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Fig. 2. Equivalent circuit.

where f. is the carrier frequency, f; is the signal
frequency, J is the current density of the sensor, S is
the cross section of the sensor, R, is the input impedance
of the spectrum analyzer, R; is the input impedance of
the signal generator, Z, is the impedance of the sensor at
a bias point, and dZ/dH is the impedance change. The
sideband level is proportional to the impedance change
of the sensor.

On the other hand, white noise increased when the
current density J reached over 10°-10% A/m?. Therefore,
the current density was set to be constant at 10-10% A/m?
in order to obtain the highest signal-to-noise ratio [6].

2.2. Calculation method

Fig. 3 shows a flow chart of the analysis. Parameters
are width, thickness of the strip. The magnetic film is a
CoNbZr monolayer film with a resistivity of
120 x 1078Qm, and a length of almost several milli-
meters. Relative permeability was taken into account for
eddy current generation, LLG equation, and magnetic
dispersion [7). The dispersion value was decided so that
the theoretical permeability agreed with the measured
permeability.

Fig. 3. Flow chart to calculate signal-to-noise ratio.
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Fig. 4. Flux line of sensor element.

Fig. 4 shows the calculated flux line in cross-sectional
view of the sensor strip (2D model) when the width of
the strip was 20pum, the thickness of the strip was
4.3um, the relative permeability was 1000 and the
frequency was 500 MHz. The model is 1/4 of the total
cross section. The carrier current flows through the cross
section perpendicularly. The magnetic field was calcu-
lated using MAGNA FIM ver. 8 (CRC SOLUTIONS).
Most of the magnetic flux existed at the edge of the
magnetic film due to the skin effect. There was a closed
magnetic loop inside the magnetic film.
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Fig. 5. Strip impedance as a function of DC field.

The inductance was obtained by using Eq. (2) as a
sum of the magnetic energy, while the resistance was
obtained using Eq. (3) as a sum of Joule’s loss.

% LP = / BH dv, ¥))

v

% R = / pJ? dv, (3)
v

where L is inductance, I is current, B is flux density, H is
magnetic field, R is resistance, p is resistivity of magnetic
film, and J is current density.

Fig. 5 shows a strip impedance as a function of the
applied DC magnetic field. The symbols show the
measured impedance and the solid line shows the
theoretical impedance. The dispersion of magnetic
anisotropy was set at about 2.6 Oe, and the dispersion
of angle in the easy direction was set at about 2.0°
Measured impedance is in good agreement with
theoretical impedance.

2.3. Optimum size

An optimum width of 20-30pum and an optimum
thickness of 4.3um was obtained from the following
analysis: Optimum width of the strip was set at about
20-30 um by experimental analysis. In the narrow strip,
it is difficult to apply an easy axis along the width of the
strip. However, the impedance change, dZ/dH of Eq.
(1), increased as the magnetic anisotropy in the direction
of width decreased. We applied the easy axis parallel to
the direction width when the width of the strip was
larger than around 20um. We obtained the smallest
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Fig. 6. Resolution as a function of strip thickness.
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Fig. 7. Resolution as a function of AC field.

anisotropy field with a width of around 20 pm to achieve
higher impedance change.

Fig. 6 shows the magnetic field resolution as a
function of the optimum thickness when the width was
around 20 um. The circles show the measured resolution
and the triangles show the theoretical resolution.
Theoretical resolution was in good agreement with the
measured data. An optimum thickness of around 4.3 um
was obtained. Impedance change dZ/d H decreased over
the thickness of 4.3pm because the perpendicular
magnetic flux at the edge of the film decreased the
effective permeability. Resolution decreased under a
thickness of 4.3 um because the impedance of the sensor
element was too high.

3. Experimental results

Fig. 7 shows the measured resolution of magnetic
field. The CoNbZr sensor element had a width of 30 um,
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3 turns and a meander pattern, and the thickness of each
component strip was 4.3 pm. It was DC biased with 50e
and a current at a carrier frequency (370 MHz) was
passed through the sensor. A bias field and an AC field
were applied in the longitudinal direction of the meander
pattern. A small magnetic field was detected using a
carrier suppression circuit {8). The AC magnetic field
and the bias field are applied using helmholtz coils. The
experiments were carried out in a magnetically shielded
room (Attenuation: 40dB at 1 Hz, 60dB at 1kHz). A
resolution of 1.7x 10780e/Hz'? was obtained at
501 kHz.

4. Conclusion

1. We optimized a sensor structure using FEM analysis
to obtain good signal-to-noise ratio.

2. A field resolution of 1.7 x 1078 Oe/Hz!/? were ob-
tained at 501kHz. The limit was determined by
thermal noise at room temperature.
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Abstract

A novel motion capture system using magnetically coupled LC resonant marker have been developed. This system
composed from the LC marker, a driving coil and a pickup coil array. The marker consists only of an inductor and a
capacitor without battery or electric wires, and driven wirelessly by the action of electromagnetic induction. The
position accuracy was around 2 mm when the marker was located within the space of 50 mm apart from the pickup coil
array. The system is applicable for highly accurate motion capturing without magnetic shielding because the system is
free from the earth field. Additionally, it has a possibility of a multi-point motion capturing because the system allow

markers to have an individual frequency band.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Magnetic motion capture is useful to detect invisible
objects in optically isolated space such as in or on a
human body. It is desirable to the marker, which puts on
a body, is free from electric wiring in order to capture
human motions. Particularly, an exact localization and
direction will be required for a medical field or a human
interface of the next generation.

There have been several investigations to determine
the position of a magnetic object by measuring the
magnetic field of the object [1-8]. However, conven-
tional magnetic motion captures require comparatively
large markers and markers are not free from electric
wiring as to obtain a high SN ratio for magnetic signal
of markers.

*Corresponding author. Tel.:/fax: +81 582932722
E-mail address: hashi@cc.gifu-u.acjp (S. Hashi).

Accordingly, we propose a new kind of magnetic
motion capture system utilizing magnetically coupled
LC resonant marker. The system is composed of a
driving coil, LC marker and a matrix designed pickup
coil array. The small marker composed of a minimal LC
circuit with no battery driven wirelessly by the action of
electromagnetic induction. An investigation of position
sensing system using magnetically coupled LC resonance
was reported [9). However, this system is unable to
realize the position accuracy in millimeter unit, further-
more, hard to detect the orientation of the marker.

The objective of the present investigation is, therefore,
the development of a more accurate method for
capturing motion of the markers. In this paper, the
fundamental of the proposed motion capture system is
described for accurate positioning, position detection of
the marker is demonstrated, and then both an induced
voltage from the marker responsible for the position
accuracy is discussed.

0304-8853/% - see front matter © 2004 Elsevier B.V. All rights reserved.
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2. System setup and theory of sensing

Fig. 1 shows a schematic diagram for the motion
capture system. The system is composed of a driving
coil, 2 marker and a pickup coil array. The magnetically
coupled LC marker that we have prepared is shown in
Fig. 2. The marker consists of a high permeability ferrite
core (1 x 1 x 10mm?®) inductor with wound coil and a
chip capacitor, which represents LC series circuit
designed for a resonant frequency of 175kHz. Total
size of the marker is 4 mm in diameter and 10 mm long.
The pickup coil array consists of 25 coils (70 turns of
copper wire around acryl bobbin 10mm in diameter)
placed at interval of 45Smm on an acryl board to
configure a matrix layout (5 x5). The excitation is a
25-V sinusoid applied to the driving coil (10 turns of
copper wire around Teflon ring 200mm in diameter),
sweeping linearly from 100 to 250kHz at interval of
20 Hz. The marker is strongly excited at around its own
resonant frequency by the action of electromagnetic
induction.

Power Amp. H Wave Generator |< GPIB >|

Pick up
coil array

Fig. 2. Photograph of LC resonant marker with high perme-
ability ferrite core.

The induced voltage from the marker is required to
detect position and orientation of the marker. Induced
voltage from the marker, however, which can be
measured with the pickup coil, is associated with the
contribution of driving coil. It is necessary to extract
only induced voltage of the marker’s contribution. In
order to extract the desired voltage, first, electromag-
netic induced voltage between driving coil and pickup
coil without marker, then, induced voltage with the
marker was measured, respectively. It is therefore
possible to obtain the desired voltage by vectorially
subtract induced voltage with the marker from induced
voltage without the one.

The position and orientation of the marker is
obtained by the use of Eqs. (1)~(3) make an optimiza-
tion using the Gauss—-Newton method [10]:

S@) = E( _'(n',)cas -5 B_,(%))* » Minimum, (1
i=0
M 3(M-7)-F
B = o {—7+%}, @
P=(x20,¢,M), 3)

where S(7) is an objective function (the least-square
value), i 15 coil number, Bmeas is the measured flux
density, Bca] 1s the theoretical flux density which is taken
into account of the dipole field and p is the parameters of
marker. M is the magnetic moment, (x, y, z) is the
position of the marker and 7is a position vector. 8 and ¢
are the orientation angles of the marker. Eq. (2) shows
the algorithm based on the equation of an ideal dipole
field, which expressed as a function of the position and
orientation. More than six of pickup coils are needed to
solve the equation due to six valuables in p.

Fig. 3 shows an example of frequency dependence
of the induced voltage with a magnetic marker’s

0.5

Marker's contribution [mV]
=
T

" " N N 1 N N N N 1 " " x "
100 150 200 250
Frequency [kHz}

Fig. 3. Marker’s contribution extracted from the induced

voltage measured with a pickup coil.



1332 S. Hashi et al. | Journal of Magnetism and Magnetic Materials 290-291 (2005) 1330-1333

contribution. It is measured by a pickup coil which is
placed at center of pickup coil array, when the marker
was located on the center between the driving coil and
pickup coil array parallel to the both coil’s axis (Z-axis
in Fig. 1). It is subtracted voltage in vector as described
before. An abrupt voltage variation is observed around
the resonant frequency at 175kHz of the marker in
Fig. 3. The signal is maximal when the coil’s axis is
aligned with the local magnetic field, which tends to run
along the pickup coil’s axis. The peak—peak voltage is
proportional to the intensity of magnetic flux and
depends on the location of the each pickup coils. These
peak-peak values were used in the calculation for the
position and orientation of the marker.

3. Results and discussion

The position accuracy was verified experimentally for
the system. Fig. 4 shows the position accuracy when the
marker is located parallel to the Z-axis. Marker swept
along A-F directions in X-Y plane (Ref. in Fig. 1) at
Z-axis coordinates is 25, 35, 45 and 55 mm, respectively.

The positions calculated from measured induced voltage
are represented by filled circle and the actual positions
with the exact dimension of the marker are shown as
rather large open circle. As shown in Fig. 4, the position
accuracy after considering the size effect of the marker
was within 2 mm.

Fig. 5 shows the position accuracy plotted against a
geometric mean of the peak—peak voltage with marker’s
contribution for all 25 pickup coils. According to Fig. 5,
the position accuracy is obtained within 2 mm at average
voitage above 0.4mV.

4. Conclusion

We have proposed and demonstrated magnetic
motion capture system using magnetically coupled LC
resonant marker. It has shown that the theory of the
system was able to realize, using approximation where
the marker is as a magnetic dipole. The position
accuracy of the system was about 2mm when the
marker was located within 50mm from pickup coil
array.
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Fig. 4. Calculated and actual position of the marker displaced along A-F directions in X-Y plane at various Z coordinates.
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We designed high-frequency-carrier-type thin-film
sensors to obtain high sensitivity. We consider the
relation between the sensor form and the sensor to be
characteristic. When the sensor area was fixed to 5 mm
X5 mm, and the sensor interval was 30 um, the width
of the sensor with the best sensitivity was set to
200-400 pum. We fabricated a meander-type sensor
element, and compared the calculated and measured
result. It was found that-they mostly in agreed.
thin-film
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Development of an Enhanced-Phase-Detection-Type Magnetic Field Sensor

using a High-Frequency-Carrier

NEEH - BRBET - BHE" - B - AL -

RHE—

FIARFESBEFER, WEHHEEXAT 2-1-1 (T980-8577)
7 A, REREFREETEM 137 (T399-4301)

T. Ozawa, C. Yokota, N. Horikoshi*, S. Yabukami, K. Ishiyama, and K. I. Arai
Research Institute of Electrical Communication, Tohoku University, 2-1-1 Katahira, Aoba-ku, Sendai, Miyagi 980-8577, Japan
*Takano Co.,Ltd, 137 Miyada-mura, Kamiina-gun, Nagano 399-4301, Japan

The impedance of a magnetic thin film changes when
a magnetic field is applied. The high-frequency-carrier
magnetic field sensor, also called a GMI sensor, employs
this phenomenon as its principle. We directed our
attention to the change in the phase characteristic, and
measured the magnetic field by measuring the phase of
the high-frequency-carrier magnetic field sensor as a
phase difference. Although the high-frequency-carrier
magnetic fleld sensor is optimized for impedance
detection, it is not appropriate for measuring the
magnetic field by detecting the phase difference. To
improve its resolution and sensitivity in this respect, we
developed an enhanced-phase-difference-detection-type
magnetic field sensor. As a result, we obtained a best
rate of change of 63.5 degree/Oe and a resolution of
2.6 x 107 Oe/Hz!2,

Key words: magneto-impedance, magnetic thin film,
dual-mixer time-difference, microstrip line, phase
difference, high-frequency-carrier magnetic field sensor,
CoNbZr
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Fig. 1 Enhanced-phase-difference-detection-type
magnetic field sensor.
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Fig. 3 Relationship of the magnetic field to the phase difference of the sensor: (a) microstrip line width 0.6 mm,
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Development of an AC Magnetic Field Measurement System Using Phase Difference Detection

of a High-Frequency-Carrier Magnetic Field Sensor
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The impedance and phase characteristic of a magnetic
thin film changes when a magnetic field is applied. The
high-frequency-carrier magnetic field sensor, also called

a GMI sensor, employs this phenomenon as its principle.

We directed our attention to the change in the phase
characteristic, and measured the dc magnetic field by
measuring the phase as a phase difference, using the
dual-mixer time-difference method. We optimized the
method and the continuous sampling condition to
measure the phase difference, and developed an
efficient system for measuring the continuous sampling
phase difference with low noise. The system was
successfully used to measure the ac magnetic field by
continuous sampling of the phase difference of a
high-frequency-carrier magnetic field sensor.

Key words: magneto-impedance, magnetic thin film,
dual-mixer time-difference (DMTD), phase difference,
high-frequency-carrier thin-film magnetic field sensor,
Jitter, time interval analyzer
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Fig. 1 Dual-mixer time-difference system.
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Fig. 2 Phase difference jitter error calculated from the
internal jitter error of the Time Interval Analyzer.
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Fig. 3 Measured jitter of a radio frequency signal
source and local oscillator signal source.
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Fig. 4 Phase difference jitter error calculated from the
intermediate frequency signal jitter.
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Fig. 5 Phase difference jitter error calculated from the
intermediate frequency signal jitter and the internal
jitter error of the Time Interval Analyzer.
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Fig. 6 Dependence on the cutoff frequency of the
bandpass filter.
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