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A novel design model based on the slant multi-phase filtering model is presented. A magnetic linear encoder with

sinusoidal output voltage waveform has been investigated, and the improved sinusoidal output waveform can be

easily acquired. A minimum 6% of distortion factor, when the difference of slant phase is i}

, is observed. It is

found that the Wheatstone bridge type sensor, made of NiFe(450A)/NiO(300A) bilayers deposited on Si (001)
substrate, can enhance both output signal and thermal stability, and then can be widely used in the field of

magneto-resistive sensor.

PACS: 85.70. Ay, 85.70.Kh

Thin film magnetic resistance sensors are exten-
sively used to detect weak magnetic fields: 3! for ex-
ample, in reading heads of magnetic data storage sys-
tem, such as hard discs. They are also widely used
to measure distance, linear and angler positions, 4
wheel speed of rotation,’! and non-contact magnetic
torque,! etc. In most of the AMR devices, thin films
of ferromagnetic materials are used due to their minia-
ture and high frequency response. Based on these ad-
vantages, magnetic linear encoders (MLE) can be used
to detect a small displacement of a linear pulse mo-
tor (LPM) mover. As an actuator capable of mov-
ing directly, linear motors have been used in some
fields. For example, a linear pulse motor has been
used as a driving part of artificial hearts because its
thrust /input power ratio is larger. Kikuchi et all”l de-
signed a magnetic linear encoder with sinusoidal out-
put voltage waveforms, which was formed by detect-
ing gaps and bias gaps. By using this method, a dis-
tortion factor less than 10% of the sinusoidal output
waveform was reached. However, in real operation it
is very difficult to accurately adjust these gaps. For
solving this problem, a new idea of slant multi-phase
filtering (SMPF) theory has been put forward.®] By
using this new method, it is easier to reduce nth har-
monic voltages, such as the odd harmonic that can be
divided by three. The sinusoidal output voltage is ob-
tained by designing the slant angle between the signal
magnetic field and the MR element direction. Based
on the SMPF model, a novel design of magnetic linear
encoders is presented in this Letter.

The magnetic linear encoder (MLE) is schemati-
cally shown in Fig. 1. The MLE consists of a detective
head and a set of the teeth-like patterns engraved on
a soft magnetic substance such as iron plate. The de-
tective head is the magnetic resistance (MR) sensor.
The detective head detects the magnetic flux change

produced by the teeth-like patterns. The MR sensor
was set to face the LPM mover. By moving the LPM
mover at a certain distance, detective gap d, from the
MR sensor, the applied magnetic field, i.e. the bias
field on the MR sensor, is changed. Figure 2(a) shows
that the magnetic fields shot perpendicularly on the
iron plate and the magnetic flux is concentrated on
the teeth of the iron plate with higher magnetization.
The magnetic field distribution above the iron plate in
the horizontal plane of the MR sensor and the mag-
netoresistance change of the MR sensor are shown in
Fig.2(a). It indicates that the magnetic fields reach
maximal value near the tooth edges.
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Fig. 1. Schematic of magnetic linear encoder (MLE). The
MLE consists of a detective head and a set of teeth-like
patterns engraved on a soft magnetic substance such as
iron plate. The detective head consists of a MR NiFe
(450 A)/NiO(300 A)/Si(001) bilayers thin film sensor and

a magnet.

The MR sensor is schematically shown in Fig. 2(b).
It consists of four MR elements R;, R, R3 and
Ry, made of NiFe(450 A)/NiO(300 A)/Si(001) bilayer
films, in which the NiO thin film of 300 A was de-
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posited on a Si(001) substrate of 0.5 mm thickness by
rf sputtering at an Ar partial pressure of 0.5 mtorr
without introducing Os gas. The NiFe thin film was
deposited by vacuum evaporation. An Au layer was
then deposited on the NiFe thin film as electrodes.
The dimensions and the resistance of each MR element
are 1000 umx10 pym (length/width) and 1k, respec-
tively. In order to reduce the even harmonic compo-
nents, two groups of MR elements, (R, R4) and (R,
R3), were set at a phase difference of p, where p is half
wavelength of the periodic external Hey; produced by
the magnets. Moreover, as the MR elements were set

2
at a slant angle ¢ <<p = arcsin {_p]) with respect

to the normal direction of signal magnetic field H.,
(see Fig.4), it is found that the sinusoidal waveform
could be improved obviously and the third harmonic
components of the sensor output are reduced largely.
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Fig. 2. (a) The magnetic flux-density distribution of the
mover. The magnetic fields shot perpendicularly on the
iron plate and the magnetic flux is concentrated to the
teeth of the iron plate with higher magnetization. The
magnetic flux distribution above the iron plate in the hor-
izontal plane of the MR sensor and the magnetoresistance
change of the MR sensor are also shown. Here p is half
wavelength of the periodic external field Hext. (b) Mag-
netic resistance (MR) sensor consisting of four elements
Ri1, Rz, R3 and R4. There is a phase difference of p/2 be-
tween the two MR element groups (R1, R4) and (Rz, R3).

Figure 3 shows the output voltage V' and distor-
tion factor Dy vs the slant angle for the detecting gap,

d = 200 ym, and the half wavelength of a periodic
Hey, p = 0.78 mm. The distortion factor is defined in
Eq. (1), where the output voltage waveform harmonics
of 2nd to 7th are considered

S, V2
Vf

where V,, is the nth harmonic voltage (n = 2,3,4---),
and V7 is a fundamental component.

Dy = x 100%, (1)
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Fig. 3. Output voltage V' and distortion factor D¢ vs the
slant angle for the detecting gap, d = 200 um and the half
wavelength of a periodic Hext, p = 0.78 mm.
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Fig. 4. The model of slant multi-phase filtering (SMPF).
A slant MR element is equivalent to IV steps. Each step
consists of I, and [, segment.

In addition, the MR element slant angle ¢ is ex-
pressed by
@ =sin"? [MI—)} . (2)
w1
The model of slant multi-phase filtering (SMPF) of
the MR sensor is shown in Fig. 4. The signal magnetic
field (H.,) is periodic and parallel to the direction of
the z-axis. Here [ is the MR element length. A slant
MR element is equivalent to N steps. Each step con-
sists of I, and [, segment. Suppose that A@ is the
phase difference between point a and point b, which is
defined as slant phase difference:

A9 ="AP=""Ising, (3)
p p

where ¢ is the slant angle between MR element and
the normal direction of signal magnetic field H,,. In
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the direction of the z-axis, every segment [, is in the
same direction of H.,;. Notice that the AMR effect
is very small; the z component of output voltage, v,
is nearly zero, where v, is the sum output voltage of
segment l,,. Therefore, it can be ignored. In the di-
rection of the y-axis, the segment [, is perpendicular

to H.,. The phase difference between I, and [, , is

A6
—, thus the multi-phase factor is e" N . Then, we

N
obtain the output voltage of slant MR element!®]
oo 1
v=>3" bm/ sinm(6 + 6A0)dS
m=1 0

oo bm
= Z N [cosm(0 + AB) — cos mb] cos ¢,

o0 bm
up = Z Y [cosm(0 + AB) — cos mb] cos p,

o0 bm
ug = Z 'Ag[cosm(ﬂ—l—AG—}—ﬂ')

— cosm(0 + )] cos o,

oo

bak—
e1 =uU; — Ug = Z m[cos@k —1)(0 4+ A6)
k=1
— cos(2k — 1)6] cos o, (5)

where uq is the voltage output of Ry, u4 is the volt-
age output of R4, and ey is the voltage output of the
three-terminal circuit. As a result, e; has no even
harmonics that can be divided by two.

By assuming (2k —1)A6 = 2w, where 2k —1 = 3k/,
kK'=1,2,3---and 0 < Af < 2w, then Af = % For

2
K =1, A6 = ?ﬂ- Substituting it into Egs. (3) and

2
(5), we have sinyp = — - 1_)7 ¢ = sin ! {3_1” and

3 1

e1 :{%{cos (0—|— 2%) —cos@}

=:‘3">1

{cos (70 + MTW) — cos 70] } Ccos .
(6)
As expressed by Eq. (6), e; has no even harmonic com-
ponents and odd harmonic components can be divided
by three, therefore e; is sinusoidal and it is easier to
improve output waveform by adjusting slant angle ¢.
The reason is that not only the sinusoidal distortion
induced by the nonlinearity of sensor but also the dis-
tortion induced by non-sinusoidal signal magnetic field
can be reduced by using the SMPF method. However,
only the sinusoidal distortion induced by the nonlin-
earity of sensor can be reduced by adjusting the de-
tecting gap d. As shown in Fig.3, over the range
of small ¢, the distortion factor Dy of the sensor is
rapidly decreased with increase of ¢, but the output

voltage V), is slowly decreased. In fact, V-, reaches
the maximum at ¢ = 0 and Dy reaches the mini-
mum at ¢ = 10°, corresponding to the best sinusoidal

2
output. As is described above, for A8 = T the sen-
Then, ac-
(Eq. (3)), with the data

of p = 0.78mm, and [ = 3mm, a theoretical value
¢ = 9.85° is calculated, which is in good agreement
with the experimental value ¢ = 10°. In fact, the out-
put voltage waveform produced by the MLE has been
confirmed to be sinusoidal.

sors have sinusoidal output (see Eq. (6)).

2
cording to ¢ = sin™' [3—;0}
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Fig. 5. Dependence of output voltage Vp-p and distortion
factor Dy on detecting gap d when the bias gap is 2mm

2
and the slant phase difference A0 = ?ﬂ-

In summary, a novel design of magnetic linear en-
coder based on the slant multi-phase filtering (SMPF)
model has been investigated. Based on this theoret-
ical model, the output voltage waveform of the mag-
netic linear encoder has been improved, and is better
than that obtained by using the conventional meth-
ods. Based on SMPF theory, the sinusoidal output
waveform can be easily acquired when the slant phase
difference A# is varied. In addition, the distortion fac-
tor is nearly independent of the detecting gap as the

s
slant phase difference Af is set to be —. Moreover,

the installation and the adjustment of sensor based
on the SMPF theory are easier. These results can be
widely used in the field of magneto-resistive sensors.
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