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ABSTRACT

FMR-sensors are used in a new system for remote medical
thermometry. A new integrated torus shaped permanent-
magnet-YIG-sphere sensor configuration led to consider-
able size reduction and generally improved thermometric
properties as compared to earlier designs.

INTRODUCTION

The application of the temperature dependence of the
ferrimagnetic resonance (FMR) frequency in small ferri-
magnetic specimen for remote and wireless temperature
measurements has been proposed recently [1,2]: The ne-
gative temperature coefficients of the magnetocrystal-
line anisotropy field Ha(T)/or of the saturation magne-
tization 4nMg(T) of ferrimagnetic garnet spheres or
rods in a fixed magnetic bias field can be utilized for
remote ambient temperature measurements by interrogat-
ing the sensor's resonant frequency with low power mi-
crowave radiation. As no connecting wires or fibres are
needed, this kind of sensor is attractive as a non-in-
terfering and low-risk invasive thermometre for hyper-
thermia control. In order to avoid the complications
from a body-size magnet for the bias field generation,
it has been suggested to place small permanent magnets,
made from microwave-'transparent', magnetically hard
'hexagonal' ferrite material, axially on both sides of
an In-YIG rod resonator, thus forming an integrated FMR
sensing element [1]. As an additional advantage the ne-
gative Tempco of - 0,2% of their remanent magnetization
will enhance the total Tempco of the sensor. An experi-
mental proof of the proposed integrated FMR-sensor was
not given.

DISCUSSION

This paper presents experimental results of realized
integrated FMR-temperature-sensors, consisting of sin-
gle-crystalline YIG-spheres and Barium ferrite magnets
{Ferroxdure™) of different size and shape. A com-
plete temperature measurement system on the basis of
these FMR-sensors has been developed for medical appli-
cations.

Key elements of the FMR-sensor determining the accura-
cy, resolution, response time and maximum distance in
remote thermometry are the temperature coefficient
(Tempeo) of the resonance frequency fo, the effective
line width and the sensor size, The FMR frequency is

given by:

folT) = Y [Ho(T)+Hg(T)+(Np-N,)» anMg(T) ] (1
where Y = 2.8 MHz/Oe is the gyromagnetic ratio, Nt
and N, are the transverse and axial demagnetizing

factors with respect to the direction of H, in the
ferrimagnetic resonator with rotational symmetry. The
permanent magnet bias field Hg(T), the ferrimagnetic
properties Hg(T) and 4&Mg(T) for magnetization
along the easy <111> direction decrease with rising
temperature [3]. Although slender rods with Ng-Ny
+ 0.5 provide the largest Tempco of the FMR, spherical
resonators having Ny-N,=0 are to be preferred since
they are smaller, require a smaller magnet, can be
easier manufactured with the surface quality (polished)
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required for high Q, and most important, excel in lower
linewidths Af. A FMR-sensor configuration with axially
arranged permanent magnets is shown in Fig. 1.
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Fig. 1: Integrated axial permanent-magnet-YIG-sphere
FMR-sensor for remote thermometry

The maximum distance for remote temperature measure-
ments depends on the sensitivity of the rf-measurement
technique which ultimately is related to the signal S
scattered by the FMR-sensor:

S« Ve mmMg/Af (2)

V: volume of the ferrimagnetic resonator.

The unloaded 3 dB linewidth Afy of the YIG-spheres is
less than 3 MHz and may be as low as 1 MHz. The effec-
tive linewidth Af of the integrated FMR-sensor is
broader due to inhomogeneities of the bias field and
loss mechanisms in the ferrite magnets and the sur-
rounding material (tissue). The operational linewidth
effective in the realized system is even broader for
reasons of a magnetic field modulation necessary for
discrimination of the sphere's scattered signal against
much stronger direct transmission between the transmit-
ting and receiving antenna in a typical bistatic meas-
urement set-up. Decreasing the magnet size for a given
sphere resonator will increase the field inhomogeneity
over the sphere's volume. The sphere's volume itself
finds its wupper limit by the onset of interfering
higher modes of oscillation. To avoid excessive line
broadening the space between the sphere and the magnets
should at least equal a sphere radius. We have used
spheres with diameters between 0.27 and 1.1 mm.

The above sensors were adjusted for resonance in the
2 - 2.7 GHz band. The Tempco measured was -6.5 MHz/K.
The 0.1 K resolution required in the medical applica-
tion corresponds to about 1/40 of the sensor's line-
width in tissue of high water content.
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Table 1:

operational
L/mm | D/mm | Ds/mm | Af/MHz Af/MHz A f/MHz Rel.signal
in air in water in water strength
6 3.2 1.02 13.6 26.7 30 0 dB
5.5 1.8 0.59 20 24 30 -10 dB

A significant improvement of the FMR-sensor has been
achieved by replacing the two permanent magnet cylin-
ders with a short torus-shape magnet as shown in
Fig. 2.

|_—YIG - Sphere

L
L Ds PBQ Fe12 019
Ferroxdure

D

Fig. 2 Integrated torus permanent magnet YIG-sphere
FMR-sensor for remote thermometry

The advantages are:

- length reduction to about twice the sphere diameter

- high mechanical stability

- self-alignment of the sphere

- smaller thermal time constant

- higher field homogeneity » narrower line width

- less resonance damping from the magnet and sur-
rounding tissue

- higher Tempco/linewidth ratio.

Sensors have been assembled and tested using Ferroxdure
FXD 330 for the magnet with dimensions varying from
L =2mm D=2.5mmdown to L = 0.8 mm, D = 1 mm and
D/d = 2.

The FMR line broadening, Afp = Af-Afy, increases
rapidly for Dg + d and also for Dg > 0,5 ¢« L. For
Dg = 0.95 * d typical values are Afy = 8 £ 2 MHz.
However, for 0.5 = L > Dg = 0.5 * d values of
Afy = 1 MHz have been achieved. Recent investigations

indicate that using Ferroxdure with higher BH-energy
product, such as FXD 400 [4], results in Af, < 1 MHz
even up to Dg ~ 0.8 d. '

The resonance frequency is approximately a linear func-
tion of the ratio Ry, = (D-d)/L of the magnet, e.g.
for Ry, = 1/3 the resonance frequency at room tempera-
ture is 2.5 GHz including the effect from the anisotro-
py field for the YIG sphere of about 160 MHz.

Table 2 summarizes properties of some of the sensors.
These devices have a Tempco of about -5.7 MHz/K. By in-
serting polycrystaline spheres (no effective Ha(T)) in-
to a 2x2.5 B mnt magnet the Tempco of the magnet itself
was found to be - 4.3 MHz/K.

A complete temperature measurement system on the basis
of these sensors has been built for the 0 - 90 °C
range, which achieves 0.1 K resolution. The system is
sketched in Fig. 3. A homodyne quadrature receiver de
livers the audio-frequency modulated complex phasor of
the sphere's scattering response. After adaptive er-
ror-compensation and synchronous detection the response
magnitude is derived and discriminated by a second mo-
dulation to drive a resonance tracking microwave VCO
via an integrating controller. The VCO frequency is
counted and converted to temperature by a microcomput-
er, allowing for programming of two-point calibration
data of individual sensors, and optional linearization
of the typical parabolic nonlinearity of these sensors
(defined as k = 4 AT,/(T,-Ty), ATp: maximum devia-
tion from straight line through T, and T;.

Table 3: Nonlinearity between T; = 0°C and T, = 80°C

Sensor type 10% Kk
FMR sensor, Fig. 2 0.4 - 0.8
Thermoelement Type K -0.34
Thermoelement Type T -1
Platinum resistor PT100 0.16

Fig. 4 shows the resonance frequency versus temperature
for a typical sensor.

Table 2: Properties of sensors constructed as shown in Fig. 2.

operational
L/mm | D/mm | Ds/mm | Af/MHz Af/MHz A f/MHz Rel.signal
in air in water | in water strength
2 2.5 0.59 2.2 8 10 0 dB
1.65 | 2 0.57 4.6 9.7 12 -10 dB
1.2 1.5 0.64 5.8 18 23
1 1.2 0.43 4.8 7.8 10.6 -5 dB
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Fig. 3: FMR-thermometry system
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Fig. 4 Resonance frequency of an integrated perma-
nent-magnet-Y1G-sphere FMR-temperature-sensor
as a function of temperature
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