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Abstract. Indoor ultrasonic location systems provide fine-grained position data
to ubiquitous computing applications. However, the ultrasonic location systems
previously developed utilize narrowband transducers, and thus perform poorly in
the presence of noise and are constrained by the fact that signal collisions must be
avoided. In this paper, we present a novel ultrasonic location system which utilizes broadband transducers. We describe the transmitter and receiver hardware,
and characterize the ultrasonic channel bandwidth. The system has been deployed
as a polled, centralized location system in an office. Test results demonstrate that
the system can function in high levels of environmental noise, and that it has the
capability for higher update rates than previous ultrasonic location systems.

1 Introduction
Ubiquitous computing applications require context information in order to blend seamlessly into the environment and to unobtrusively aid people in their everyday lives.
A particularly important component of context is the location of people and the objects they interact with. Numerous ubiquitous applications utilizing location information have been developed [1].
Various methods exist for determining the location of a person or object. All involve
gathering data by sensing a real-world physical quantity, and using it to calculate or
infer a position estimate. The data can be gathered via a number of physical media;
previously developed location systems have used infrared light [2, 3, 4], visible light
[5, 6], ultrasound [7, 8, 9], and wireless LAN-based radio [10, 11].
The desirable property of ultrasonic location systems is that they have the capability
to be fine-grained, meaning they can estimate location with a high degree of resolution.
This is because the speed of ultrasound in air is sufficiently slow to allow the time-offlight of a signal to be accurately measured between a fixed unit in the environment and a
mobile unit functioning as a tag on a person or object. In the past, fine-grained ultrasonic
location data has been used for context-aware applications including mobile desktop
control [12], 3D mice and virtual buttons [13], and augmented reality [7]. However,
previous ultrasonic location systems have employed narrowband signals. This makes
them susceptible to noise, and their update rate is limited due to the fact that signal
collisions must be avoided.
This paper presents a novel location system utilizing broadband ultrasound. First,
we review previous narrowband ultrasonic location systems, and highlight the advantages a broadband system would offer. We then describe the prototype transmitter and
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receiver hardware, collectively referred to as Dolphin, which incorporate a broadband
ultrasonic transducer new to the field of ubiquitous computing. We detail the implementation of a polled, centralized location system using Dolphin, and report the measurements of its location accuracy. Finally, we discuss our ongoing work with the Dolphin
prototypes.

2 Related Work
There are a number of ultrasonic location systems presented in the literature. The Constellation system [7] tracks a mobile unit consisting of a 3D inertial sensor and a number
of ultrasonic sensors. Location is calculated using time-of-flight measurements between
the mobile unit and fixed transmitters in the environment. An accuracy of approximately
5 mm is reported, but the mobile tracking unit, worn on the head and belt of a user, is
too obtrusive for the goals of ubiquitous computing.
In the Bat system [8, 13, 14], users wear small badges which emit an ultrasonic
pulse when radio-triggered by a central system. The system determines pulse times-offlight from the badges to a network of receivers on the ceiling, and calculates the 3D
positions of the badges using a multilateration algorithm. The system yields location
information with an accuracy of approximately 3 cm.
The Cricket location system [9, 15] consists of independent, unconnected beacons
distributed throughout a building. The beacons send an RF signal while simultaneously
sending an ultrasonic pulse. Small devices called listeners, carried by users, infer their
locations using time-of-flight methods, with accuracies on the order of 6 cm in the best
cases. The beacons broadcast at random times in order to minimize signal collisions.
The listeners can independently locate themselves, avoiding the compromises of user
privacy involved with centralized systems.
A similar approach [16] uses four ultrasonic transducers placed at the corners of a
square on the ceiling, and wired to a controller. The controller sends an RF trigger, and
then issues a pulse from each of the four transmitters in succession. A mobile receiver
unit connected to a handheld computer receives the pulses, and estimates its location
with accuracies between 10 and 25 cm.

3 Motivation
The above four systems share one common trait: they utilize narrowband ultrasonic
transducers for their ranging measurements. Generally speaking, narrowband systems
have two inherent disadvantages.
1. Single-user access — if multiple co-located transmitters send at the same time,
their signals can interfere with one another, and make it difficult for the receiver to
distinguish between them.
2. Poor performance in the presence of in-band noise.

The systems described above avoid the first problem by attempting to ensure that
co-located transmitters send their signals one-at-a-time.3 This solution comes at the expense of a slower update rate; allowing only one transmitter to send at a time constrains
the number of location updates possible for a given time interval.
The second problem, however, has not been addressed. People create ultrasonic
noise through their everyday actions, although they are rarely aware of it because ultrasound is inaudible. Examples include the clink of a pencil dropping onto a desk, the
clacking of someone typing on a computer keyboard, or the rustling of a bag of potato
chips being opened. These kinds of sounds occur frequently in typical indoor environments. For the duration of such an occurrence, existing ultrasonic location systems
are prohibited from generating accurate, up-to-date position estimates for mobile units
co-located with the noise source.
We propose that broadband spread spectrum techniques be used to overcome these
two limitations, facilitating multiple-access location systems which are robust in the
presence of noise. The aim of the Dolphin prototype is to assess the practical applications of such systems.

4 Hardware Design
This section describes the design and properties of the Dolphin transmitter and receiver
prototype hardware. The units were designed to facilitate flexibility, in order to fully
gauge the potential of this new technology. This meant tethering the units to a power
supply and a workstation PC for signal synthesis and analysis. However, making the
units into small, light, wireless, and battery-powered mobile tags is feasible, and the
modifications needed in order to accomplish this are set out in Sect. 4.5. The prototype
system was not designed to operate outside of the frequency range of 20 to 100 kHz.
Sounds below 20 kHz are perceivable by humans, and the use of frequencies above
100 kHz is limited by the attenuation of ultrasound in air [17].
4.1 Transducer Selection
The narrowband transducers used in existing ultrasonic location systems rely on piezoelectric4 ceramics as their active elements. These kinds of transducers are inexpensive,
small, rugged, and have a high sensitivity. However, they are highly resonant, and in
most cases have a usable bandwidth of less than 5 kHz.
Electrostatic transducers, on the other hand, possess high sensitivity and extremely
wide bandwidth. However, they are not very rugged, and are expensive, making their
deployment on a large scale prohibitive.
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An exception to this is the Bat system, which uses a differential-phase modulation technique,
allowing up to three tags to transmit simultaneously [13].
Broadly speaking, a piezoelectric material is one in which a mechanical change of the material
is proportional to a change in the electric field across the material. Thus, when a piezoelectric
material is subjected to a physical force (such as pushing, pulling, bending or twisting) a charge
is generated across it, and vice versa.

Certain synthetic polymer films have piezoelectric properties [18], and are known
as piezopolymer films or simply piezo films. These piezo films, most notably polyvinylidene fluoride (PVDF), have been applied as ultrasonic transducers in hydrophone applications, and for high frequency (greater than 200 kHz) medical imaging and nondestructive testing [19, 20, 21, 22]. Piezo film transducers are small, inexpensive, more
rugged than electrostatic transducers, and have a wide frequency bandwidth. However,
they have low sensitivity. This means that as transmitters they must be driven with high
voltages, and as receivers they are particularly sensitive to noise.
A piezo film ultrasonic transducer for air ranging has been designed by Fiorillo [23,
24] and further characterized by Wang and Toda [25]. It consists of a small, rectangular
piece of piezo film mounted along two of its edges to form a half-cylinder. As depicted
in Fig. 1, the design works by virtue of the fact that the ends of the piezo film are firmly
clamped. Any change in the radius r of the hemicylinder can be seen as a change in the
length l of the piezo film, since l = πr. Due to the piezoelectric properties of the film,
changes in l are approximately proportional to the voltage across the thickness of the
film. Thus, the clamped piezopolymer can function in two ways:
1. As a transmitter, when voltages are applied to it, and
2. As a receiver, when airborne acoustic waves impact it.
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Fig. 1. Operation of a clamped cylindrical piezopolymer transducer [24]

This transducer was designed to measure short distances, and has a maximum range
of 40 cm. The construction and interfacing of piezo film ultrasonic transducers for air
ranging over distances of 1.5 m or more have not been presented previously. We have
applied a modified version of Fiorillo’s design in the Dolphin prototype transmitters
and receivers, suitable for air ranging over room-scale distances.

4.2 Transmitter
As shown by Fig. 2, the transmitter is designed to convert an electrical voltage signal
into an ultrasonic one, using a power op amp with some signal conditioning, a step-up
transformer, and a piezo film transducer. A Dolphin transmitter unit is shown in Fig. 3,
and measures 60 mm × 94 mm × 15 mm.
Transmitter unit
PCI card
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Power op amp

Step−up transformer
1:25
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Fig. 2. Transmitter block diagram
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Fig. 3. Dolphin transmitter

Signal Synthesis. The signals for the transmitters were synthesized digitally on a workstation PC, to allow the structure of the ranging message to be changed easily in software. The signals were sent out through a PCI card which performs digital-to-analogue
conversion, and carried to the transmitter units via coaxial cable.
Electronic Interface. It was desired that the transmitter unit be capable of driving its
piezo film transducer with signal levels ranging from tens to hundreds of volts peak-topeak, in order to provide flexibility. Thus, it was necessary to use a power op amp in
conjunction with a step-up transformer to drive the piezo film transducers. The transformer has a voltage gain factor of 25 in the frequency range of 20 kHz to 100 kHz. The
high voltage side of the transformer is connected directly to the piezo film transducer.
4.3 Receiver
Figure 4 depicts the architecture of the receiver. Ultrasound travelling through the air
is converted by the piezo film transducer into an electrical signal which is buffered by
a charge amplifier. The signal then undergoes minor conditioning before being fed into
data acquisition PCI cards at a workstation. The receiver unit, shown in Fig. 5, measures
60 mm × 115 mm × 75 mm.
Shielded receiver unit
Piezopolymer
transducer

Electrometer
charge amplifier

Bandpass filter

Data acquisition
PCI card

Fig. 4. Receiver block diagram

Electronic Interface. The piezo film is directly connected to an electrometer 5 in a
charge amplifier configuration. The charge amplifier produces a voltage proportional
to the charge difference between its input terminals. This preamplified signal is then
passed through a filter which removes frequencies outside the desired operating band
of the system.
Shielding and Low-Noise Requirements. Because of the high voltages produced by
the transmitter unit and the extremely sensitive nature of the receiver, care had to be
taken to reduce electromagnetic interference as much as possible. In early experiments,
5

An electrometer is a low-noise, high impedance op amp specifically designed to interface with
sensors.
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Piezo film
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Fig. 5. Dolphin receiver

it was found that the noise at the receiver due to mains interference and electromagnetic
pickup from the transmitter was much greater than the signal converted by the piezo
film as a result of airborne ultrasound. Several measures were taken to reduce noise at
the receiver to an acceptable level.
1. A physically short, low impedance connection between the transducer and the electrometer input reduces the risk of signal degradation.
2. The receiver unit’s circuitboard is mounted in a metal case connected to the power
ground of the receiver circuit, and the receiving transducer is shielded using a metal
mesh dome.
3. Two standard 9 V batteries power the receiver unit, and consideration was taken in
the physical layout of the receiver circuitboard, to minimize power supply interference.

Data Acquisition. Using coaxial cable, the signal outputs of the receiver units were
connected to data acquisition cards at a workstation PC. The PCI cards perform analogue-to-digital conversion. A sampling rate of 208 kHz (over twice the highest frequency of interest) was chosen for each receiver. The converted signals are then processed using software running on the workstation PC. This method allows flexibility
when conducting experiments with the Dolphin prototype, as signals can be analysed
in real time using a variety of methods, implemented as C++ software.

4.4 Channel Bandwidth Capabilities
The bandwidth of the ultrasonic channel was characterized by measuring the frequency
response of five transmitter-receiver pairs in an anechoic chamber. In the experiments,
the transmitter was directly facing the receiver at a distance of one metre. Figure 6
shows the averaged channel frequency response in decibels, referenced to the receiver
voltage noise floor.
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Fig. 6. Ultrasonic channel bandwidth at one metre (receiver noise floor shown as a dashed line)

For on-axis communications at a distance of one metre, the channel has 76 kHz
of bandwidth above the noise floor. This is wide enough to justify the use of the Dolphin prototype to explore the capabilities of broadband ultrasonic location systems. As
shown by Table 1, if the signal is attenuated by off-axis transmission or greater distances between the transmitter and receiver, there still remains bandwidth above the
noise floor.
4.5 Modifications Needed for a Production System
The transmitter’s power op amp was chosen to make the prototype as flexible as possible, in keeping with the system design goals. The power drawn by the unit when driven
with typical signal levels measured over 1 W. Clearly, this is unacceptable for a mobile
device. However, the power op amp is inefficient, and the actual currents required to
drive the transducer are much lower. Specialized op amps exist, such as those used to

Table 1. Effect of signal attenuation on bandwidth above noise floor
Signal
attenuation (dB)
0
5
10
15

Equivalent
distance (m)
1.00
1.78
3.16
5.62

Bandwidth above
noise floor (kHz)
76
67
47
30

drive cellular phone earpiece speakers, which can supply sufficient currents and also
have a low-power shutdown mode. If the transmitter were to be redesigned with one of
these, power consumption during transmission could be decreased to below 500 mW,
and virtually eliminated outside of transmission times.
Both the transmitter and the receiver are too large and bulky to be used as mobile
tags or unobtrusively installed in the environment. Before being deployed for everyday
use, the circuitboards would be redesigned, and parts chosen which are more appropriate for small, mobile devices. If the units were deployed as mobile tags, components
could be chosen which have sufficiently low operating voltages so that they could be
powered by a single-cell battery.

5 Implementing a Polled, Centralized Location System
Using Dolphin Prototypes
In order to explore the concepts of multiple access and noise immunity, the Dolphin
transmitter and receiver units were used to implement a polled, centralized ultrasonic
location system in an office.6 This section describes the implementation, reports the
results of measurements, and discusses those results.
5.1 Test System Configuration
The system was installed in an office 3.5 m × 2.6 m in size, with a ceiling height of
2.3 m. Eight receivers were affixed to the ceiling (Fig. 7), such that their transducers
pointed directly down at the floor.
A Dolphin transmitter, designated Tmobile , was placed at four different heights (0.10,
0.50, 1.0, and 1.40 m above the floor), at each of sixteen points on a grid, shown by the
“•” marks in Fig. 8. Four additional transmitters were placed in fixed positions near
the walls of the room, at a height of approximately 0.75 m above the floor, with their
transducers pointing upwards. These fixed transmitters were triggered to send simultaneously with Tmobile in order to test the multiple-access potential of the broadband
system.
6

Polled indicates that transmitters are told when to send their ranging messages, and centralized
means that there is a central service which collects the time-of-flight data and uses it to estimate
the locations of mobile tags. The Bat is an example of a polled, centralized location system.

Receivers

Fig. 7. Room with prototype broadband ultrasonic location system installed

In-band ultrasonic noise was generated by using a motor to jingle keys attached to
a string. This type of noise has been known to make narrowband ultrasonic location
systems fail to report location estimates altogether. The ultrasonic sound pressure level
generated by the jingling keys was approximately 67 dB at the ceiling. 7
5.2 Ranging Message Signal Structure
A direct sequence spread spectrum (DSSS) signal structure was applied in order to
achieve multiple-access properties and robustness towards noise. In a DSSS system, a
data-modulated carrier signal is further modulated by a pseudo-random binary sequence
[26]. The rate at which the pseudo-random sequence is applied is usually much faster
than the data rate. This has the effect of spreading the spectrum of the signal. One
can think of this as distributing the information content (i.e. data) over a large range
of frequencies, instead of centring it closely about the carrier frequency. Spreading the
spectrum in this way makes the signal more robust in the presence of in-band noise.
Gold codes are a particular set of pseudo-random sequences which have low autoand cross-correlation properties [27]. If different Gold codes are assigned to users in
a DSSS system, their signals can be sent simultaneously and still be separated at the
receiver. This gives the system multiple-access properties, since corruption due to signal
collision is minimal.
7

This decibel figure is referenced to an RMS sound pressure level of 20 µPa, and was measured
by a precision ultrasonic microphone.
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Gold codes are employed in the outdoor Global Positioning System (GPS), and
Girod and Estrin have used codes with similar properties in their acoustic ranging system, which operates in the audio frequency range [28]. What makes the Dolphin prototype unique and practical for ubiquitous computing is that it enables the use of spread
spectrum ultrasonic signals. This allows the creation of robust, fine-grained location
systems which are unobtrusive (i.e. inaudible).
The ranging messages used in the measurements presented below consisted of a
50 kHz carrier wave, modulated by a Gold code using binary phase-shift keying. 8 The
Gold code had a length of 511 bits, and was applied at a rate of 20 kHz, giving a ranging
message duration of about 25 ms. Figure 9 shows the frequency spreading effect when
a Gold code is used to modulate the carrier.
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Fig. 9. Spreading the spectrum of the ranging message

5.3 Location Estimation
The location of Tmobile was estimated using the following steps.
1. The times-of-flight for the Tmobile ranging messages were measured by correlating the receivers’ signals against the expected signal (a 50 kHz carrier modulated
by Tmobile ’s Gold code). The time-of-flight was defined as the time between the
triggering of Tmobile and the occurrence of a large peak in the correlated data.
2. The times-of-flight were converted to transmitter-to-receiver distances using the
speed of sound in air.
3. Using the accurately surveyed positions of the receivers and the transmitter-toreceiver distances, location was estimated by employing the multilateration algorithm described by Ward [14].
8

The carrier was not modulated by any data.

Since the receivers are coplanar, a minimum of three distances is needed to estimate
the transmitter’s position, with the assumption that it is below the ceiling. However, we
required that at least four distances be measured, enabling the multilateration algorithm
to estimate the error of its produced locations. The algorithm does not return a position
estimate if there are fewer than four transmitter-to-receiver distances, or if the distances
have a high error estimate.
5.4 Results
Five hundred location readings for Tmobile were taken at each of the sixty-four test points
under three test conditions:
1. Tmobile transmitting by itself,
2. Tmobile and the four fixed units transmitting simultaneously, and
3. Tmobile and the four fixed units transmitting simultaneously in the presence of noise
(i.e. jingling keys).
Figure 10 shows the error distribution functions of the returned locations for the three
test conditions. Table 2 indicates the percentage of readings for which the algorithm
returned a location estimate. The 95% confidence levels of the 3D position accuracies
are also listed.
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Fig. 10. Accuracy of location estimates for Tmobile
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Table 2. Location system performance
Test
condition
1
2
3

Readings
returned (%)
93
75
68

95% confidence
level (cm)
2.17
2.11
2.34

The update rate of the algorithm was approximately five location estimates per second. This limit is imposed by the computational power of the workstation PC, as it has
to correlate against all of the incoming receiver signals. It is important to note that with
a broadband ultrasonic location system such as this one, the main factor limiting the
update rate is computational power. This represents a departure from narrowband systems, where the limiting factor is the need to allocate a time slot to each transmitter,
providing sufficient time for reflections to die down between transmissions.
However, in a system deployed for everyday use, hardware correlators could be
used to produce time-of-flight data in approximately real time. This would facilitate
an update rate appropriate for mobile desktop control and virtual button applications.
However, because of the multiple-access nature of the system, the location updates are
simultaneous, giving the system a superior performance in applications which require
both high update rate and low latency between updates of different objects. Examples
include 3D mice, gesture recognition, augmented and virtual reality, and the simultaneous tracking of moving people and the devices they carry.

6 Current Work
A polled, centralized architecture is not the only way to implement a location system
using Dolphin. It is also possible to create an anonymous system, where mobile units
estimate their position, instead of depending on a central service. In such a system the
fixed units in the environment could function as transmitters, and the mobile units as
receivers. A main advantage of this kind of system is that it maintains user privacy; an
example of an anonymous location system is Cricket.
However, Dolphin’s broadband properties can be applied to gain improved performance. Using a spread spectrum multiple access technique would not only increase
robustness toward noise, but the transmitters could also send simultaneously and much
more often, since there would be no need to avoid signal collisions. Work on an anonymous broadband system is underway. Dolphin transmitters have been installed in the
ceiling of an office, and the software to calculate the positions of mobile receivers is
being developed.
Another research avenue involves transmitting small amounts of data across the
ultrasonic channel. Such data transmission would be useful where no infrared or radio
link exists between the mobile and fixed units. Note that the communication would
only be one-way, unless the fixed and/or mobile units were equipped with ultrasonic
transceivers. Such a device would be feasible to implement; the transducers used in

the transmitter and receiver units are physically similar, making it possible to combine
the interface electronics into one unit which uses a single transducer to transmit and
receive.
If the communication were one-way, the direction of data flow would depend upon
the architecture of the location system. In the case of a centralized system with mobile
transmitters, someone might want to send their appointments (stored on their PDA) to
a central server upon entering the office at the beginning of the working day. Or, considering the case of an anonymous, private system with mobile receivers, users might
wish to receive information of general interest, such as news or weather reports.

7 Conclusions
In this paper, we have presented a novel polled location system. It employs Dolphin
transmitters and receivers and spread spectrum signalling to allow simultaneous multiple access and to provide excellent performance in the presence of noise. Thus, the
broadband ultrasonic location system has significant advantages over the narrowband
systems previously developed.
The Dolphin transmitter and receiver prototype hardware were described in detail,
and the above-noise bandwidth of the channel between them was shown to be approximately 75 kHz at one metre. The prototype design can be modified for large-scale
deployment by employing small, low-power components more appropriate for mobile
and ubiquitous devices.
The Dolphin units were installed as a polled, centralized location system in an office, and extensive experiments were conducted. The broadband location system was
shown to perform well in the presence of noise which would have caused previous narrowband systems to fail. Its potential for improved update rates through simultaneous
multiple access was proven. Even with multiple units transmitting simultaneously in the
presence of noise, the accuracy of the location estimates was not drastically affected,
although the algorithm did return fewer readings. Ninety-five percent of the returned
location estimates have an accuracy of just over two centimetres.
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