic 0 opens the transducer terminals 
by turning off the MOSFET.  
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Figure 4.  Amplitude modulated signal. 
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Figure 5. Inside processing for the proto-type system. 

Figure 6 shows a photograph of the inside circuit board. 
The board is 5.08 cm by 5.08 cm, though it could be made 
significantly smaller if the switches (upper left), power jack, 
and BNC connector were removed. When operating, the board 
dissipates approximately 10 mW.  

The outside system, shown in Figure 7, is built around an 
Analog Devices ADSP-21262 SHARC DSP processor 
evaluation board.  The Digital Signal Processor (DSP) can be 
viewed as the main processing unit in the system.  All other 
devices are controlled by the DSP.  The DSP communicates 
with an Analog Devices AD9854 Direct Digital Synthesis 
(DDS) Waveform Generator through a serial stream to set the 

frequency and amplitude of the output.  The DDS Waveform 
Generator is a small electronic chip, with capabilities including 
sine wave generation of variable frequency, amplitude, and 
phase.  The DDS chip outputs a sine wave of the desired 
frequency to best match the frequency response of the 
transducers and acoustic path.  The transducers in the proto-
type are 1 MHz devices, however, since the application of CW 
to the block establishes a standing-wave condition, a slightly 
different frequency may produce a larger output signal.  A 
closed-loop system can be used to find the optimal frequency 
by having the DSP step the DDS frequency through the range 
from 800 kHz to 1.2 MHz to locate the frequency that produces 
the largest output signal. For simplicity, assume that this 
frequency is 1 MHz, even though in practice, frequencies 
around 900 kHz have proven to produce a greater amplitude 
signal at the receiving transducer in the test system.  The 1 
MHz sine wave output of the DDS chip is amplified prior to 
insertion at the transmit transducer.  Currently a 10V (peak-to-
peak) amplitude sine wave is the output of the gain stage and 
input to the transmit transducer.  The transmit transducer 
converts this electric signal into ultrasonic waves that 
propagate through the steel towards the inside of the block.  
The 1 MHz sinusoid is the carrier for the modulation that will 
be performed on the inside of the block.   

 

Figure 6. Inside circuit board. 

Figure 8 shows the collection of evaluation boards used to 
implement the outside processing. At the left are the DDS and 
DSP evaluation boards and, to the right of those, are the ADC 
and DAC evaluation boards.  Towards the front are the liquid 
crystal display (LCD) temperature displays. 

When a CW ultrasound signal is applied to the outside of 
the wall through the transmit transducer, it propagates through 
the block to the inside transducer where some of the ultrasound 
is reflected and the remainder is converted into a sinusoidal 
electric signal at the applied frequency of approximately 1 
MHz.  This signal at the inside transducer is processed by a 
voltage comparator circuit which creates a square wave that is 
used as the global clock input to the CPLD. The CPLD 
performs a frequency division on the global clock to produce a 
low-frequency clock at the desired data rate.  This clock is then 
used as the serial clock input to the temperature sensors and/or 
ADC. The CPLD then collects the data from the sensors and 
begins to transmit data by turning the MOSFET device that is 
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attached to the transducer on and off.  The data is sent in 
packets where each packet consists of a 7-chip Barker sequence 
for synchronization followed by digital data from the 
temperature sensors and ADC.  In the present proto-type, the 
ADC is not used and the packet consists of the 7 chip Barker 
sequence and 16 bits from each of the temperature sensors for a 
total of 39 bits.  The inside board continuously sends packets as 
long as the ultrasound carrier is received.  
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Figure 7. Outside processing for the proto-type hybrid system. 

 

Figure 8. Photograph of the outside system. 

When it is applying the 1 MHz ultrasound carrier, the 
outside system begins searching for the 7-chip Barker sequence 
that signals the arrival of a data packet.  The received signal is 
amplified, passed through an envelope detector, and sampled 
by the ADC.  The ADC samples at approximately 7 times the 
data rate.  The incoming samples are correlated with the known 
Barker sequence and the result is compared to a threshold to 
determine the presence/absence of the sequence.  Once the 
sequence is detected (threshold exceeded), the system finds the 
location of the highest correlation value which provides the 
symbol timing for the remainder of the packet.  At the arrival 
of subsequent packets, the system performs a synchronization 
verification process that determines whether the Barker 
sequence has been received at approximately the expected time 
and makes any needed adjustments (within a few samples) of 
the symbol timing.  If the Barker sequence is not found where 

expected, the system returns to its initial search mode and seeks 
to re-acquire the packet timing. 

Having packet and symbol synchronization, the outside 
system proceeds to detect the data bits within the packet and 
decode the bits from the temperature sensors into temperature 
values.  The results are sent to a multi-channel DAC which, in 
turn, drives a pair of LCD panel meter displays that show the 
measured temperatures.    

IV. RESULTS 
Figure 9 is a photograph of the transducers applied to the 

test block. The outside transmit transducer (lower left) and the 
inside transducer (right) are both 2.54 cm in diameter.  The 
outside receive transducer is a 1.27 cm rectangular device that 
is located adjacent to the transmit transducer in the figure. The 
outside transmit and inside transducers are attached to the 
block using epoxy, while the outside receive transducer is held 
in place using metal strapping.  The block is 15.24 cm wide 
between the inside and outside transducers. 

 

Figure 9. Transducers attached to test block. 

With a 10 V sinusoid carrier signal applied, the amplitude 
variation on the received signal due to the data modulation is 
approximately 5 mV.  The received signal is amplified and 
passed through an envelope detector.  Figure 10 shows the 
waveform obtained using an oscilloscope attached to the output 
of the envelope detector when the data rate is 108 bits per 
second (bps).  The waveform clearly shows the two levels that 
correspond to the binary 1 and 0 values.   

The high-frequency noise on the waveform of Figure 10 is 
residual 1 MHz carrier which could be removed using a low-
pass filter (LPF) after the envelope detector.   

As noted earlier, the data rate of the system is limited by the 
multiple reflections within the block. As the data rate increases, 
the waveform at the output of the envelope detector becomes 
increasingly distorted due to the ISI.  Figure 11 shows the 
envelope detector output when the data rate is 435 bps. 
Although the ISI is still relatively small here, i.e. the waveform 
still has very distinct levels and is relatively “square”, some 
degradation is noticeable.  
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Figure 10. Envelope detector output at 108 bps. 

Figure 12 shows the envelope detector at 870 bps.  Here the 
degradation is much greater and may impact performance by 
frequently producing bit detection errors.   

 

Figure 11. Envelope detector output at 435 bps. 

At data rates of 108 bps and 216 bps, the system reliably 
communicated the temperature sensor measurements from the 
inside to the outside.  For verification, the digital data was 
brought directly from the inside board to the DSP using a cable 
connection, where it was decoded into temperature values and 
output to a second LCD display.  The two temperature values, 
one obtained from the ultrasonically-communicated data and 
the other from this direct link, agreed perfectly over a broad 
temperature range and a long time period. At 435 bps, 
occasional errors in the ultrasonically-communicated values 
were evident.     

V. DISCUSSION 
This paper has presented several approaches for 

communicating digital sensor data through a steel wall using 
ultrasound.  Each approach uses simple electronics and has low 
power consumption on the sensor side of the wall.  Details 
were provided concerning the implementation and performance 
of one of these approaches, the “hybrid” approach.  

 

 

Figure 12. Envelope detector output at 870 bps. 

The results show that the system performs well at low data 
rates for transducers attached to a 15.24 cm thick steel block.  
As the data rate approaches 500 bps, however, the degradation 
due to multiple reflections within the block become significant 
and will adversely affect performance.  

In order to maintain good performance at higher data rates, 
it is necessary to use some form of channel equalization [4] to 
mitigate the ISI introduced by the multipath propagation.  The 
benefits of equalization have been demonstrated using 
computer simulation (not described here) and equalization may 
be incorporated into the system to allow higher-rate 
transmissions. 

Applying power harvesting [5, 6] techniques to derive 
electrical power for the inside sensors and communication 
electronics from the applied acoustic power would be 
beneficial.  This would eliminate the need for a battery and was 
one of the reasons why a CW system, in which acoustic power 
is applied constantly, was implemented rather than a pulsed-
carrier system.  With power harvesting technology, a sensor 
system may be embedded into a structure and activated upon 
the application of acoustic power to convey sensor data.  
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