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Abstract the receiver configuration, are no longer required. The re-
ceiver is reduced to a single ultrasonic microphone and its
All wearable centric location sensing technologies must accompanying amplification circuitry.
address the issue of clock synchronisation between signal The second improvement achieved with an RF free so-
transmitting systems and signal receiving systems. GPS reilution is the elimination of clock synchronisation errors.
ceivers, for example, compensate for synchronisation er-These errors are particularly evident in systems that use
rors by incorporating a model of the receiver clock offset pings to indicate the start of a chirp transmission sequence.
in the navigation solution. Drift between satellite clocks is For example, rather than use a ping to indicate the transmis-
also monitored to keep signal data in synch with GPS time. sion of a single chirp [10, 15], Bristol's system uses a ping
Most ultrasonic positioning systems solve the synchronisa-to indicate the start of a transmission cycle, within which
tion problem by using a second medium for communica- four or more chirps may be transmitted. There is an agree-
tion between transmitter and receiver devices. The trans-ment between the transmitter and receiver as to the length
mitters in these systems emit RF signals (pings) to indicateof delay between transmission of the ping and subsequent
the transmission of subsequent ultrasound signals (chirps).chirps. We have been able to demonstrate that the actual de-
By subtracting the arrival time of the ping from that of the lay used by the transmitter and the delay experienced by the
chirps, the receiver is able to compute the distance to eachreceiver are not consistent, especially for chirps late in the
transmitter. sequence. This observation is a direct result of the differ-
In this paper, we describe an ultrasonic positioning sys- ent frequencies of the transmitter and receiver clocks, pro-
tem that doesotuse RF signals to achieve synchronisation. ducing errors in the calculation of transmitter-receiver dis-
Instead, it exploits a periodic chirp transmission pattern to tances. By eliminating the RF synchronisation mechanism
model the receiver’s position using chirp reception times and the associated assumption of equal clock frequencies
exclusively. Not only does the system improve on the accuWe are able to eliminate these errors.
racy of previous technologies but it also eliminates bulky RF  The RF free transmitter transmits chirps at regular inter-
circuitry — a definite advantage for wearable applications vals and in a known pattern. This, along with knowledge
where component size and weight are critical for usability. Of transmitter locations, is all that a receiver needs to cal-
culate its position. GPS receivers face a similar challenge,
where the position of the satellites is also known. The major
difference between the two systems, however, is that GPS
receivers have access to signal transmission times encoded
in the signal [5]. They need only compensate for receiver
Our goal is to develop a passive, wearable centric posi-synchronisation issues (offset from GPS time) to determine
tioning system. Building on the University of Bristol's pre- distance to the satellites. Our receivers, on the other hand,
vious solution [11], we maintain that cost, weight and size must extract transmission times by exploiting the periodic
are of critical importance for use within a wearable frame- nature of the transmitter system.
work. Our new approach improves on its predecessor in
two important ways. First, by eliminating the need for RF o2 prgplem
we are able to reduce the size and weight of the ultrasonic

receiver considerably. Large RF chips and cumbersome an- Thet it dinthe RE f temi tructed
tennae, that quite often consume more than fifty percent of. € transmitter usedn the ree system IS constructe
in a similar fashion to the system designed at the University
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1 Introduction




; 2 : following section examines its use in modelling a complete
system, including the position of the receiver.

3 Transmitter Model

The transmitter follows the time varying process de-
scribed below:

Up = Uy + kP 1)

Here, transmission timed/,, are linearly related to the
transmission periodP, and the transmission time of the
first chirp in the endless sequenég. In this section of the

h in Fi 1 Thi . dqi ials di paper we only model this process, providing a base upon
shown In Figure IS arrangement Is used for trials dis- picp e develop the full system in later sections.

cussed in Section 3 while we generalise the system to use
a non-planar, non-square configuration in Section 4. The3 1 Filter Design
40kHz speakers transmit 1ms chirps in turn, with a constant ™
delay between each transmission. This delay is defined as : . . .
. . . In order to model the simple linear relationship of Equa-
50ms on the transmitter although the receivers evaluate it . . ) :
. . - . . tion 1 we do not require a Kalman filter (a least square fit
on their local, real-time clocks, arriving at slightly different

o will suffice). However, to set the stage for the following
values. The wearable receiver is constructed from an ultra- ; : .
. e . sections where a KF is required, we choose to use one here.
sound microphone and an amplification circuit. Note that

To make the design of the KF simple, we assume that the
placing the receiver on the wearable enables the wearable

receiver is stationary for the duration of a four-chirp trans-
to locate itself without a central governing system. This is

. ) . mission cycle. Doing this allows us to relate the transmitter
a wearable centric system, known in the GPS community ; . : . .
; . ) process in Equation 1 to the reception times of the chirps,
as a receive-only passive system [5]. Unlike the commer-: . . .
; : . : in four-chirp sequences. The following set of equations re-
cial tracking solutions available today [7], our system does ” . C
. . . .~ lates the position of the receiver to the reception times of a
not rely on an omnipotent infrastructure to co-ordinate chirp . : : . ST
. : . sequence of chirps using simple trilateration:
transmissions anttack mobile devices. It draws more of a

parallel with GPS, where the position of a receiver is cal-

Figure 1. Transmitter Operation

culated on, and known only to, that receiver. This is an v23(tg)? = (x —9)? + (y — g)® + 22
advantage for applications where user privacy is an issue. v2(ry P +t9)? =(x—g)®+ (y+g)°+ 22 )

Our task is to design a receiver that is capable of mod-  v2(ry — 2P +t9)? = (z 4+ ¢)?> + (y + g)* + 22 @
elling its position based on chirp reception times only. It v2(r3 =3P +t)? = (x+9)% + (y — g)* + 22

must incorporate a number of different known and unknown

U transmission time of a chirp v = speed of sound at room temperature

R receptlpn .tlm(-a of a chirp = reception times relative to chirp, »; =
P transmission interval .

" R; Ro, i1 =1..3
)

time-of-flight for a chirp
(z,y,2) receiver position
(Xi,Yi, Z;) position of transmittef Solving these equations for the time-of-flight of the first
chirp in the sequence, gives:

g = transmitter grid size (distance from axes)

A subscriptk is used to denote a state or measurement at
chirp numberk. Since chirps are transmitted at an interval
of P, k is linearly related to time. (ry — P)? — (rg — 2P)% + (r3 — 3P)?

The Kalman filter (KF) [8] has distinguished itself as to = —2(ry — P) +2(ry — 2P) — 2(r3 — 3P) ®)
a powerful tool for modelling time-varying random pro-
cesses. It is used extensively in tracking and navigation Furthermore, the chirp transmission time for & chirp
applications as well as applications that require complexis related to its time-of-flight and reception time by the fol-
sensor fusion. We apply the KF to our problem in several lowing equation:
different ways. In the next section, we discuss how the fil-
ter is used to model only the transmitter process while the Up = R, — t 4)




Combining this result with Equation 1, we are able to cal- 0.049788 | Measured P — |

culateUy:

Uy= Ry —ty — kP (5)
. . . . . . 0.049784 H [\l ||
In this equationk refers to the first chirp in any four chirp \

sequence (labellety in Equation 3). Because we incorpo-
rate four chirps at every step of the Kijs incremented by
four after each step. 0.049780 - 4
The two variablesP and U, completely describe the
time-varying transmitter process. The system tracks them : ’ ’

P (seconds)

as the states of the KF. The state equations are as follows: ’ ’ Time (;eoconds) N *
T ' ' ' "Filtered P ———
P = Pprewous (6)
UO = UOprevious

The KF measureF indirectly by pre-processing the chirp
reception times using Equations 3 and 5. It also measures
P indirectly by subtracting reception times of subsequent
chirps originating from the same transmitter.

0.0497837

P (seconds)

4P = U — Ug_4 0.0497836 Y
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= . — 7 i 0
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As before, this equation assumes that the receiver does not 00156 1 J
move between successive measurements,, ie. t;,_4. E ;
Q
3.2 Results S 00160 RULER , ] LA ‘x A f’!
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The KF was tested with two ten-minute data sets: one -0.0164 - 4
with a stationary receiver and one with the receiver moving R
around the room. Figure 2 shows plots of measured values o 5 10 15 20 25 30 3 &«

Time (seconds)

for P andU, versus their filtered equivalents for the station-
ary data set. Itillustrates how the KF is able to converge on
values that are much more accurate than the raw measure-
ments. The top figure shows that the measured valueB for
are accurate to withie-2 us while filteredP in the middle
diagram is accurate to withit:20 ns after 40 seconds. The
lowest plot shows the measured value &@r— accurate to 4 Position Model
within +200us — with its filtered counter-part performing
significantly better.

During the second trial, the receiver was moved around
the room at random. Figure 3 illustrates how the values of
P andU, converge as they did in the first trial but are dis-
turbed by the movement of the receiver. The spikes in the
plots result from the assumption in the measurement equa
tions (2 and 7) that the receiver is motionless. When the
receiver moves, the equations become inconsistent and th
filter attempts to compensate by adjustiigndU,. In the
next section we demonstrate a solution that eliminates this
undesirable behaviour. =@ —-X;)2+(y—-Y)2+(z—2Z;)2 (8)

Figure 2. Transmitter Model: Stationary Re-
ceiver

To improve on the results of the previous section, we
incorporate some of theidden dynamicsieglected in the
previous design. In particular, the relationship between the
receiver position and the transmitter operation are unknown
to the filter in the Transmitter Model, where the dynamics
‘are concealed in the measurement pre-processing equations.
By defining the time-of-flight of chirg: (originating from
?ransmitteri) as:




F‘"ggggg‘j i dynamics. In other words, we hide receiver velocity from

the filter. As a result, the state transition matt, is the
identity matrix, defining the state — which includes position
— as constant over time.

The convenient consequence of including the process dy-
namics in the KF is that measurement pre-processing is no
longer required. The chirp reception times are passed di-
rectly to the filter as the measurements. We use Equation 9
to define the relationship between chirp reception times and
1 1 1 1 1 the state, nominating it as the KF measurement sensitivity
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in our model, we must linearise it by applying the Extended
Kalman Filter (EKF) method. In an EKF, the measurement
sensitivity matrix,H;, (a Jacobian matrix), is derived from
the partial derivatives of the measurement sensitivity equa-
tion, evaluated at the current state. In our desiERn, is
computed from the partial derivatives of Equation 9 at ev-
ery time-step.

Our problem is also specially suited for a technique of
measurement integration known sisigle constraint at a
time (SCAAT) [17]. This method allows reception times

0.056 . . . . . J to be incorporated into the filter as they are observed (in-
0 100 200 300 400 500 60 " . . .
Time (seconds) stead of waiting for a complete chirp sequence), improving
the response time of the system as well as reducing com-
Figure 3. Transmitter Model: Moving Receiver putational overhead (see [17]). Employing SCAAT means
that the step counter of the filter is equaktovhich counts
chirps originating from transmitters identified Bymodn,
wheren is the number of transmitters.

and manipulating Equation 5, we are able to formulate an It is also important to note that this solution does not

. ; e . depend on the orientation of the transmitters. Unlike the
equation that expresses chirp reception times in terms of . . . . .
. : X Transmitter Model, which relies on Equation 2, the Position
five unknown variablesk, Uy, z, y, 2):

Model only requires that the location of the transmitters be
known. In the next section we describe results from trials
Re = Sz — X2+ (s —Y )2t (»—2Z)2 using a six-transmitter system where Fhe square topology

e =V D+ (g = Yo)E 4 i) shown in Figure 1 is supplemented with two transmitters
located outside of the plane.

T T
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+ Uy + kP )

Again, in this equation/, refers to the transmission time of 4.2 Results

the first chirp since thetart of the system. For simplicity, _ _

we omit the speed of sound by redefining position in terms ~ Again, the EKF was tested with two data sets, the sta-
of time-distances. In the case of the x-axis, for example, tionary test with two minutes of data and the moving test
we observer = zaqua/v Wherew is the speed of sound.  with approximately three minutes of data.

Transmitter positions are represented in this form as well. The first test is the stationary test, where the receiver
was left at position (0.21 m,-0.40 m,-1.53 m). The top two
4.1 Filter Design graphs of Figure 4 illustrate how the filter closes in on val-

ues forP andU, during this test. Figure 5 shows the posi-
tion of the receiver in terms of its co-ordinates in the room
(z, y, z). With regards to accuracy, the calculated standard
deviations are 6 mm, 5mm, and 40 mm in they, andz
directions, respectively.

The second test was done with a moving receiver.
For this iteration of the filter design, we assume that move- Throughout the test, the receiver heigh} vas held con-
ments of the receiver are a result of noise in the processstant at -1.53m whilec and y were varied within a 2m

The state vector contains the five unknown random vari-
ables.

x=[PUyzyz|" (10)
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Figure 4. Convergence of P, Uy
square area. The two graphs at the bottom of Figure 4 show ] CPU \ % of Real-time\
the convergence a? andU, during this test. As expected, Athlon (1.6G Hz) 0.05
the results are better than those achieved with just the Trans- StrongARM (200 MHz) 4.08
mitter Model (Figure 3). Itis also apparent that the Position
Model converges to more accurate valuesfoand Uy in Table 1. Percentage of Real-time Execution

the stationary test than it does for the moving test. This is a
predicted observation where, in the case of the moving test,
the unmodelled receiver motion results in an increase in the
system error. The increase in error affects the stability of
all of the state variables, including andUy. We expect
that improving the dynamic model — by including velocity
— will enhance the filter's performance in this respect.

of thex andy axes for both the stationary and moving tests.
This is a result of a higher dilution of precision (DOP) in
the z direction, a characteristic inherent to the placement
of the transmitters. For the configuration used in this sec-
, , , tion, the space between the transmitters is much larger along
Thez, y, andz co-ordinates for the moving receiver path e ;- andy axes and, therefore, provides better accuracy in
are displayed in Figure 6. The standard deviation-fem these directions [5]. The result gives motivation for avoid-

this testis 10 cm. To calculate the error in thendy direC- g transmitter arrangements that are planar, such as that
tions, we use the Projected Standard Deviation method [12]iscyssed in Section 3. In a planar configuration the DOP

over the variances displayed in Figure 7 (a close-up of the;, ihe - direction is extremely high.
region highlighted in Figure 6 where our system performs £ 5| of the tests, the filter is able to compute the re-
the worst). The Projected Standard Deviation over this re- ceivers |ocation in real-time. Table 1 shows the execution
gion of maximum variance is approximately 5 cm. time of the moving test as a percentage of real-time execu-
The deflections or variances in the path are caused bytion. The test was performed on two different machines: a
the SCAAT method, where the state is updated one meaPC with a 1.6 GHz Athlon processor and a wearable com-
surement at a time. There are certain locations on the pattputer with a 200 MHz StrongARM processor. The results
where these variances are larger than others, for exampleshow that both processors are able to comfortably handle
the region illustrated in Figure 7. We have determined that, the computational load. Additionally, the performance of
at these locations, the chirps arrive at the receiver from shal-the algorithm can be improved further by optimising the
low angles, resulting in degraded chirps and skewed meamatrix operations executed during each step of the Kalman
surements of reception time. A better transmitter topology filter.
and a model of measurement degradation based on angle Execution time, and hence computational complexity, is
and distance from the transmitters should reduce the size ofnversely related to the period of chirp transmissiBn De-
these variances. Again, we also expect that improving thecreasingP increases the number of step operations that the
dynamic model will help with this as well. Kalman filter performs for a fixed period of time. How-
The error along the axis is noticeably larger than that ever, P has a physical lower bound beyond which collisions
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Figure 5. Stationary Receiver Path Figure 6. Moving Receiver Path

Receiver‘ path

between sequential transmissions becomes highly probable.
The bound imposed by processor resources is much lower
than this physical bound and is thus ignored. The number
of transmitters used in the system does not affect computa-
tional complexity. For example, adding transmitters to the
system only decreases the frequency at which each trans- 09 ‘ ‘ ‘
mitter is activated — the time between the processing of each o e o8
chirp (P) is not affected. For six transmitters the storage re-

quirements is around 180 bytes. The code is 8.7 kilobytes Figure 7. Moving Receiver Path Close-up
binary. We hope that it will fit on the dsPfCdevices that

Microchip are expected to release at the end of 2003.

y (Meters)
5
T
|

) gives advantages in terms of wearability, price and power
5 Conclusion consumption. As a sensor, the receiver is smaller and eas-
ier to embed in a wearable framework. Fewer components
We have demonstrated that it is not necessary to use RFmeans that the cost of the overall system is reduced as well.
in an ultrasonic positioning system for wearable computers. In terms of power consumption, an RF free receiver offers
Our system shows that it is possible to model the position of increased battery longevity. Although the computational
a wearable receiver using chirp reception times only. Thisload on the receiver is greater with the introduction of a
is achieved by exploiting the periodic transmission interval Kalman filter, this is more than accounted for by the reduc-
in the RF free transmitter. The system is able to exttact tion in the number of powered components in the circuit.
y, andz co-ordinates with a fairly high degree of accuracy We hope to run the system on a low power DSP such as the
(~ 10 cm for the moving tests). Microchip dsPI®.
Eliminating the RF components on the receiver circuit ~ There are also privacy advantages to our system. Unlike



other ultrasonic solutions available today, our system is not [8] R. E. Kalman. A new approach to linear filtering and pre-

atracker. The infrastructure is unintelligent. It provides
only simple reference points that the receiver uses to com-

pute location; very much in the same way that GPS works. [0

This information is proprietary to the wearable system, an
important feature for applications where privacy is a con-
cern.

6 Future Work

All narrowband ultrasonic positioning systems are faced [12]

with the problem of in-band noise, occlusions and chirp col-
lisions. Although excellent work has been done to alleviate
these problems using broadband ultrasound [6], we believe

that narrowband systems can still be improved. In future [13]

versions of the system design we hope to use our model to

(10]

(11]

diction problems. Journal of Basic Engineering (ASME)
82(D):35-45, March 1960.

P. S. Maybeck.Stochastic models, estimation, and control
volume 141 ofMathematics in Science and Engineering
1979.

N. B. Priyantha, A. Chakraborty, and H. Balakrishnan. The
cricket location-support system. Mobile Computing and
Networking pages 32—-43, 2000.

C. Randell and H. Muller. Low cost indoor positioning sys-
tem. In G. D. Abowd, editorUbicomp 2001: Ubiquitous
Computing pages 42-48. Springer-Verlag, September 2001.
C. Randell and H. L. Muller. Exploring the dynamic mea-
surement of position. In M. Billinghurst, editdBjxth Inter-
national Symposium on Wearable Computgrages 117—
124. IEEE Computer Society, October 2002.

H. W. Sorenson. Least-squares estimation: from Gauss to
Kalman.|EEE Spectrum7:63—68, July 1970.

handle missing or anomalous measurements from noise orl14] A. Ward. Sensor-driven Computing®hD thesis, University

reflections. By observing measurement residuals, for ex-
ample, the Kalman filter can be used to determine measur
ment quality. We hope that, at the very least, residual anal-

ysis will allow us to identify outliers so as to prevent them [16]

from corrupting the system.
Other improvements to the system will involve develop-
ing the dynamic position model further. Augmenting the

state with higher order dynamics, such as velocity, should [17]

improve the system’s response to receiver movement. In-
troducing a model for measurement error with respect to
transmitter angle and distance should also improve perfor-
mance and, hopefully, eliminate unwanted deflections in the
receiver path.
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