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Abstract— This paper proposes a wearable system using
UWB transceivers to measure the knee flexion/extension an-
gle parameter, who is known to be of clinical importance.
First, a pair of very small and light antennas is placed on
the adjacent segments of knee joint. Then, the range data
between these two antennas is acquired using Time of Arrival
(TOA) estimator. We further use the measured distance to
compute the flexion/extension angle using the law of cosines.
The performance of the method was compared with a flexible
goniometer by simultaneously measuring knee flexion-extension
angle. The experimental results show that the system has
reasonable performance and has sufficient accuracy for clinical
applications.

I. INTRODUCTION

Tracking of human movement has attracted more and
more attentions nowadays due to its widespread applications
such as rehabilitation, gait analysis and sports science [1],
[2]. In these applications, it is well known that knee flex-
ion/extension angle parameter is of clinical importance for
investigating complex gait disorders, monitoring of progress
in rehabilitation, and providing the required information for
treatment plans [3].

Current methods of knee flexion/extension angle measure-
ment are based on either optical, ultrasonic, magnetic, or in-
ertial tracking [4]. Optical systems employ one or more cam-
eras to track markers positioned at particular anatomical sites
on the body segments which are often prohibitive for routine
applications because of its cost and complexity. Additionally,
they are sensitive to changes in lighting, clutter and shadow
[5]. In recent years, advances in micro-electromechanical
systems (MEMS) led many research groups to utilize wear-
able inertial and magnetic sensors to track human movement
in and out of a laboratory [6]. The advantages of these
wearable sensors (accelerometers, goniometers, gyroscopes)
include their small size, little hindrance to natural movement,
and capability for long term monitoring [7]. However, the
estimation of orientation and position is done by double
integrating of measured angular acceleration or integrating
of angular velocity respectively, which produces high prob-
ability to error accumulation over time caused by noise and
a fluctuating offset [8].

Impulse-Radio Ultra-wideband (IR-UWB) radio is a
promising technique for wearable healthcare system to con-
tinuously estimate human joint angles due to its high tem-
poral resolution, low power consumption and multipath im-
munity [9]. Particularly, wearable UWB radios is well suited
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for physicians to monitor the degree of motor impairment
and to inspect patients response to therapy, since they can
provide high ranging and positioning accuracies especially
in indoor environment [8].

In this paper, a wearable healthcare system based on UWB
radios in indoor environment is proposed. The objective is
to allow patients to wear equipments as light and small as
possible and to be monitored under a natural environment.
The patient only need to wear two antennas with small form
factor and light weight. It is low cost compared to the optical
system.

The paper is organized as follows: we first give a brief
overview of biomechanics of knee joint flexion/extension
movement, and describe the proposed joint angle measure-
ment procedure in section II. Then, Section III introduces the
TOA estimator for ranging. This is followed by the experi-
mental results from simultaneous knee angle measurements
using UWB radios and a flexible goniometer in Section IV.
Finally, conclusions are made in Section V.

II. OVERVIEW OF FLEXION/EXTENSION ANGLE
MEASUREMENT SYSTEM

A. Biomechanics of Knee Flexion/Extension Movement

Knee flexion/extension angle is defined as the relative
angle of the knee between two adjacent segments, as shown
in Fig. 1. It is well known that knee flexion/extension angle
has clinical importance not only in gait analysis, but also
in rehabilitation [6]. Actually, other movable joints, such as
head, shoulder, elbow, wrist, trunk, finger, hip and ankle, are
also able to conduct flexion and extension movement [10].
Flexion is a bending movement which decreases the relative
joint angle between the adjacent segments, while extension
is a straightening movement in which the relative angle of
joint between two adjacent segments increases as the joint
returns to the reference anatomical position [7], [10].

B. Brief overview of Proposed System

The system in this paper is based on wearable UWB
radios mounted on body segments, or necessary sewn into
clothing to measure distance between two points during
human movement. Fig. 1 shows a simplified diagrammatic
representation for the placement of transceivers. Accordingly,
when a transmitter (Tx) and a receiver (Rx) were attached
on human body as in Fig. 1, a triangle is formed by the pair
of transceivers and knee joint. Since the two sides of the

7213



Knee Extension

Transceivers

Fig. 1. The configuration of knee flexion/extension angle o. d; and d,
denote the distance between knee joint and transceivers respectively; d is
the ranging data required in the proposed system.

triangle , i.e. d| and d», are constant during human movement
with transceivers fixed on body, the law of cosines enables
the knee flexion/extension angle to be calculated using the
measured distance.

Range data, d, are acquired between Tx and Rx while the
subject is moving through TOA of the first received pulse,
which is then converted to angle estimation using the law of
cosines. During segment movement, modelling the variation
of the knee yields

d? +d3 — d?
cosQ = 2dids (1)
where d; and d, have been measured in initial or static phase,
d is the Tx-Rx separation distance. Hence, equation (1) has
only one variable, i.e. d, and the angle « is calculated using
the anti-cosine rule.

III. RANGING BASED ON TOA ESTIMATION

Ranging in a wireless system involves the collection of
distance information from radio signals travelling between a
Tx and a Rx [11]. A flow chart of the classical correlator-
based TOA estimator is shown in Fig. 2. A common model
for the received signal is given by

n
r(t) =Y aus(t — ) +n(r) 2)
i=1
where s(¢) is the transmitted pulse, o; and7; is the attenuation
and the propagation delay of irh path, and n(r) is thermal
noise.

A number of techniques can be used for TOA estimates,
such as energy detection, maximum envelope searching,
peak detection, and correlation with local template [12],
[13]. Because of the limitations of accuracy, we choose
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Fig. 2. Conventional correlator-based TOA estimator.

correlation-based technique to estimate the TOA of the first
received pulse at the receiver.

The normalized cross-correlation of the template and re-
ceived waveforms is expressed as follows:

1 oo
T)= —F—= r(t)p(t —7)dt 3

n(5) == [ rOpte=) )
where E, is the energy of received waveform, and E
is the template energy. Therefore, the corresponding TOA
estimator is calculated by finding the maximal argument of
the aforementioned cross-correlation, which is indicated in
the following equation [13]:

T =arg{9,p(7)} )

max

where 7 is the propagation delay that maximizes the
argument arg{¢,}. In the estimation of TOA, it is apparent
that the separation distance d between the Tx and Rx can be
measured by the following equation:

d=(1—1)Xc 5)

where 7y is the time when transmission begins, i.e. system
delays, and ¢ = 299792458m/s is the speed of light.

IV. MEARSUREMENT RESULTS

In order to investigate the performance of the proposed
approach, on-body UWB measurements were conducted in
indoor environment. Two antennas that specially designed for
UWB application, as shown at the bottom of Fig. 3, were
attached to the thigh and shank of the test subject with the
purpose of measuring the distance between these two points.

The following equipments were used in our experiment:
Impulse Generator 3500D by Picosecond Pulse Labs, Agi-
lent Real Time Oscilloscope DSO80804B and two antennas
SMT-3TO10M by Skycross with very small size (12.2mm x
18.5mm x 1mm), as shown in Fig. 3.

To benchmark the performance of the proposed system, we
compare with a goniometer probe (PS-2137 from PASCO)
attached on a human leg. The test subject wearing UWB
antennas and goniometer probe was allowed to perform
flexion and extension of his shank for 15s while keeping the
rest of body still. Goniometer was mounted on the lateral
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Fig. 3. Sagittal view of attachment of antennas on thigh and shank, and an
embedded photograph of a skycross antenna and a 20 cent Singapore coin.

side of the leg centred at knee joint. Simultaneously, the
received pulse is sampled by the real time oscilloscope with
sampling frequency 40GHz. The synchronization between
goniometer system and UWB system was done by maxi-
mizing the correlation between the angle. An example of
received waveform in time domain is shown in Fig. 4(a),
and the single-sided Energy Spectral Density (ESD) is also
shown in Fig. 4(b). The average power of the received pulse
is about -31.5 dBmW.

16 periods of collected signal are real-time averaged by
the Agilent oscilloscope so as to reduce the effect of high
frequency noise. Using TOA, the distance d can be estimated
using equation (5) which enables the corresponding flex-
ion/extension angle to be computed. The measured distance
and extracted knee flexion/extension angles of different test
subjects are shown in Fig 5 and Fig 6.

TABLE I
MEAN DIFFERENCE (MD), STANDARD DEVIATION(SD) AND
CORRELATION COEFFICIENTS (CC) BETWEEN GONIOMETER- AND
UWB-BASED ANGLE MEASUREMENT SYSTEM

Speed MD(°) | SD(°) CC
Slow 0.2433 1.27 0.9931
Normal | 1.0026 2.16 0.9817
Fast 2.0493 3.07 0.9700

One subject was instructed to perform knee flex-
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Fig. 4. Normalized received pulse. [a] Time domain. [b] Frequency domain.

ion/extension task with three angular velocities (slow, nor-
mal, fast), repeating each velocity three times. The data
were recorded concurrently by Goniometer and UWB-based
system. The correlation coefficients between the angle es-
timates from the UWB-based system and estimates from
the reference goniometer system are shown in Table I.
Although the correlation shows slight decrease with the
increase of moving speed, the results show that the proposed
measurement system has very good correlation (= 0.97) with
reference goniometer-based system.

V. CONCLUSION

In this paper, we present an wearable system based on on-
body UWB radios for tracking human motion. Experiments
were conducted with different subjects. The tracking ability
of the UWB-based knee flexion/extension system has been
shown to be as accurate as a goniometer-based system. The
proposed UWB-based flexion/extension angle measurement
system can be applied not only to knee joint, but also to
other joints such as elbow, etc.. This system is capable of
taking indoor and outdoor measurements, thus it is well-
suited for healthcare applications which allow the patients



Fig.

distance

%
r. . - -

. i R " \ [
s 1 H 3 D [ i
IR ! LI o o H
a \ N \ ] 1 1 . . .
e N - . 1 \ 1
B . . \ 1 v T \ H .
8 I i v oot
= . A ! . I .

Yy 1 "\ h \, h ! I
31 -- - = ‘-l e “v‘
30.

% (3 % % B % % s e

Times
()

Angle

= Goniometer system
= =UWB system

N

-
"

I
=
.k

N

=

~
=~
~
[
—_—
-

Measured angle [degree]
.-*
~—

—

by
p—

P

=

200 250
Time samples

(b)

5. [a] Distance variation during the shank movement of subject A.

[b] relative flexion/extension angle for goniometer and UWB system.

to be monitored in a unrestrained environment instead of a
specialized laboratory in the hospital.
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