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Abstract. The use of giant magnetoresistors, or GMR, for compass magneto-
meters is a recent trend in Earth field sensing. Thin film compass devices are
often used in applications in global positioning systems (GPS) to aid in naviga-
tion. A GPS system can only tell a user about the direction of travel as long as
the user is in motion. A compass indicates static orientation of the user which,
with the addition of gyroscopic information along with GPS data can give pre-
cise location and orientation to users. Modern digital devices often incorporate
compass devices with location applications to better aid consumers in locating
services.

1 Introduction

Thin-film magnetoresistive compass magnetometers have been in existence since the
1980's. Prior to the thin-film devices, magnetometers were large and relatively bulky.
Early magnetometers were often used to detect the presence of submarines and sur-
face ships for military applications. Large iron objects, such as a ship or a submarine,
will distort the Earth's magnetic field thereby making magnetometry a valuable me-
thod of remote sensing. These systems, flux-gate and proton magnetometers, were
sensitive enough to help change our perceptions on the natural world [1,2]. In the late
1940's, geologists used Naval ships to map the ocean floor using magnetometers.
Starting in the 1950's, magnetometry made the jump into orbit - the United States and
the Soviet Union both launched magnetometers into space. These space based devices
taught us about how the Earth's magnetosphere is configured. The earliest forms of
these solid state devices were used in military applications during the cold war. These
devices were made from an anisotropic magnetoresistor (AMR) material called per-
malloy. Permalloy, generally made from eighty percent nickel and twenty percent
iron, was originally used as a transformer core material in the 1930's due to the per-
malloy's high permeability. These thin film devices have been combined with global
positioning to make systems that accurately locate hikers in the back areas. Recently,
due to the demands of the smart-phone industry, novel magnetometers using giant
magnetoresistive (GMR) materials have been introduced into the market.

C. Reig et al.: Giant Magnetoresistance (GMR) Sensors, SSMI 6, pp. 157-180]
DOI: 10.1007/978-3-642-37172-1_7  © Springer-Verlag Berlin Heidelberg 2013



158  M.J. Haji-Sheikh

The work by S. Tumanski [3] published in 2001 discusses in detail using anisotrop-
ic magnetoresistive barber-pole magnetometers to sense the Earth's magnetic field. In
it, Tumanski details both how an anistropic magnetoresistor operates and how to sam-
ple and amplify the signal produced. A critical step in designing a magnetometer is to
realize that the magnetometer is a vector sensor. A vector sensor must give an output
that can look at the magnetic environment in three dimensions. By knowing all three
dimensions we eliminate the need for a consistent level surface. This is important
since hand held devices are rarely held level. The electronic compass must be able to
translate this information into a usable form. This three axis compass needs to be
connected to the relative direction of the observer's device, whether the device is a
cell phone, an automobile or a global positioning system. Another important piece of
information needed to understand the difficulty of the application is that the Earth's
magnetic field is non-uniform globally. To take advantage of the sensors, users must
include magnetic zone information in their software. Users would also like to be able
to tilt their phones and still get directional information. Most suppliers of magnetome-
ters for compass applications also supply algorithms for their customers to use in their
devices. The algorithms use “flattening equations” which relate yaw, pitch and roll
tensors (rotations around the three different axis) into a two dimensional direction
vector which are connected to the compass rose.

The layout of the sensors has to take advantage of the odd-function behavior of
certain configurations of thin-film sensors to be able to discern the orientation of the
user to any degree of accuracy. The description of the odd-function is that the sensor
has a different behavior in the right-half plane than in the left-half plane. Figure 1 [4]
shows the basic types of GMR structures. Standard multilayer GMR sensors, such as
a copper-cobalt multi-layer, are even function devices with transfer functions which
have left-half plane and right-half plane behaviors that are identical (except for a
small hysteresis). Devices made with AMR films can be configured as an odd-
function device by geometry, where GMR type films use the interaction of layers of
magnetic and non-magnetic thin films. The types of GMR films that have an odd-
function response are the spin-valve (SV) and the magnetic tunnel junctions (MTJ).
These sensing films rely on their directionality i.e. the odd function behavior on the
pinned layer. The concept of the magnetic tunnel junction is quite interesting. The
MT] is constructed with two magnetic layers separated by a very thin non-conductor.
When the two magnetization vectors of the magnetic layers are aligned in the anti-
ferromagnetic orientation, the current through the alumina is at a minima and when
they are aligned in a ferromagnetic orientation the current is at a maxima. A common
non-conductor used in this type of design is thin film deposited alumina. To create the
odd-function response, one of the films must have its orientation pinned to a reference
orientation. If this orientation ever becomes unpinned, the sensor will lose its sense of
direction.



Compass Applications Using Giant Magnetoresistance Sensors (GMR) 159

<4 = = magnetization —p current direction

<+ - > magnetic 4+ - freelayer
— conductor
<+ - > magnetic

e conductor

(a) sandwich (b) spin valve
<+~ - magnetic = Cu
D> 'tﬁg
- magnetic ' '. ‘ @
(¢) magnetic tunnel junction (d) granular alloy

Fig. 1. Basic GMR structures from C. Reig , M.-D. Cubells-Beltrdn and D. R. Miinoz [4]

This loss of sense of direction is not exclusive to GMR sensors since AMR sensors
have a similar issue. A survey of high sensitivity magnetometers by Robbes [5] com-
pares the superconducting quantum interference devices or SQUID with GMR and
anisotropic magnetoresistance devices or AMR. The author's conclusion is that the
GMR devices are promising as a highly sensitive magnetometer. Marchesi [6] sum-
marizes the different technologies used in compass applications, though the goal of
his work is to develop a planer fluxgate magnetometer.

Commercial entities have introduced new and innovative thin film magnetometers
for compass applications. The market for compass devices now includes magnetic
tunnel junctions (MTJs) and spin-valve devices along with pole piece devices. Com-
panies that are supplying magnetometers for Hall compass applications are Aichi
Steel, Honeywell, Philips, AK, MEMSIC, Yamaha, Freescale and others. A quick
survey of commercially available compass devices is shown in Table 1. These com-
pass devices are specifically designed to minimize the space required to fit inside of
cellular devices. Most of the devices are surface mounts. The performance standard
for these devices is the Honeywell HMC series which is based on the barber-pole
permalloy devices. All the other devices are measured against this sensor. The most
comprehensive of these devices are packaged with analog to digital conversion cir-
cuits. The chip manufacturers also supply algorithmic information to aid in the use of
these devices since this information, as stated earlier, relates a three dimensional vec-
tor onto a two dimensional plain.
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Table 1. Commercially available thin film AMR and GMR compass products

, &
. % -
‘IIIIIIIIIIII
GMI GMI AMR GMR
Aichi Steel Aichi Steel MEMSIC Honeywell Yamaha
AMI306 AM603 MMC314XMS HMC5883L YAS529
= SN I
TMR TMR TMR AMR
Yamaha Yamaha Freescale | Multidimension#|  Baolabs SENSITEC
MMC3031 BLBC3-D/
YAS530 YAS532 Mag3110 (target) BLB3B AFF756

# photo not available.

2 The Earth's Magnetic Field

Any discussion of compass applications requires an understanding of the Earth's mag-
netic field. The Earth's magnetic structure has a definite effect on how much sensitivi-
ty required in a compass device and how to interpret the information. The Earth's
composition simply is a large ball of liquid rock and metal with a very hot solid iron
core and a thin cool skin. Significant research on the structure and shape of the Earth's
magnetic environment performed by Glatzmaier and Roberts [7,8,9] has been per-
formed in the last twenty years. Song [10] describes the structure of the Earth and the
differential rotation of the core and mantle with respect to each other. Figure 2 [11]
shows a cross-section of the Earth describing the differential rotation. This rotation
was analyzed by seismic studies and determined to be as much as 1.1° per year of
eastward rotation about the rotational axis. The Earth has gone through periods of
time in which the magnetic poles reverse their direction. It is notable also that the
core spins at a slightly faster rate than the rest of the planet which causes shear forces
in the surrounding molten iron layer. The research shown in Figure 3 [11] was driven
by the measurable variances in the location and direction of the local north and south
poles and the magnetic reversals measured in the rocks of the Atlantic seabed. Ac-
cording to Glatzmaier and Roberts, this interaction between the central iron core and
the molten iron core drives these field reversals. This interaction also drives the local
variations in magnetic field. Their model treats the Earth's core like a dynamo i.e. an
electric motor. In their model, the outer molten core acts like a stator and the core acts
like the rotor. In a geologic time frame, the instability of the system results in a pole
reversal every 100,000 years but only is a minor problem for compass applications in
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Fig. 2. Cross-section of the Earth [11] showing the direction of the solid cores rotation and the
precession of the rotational axis of the core from 1900 to 1996

betweenreversals during areversal

Fig. 3. Magnetic field models [11] representing a period like we are presently in and how it
would look like during a reversal. This image represents 9000 years of simulation; a) represents
the initial magnetic state, b) represents the midpoint. The images are from results of modeling
from Glatzmaier and Roberts [9].

the short term. This has one notable exception; there are regions in the planet where
compasses do not behave as expected.

The map of the Earth's present field conditions shows the difficulty in developing a
compass device. The Earth's magnetic field does not always allow compasses to point
north worldwide. This makes developing an application, which can take advantage of
the high sensitivity of the magnetometer device, difficult at best. To improve the un-
derstanding of compass magnetometry, the United States Geological Survey (USGS)
has an education page and field declination map available [12] that is only useful for
the continental United States. Figure 4 [13] shows the lines of declination from the
USGS. There has been, for centuries, an acknowledgment that a compass has to have
augmented information for accuracy. Prior to the electronic age, the compass informa-
tion was augmented by using the stars and clocks were used by mariners to navigate.
After the advent of global positioning, navigation can be performed by the use of
hand held GPS units. Many digital compasses use built in zone maps to correct for
these magnetic variations.
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Fig. 4. Magnetic field map of the northern hemisphere as viewed from the Pacific ocean from
the USGS [12]. It is obvious from this image that the Earth's magnetic field is not a simple
north south reference.

3 Compass Concepts

Compass devices have been produced in two different modes. The first is the 2-D
compass which relies on a consistent z-axis orientation and the other type is the 3-D
magnetic sensor, which does not depend on a consistent z-axis. For the 3-D device, it
is important to project the three dimensional magnetic field vector ‘B onto a two
dimensional plane to be able to ascertain user orientation. The components of the field
can be broken into the three Cartesian directions as shown in Figure 5. By convention,
the magnetic field normal to the Earth's surface is designated as the z - direction. A
compass, (spinning magnet type) is generally set flat on a surface and the with the z
direction normal to the plane of orientation. On a boat or an aircraft the compass is
usually gimbal mounted to keep the compass level. This makes the measurement a
pure two dimensional problem and can be handled by a two dimensional axis rotation
matrix. The problem can then be solved by finding the angle in which the y direction
is maximized and the x direction is zero. At that point the y direction is south and a
reference direction is set. It then becomes relatively simple to orient the user to a
compass rose. The angle is then found using trigonometry.

A common way to orient and calibrate an electronic compass requires that the
compass is placed in a mode in which the user either drives his automobile in a circle
or waves the compass in a figure eight by hand. It is possible to make a calculation
without the rotation but there will be an error due to the small variations in the voltage
offset and sensitivities involved in the manufacture of these sensors. To solve this 2-D
angle, we designate that there are two vectors, X and Y, which designate the bridge
voltage signal value. The magnitude of this signal is
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The result is then used to determine magnetic north

Y =—V )

north™ mag

and the value of X=0, since most compass devices are vector sensors and have an odd-
function transfer curve which gives a positive output in the right-half plane and a
negative output in the left-half plane. The Y sensor will have a positive output on the
top-half and a negative output on the bottom half of the plane. This gives a very sim-
ple vector rotation problem where the angle is

cos(G)Z

3)

mag

This analysis completely leaves out errors due to local field variations and actual sen-
sor voltage-offsets. Unfortunately this only works for limited cases and most real
sensors have variations in sensitivity and offsets. Most of the newer applications need
three axis (x, y, and z) of information since they are mostly in hand held devices. It is
easy to see the difficulty in figuring out the directions by running a simple thought
experiment. If we orient our two dimensional sensor at a forty-five degree angle, we
should have an equal amount of signal in both sensors. If we rotate the sensor on the x
axis the magnitude of the X component will stay constant while the ¥ component will
vary. This rotation will cause a significant directional error. To compensate for the
error, most designs include a z-axis sensor. The z-axis sensor allows the magnetic
sensor to accurately determine the direction of the magnetic field vector, so as to cor-
rect for this tilt. There is a single point in which the method breaks down. If all of the
signal is in the z-axis sensor, then there is no projected component in either the x or y
direction and the compass is indeterminate.

Z “mag

\

Fig. 5. Simple 3-d representation of a magnetic field. The projection of this vector onto the the
relative position of a three axis magetometer is what is necessary to determine position.
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The rotation of the reference plane requires the sensor manufacturer to supply a set
of flattening equations to allow for easy implementation, by the customer, of the sen-
sor. The flattening equations are based on the concept of roll, pitch and yaw. These
equations are well known and can be found in numerous sources. The following equa-
tions [14] are matrices for rotation: o around the x-axis, B around the y-axis, and vy
around the z-axis.

1 0 0
R.(a)=|0 cosa —sina “4)
0 sina cosa ]

cosB O sinB-
R(B)=| 0 1 0 (5)
—smnpB O cosp |

cosy —siny O
R.(vy)=|siny cosy O (6)
0 0 1

The general rotation matrix is R=R,R,R, and by identifying the values of the rota-
tional angles, the relationship of the compass plane can be referenced to the Earth's
surface. As mentioned earlier, these values are described as roll, pitch, and yaw and
are compared to a local axis reference. Even though the Earth is spherical, the observ-
er sees the surface of the Earth as a flat plane. This is why we can use the Cartesian or
orthogonal coordinate system. The transformation of the vectors onto a new coordi-
nate system can done by using the following relationship

Viae =RV g . (7

The final result of this type of transformation is represented by Hong Wan [15] in the
following equations

X '=XcosB+ Ysinz[S—ZcosB sinf (8)
Y '=Ycosy+ Zsiny )

where the heading is
a=tan71(Y'/X ). (10)

Several cell phone manufacturers, such as Apple [16], have combined the results from
similar equations with the results of the their accelerometers into fairly accurate glob-
al orientation methods. It is very important for a magnetometer to have a reasonably
high signal to noise ratio for these methods to be used.

Another problem, when using a compass device, is that there are significant points
in orientation on the Earth's surface in which there is no directional information. If the



Compass Applications Using Giant Magnetoresistance Sensors (GMR) 165

z sensor device is directly aimed in the z-direction, there will be no x and y axis in-
formation since there is no projection of the vector onto the x and y direction. This
means also that near this point the signal is relatively small. The low value of this
signal can create heading errors.

4 GMR Sensor Behavior

The use of GMR sensors requires a brief discussion of the general behavior of GMR
material and how this affects compass behavior. Giant magnetoresistive sensors have
generated a significant amount of interest as compass devices. This interest is due to
the high magnetoresistive ratio i.e AR/Ry. From Figure 6 [17] it is easy to see that a
comparison of the key GMR technologies with the AMR devices show that the differ-
ence in sensitivity is greater than an order of magnitude. This difference requires
additional handling to try to match the sensitivity. When GMR sensors were first
invented, the most common type of sensor was the multilayer device. This GMR sen-
sor usually consists of a structure similar to the one in Figure 1a, which is a layer of
magnetoresistive material followed by a non-magnetic spacer then another magneto-
resistor. To increase the AR/R, the pattern is repeated. This type of magnetoresistor is
not very useful for a compass since it behaves as an even function. The most common
type of GMR sensor used for a compass device is the spin valve. Figure 1b shows a
typical spin valve structure which has a pinned layer and a pinning layer to set the
magnetic behavior to a reference direction. Figure 7 shows a typical spin-valve re-
sponse from NVE Corporation [18]. A major characteristic of these type of magneto-
resistors is the odd-function response and the hysteresis behavior of these spin valves.
The odd-function response allows for a directional component from the output of the
sensor. This directionality is key to the compass. The hysteresis behavior is driven by
instabilities and generally is not something that can be changed.

Hall-effect —
magneto-diode —
magneto-transistor ——
AMR magnetometer

GMR magnetometer

MJT magnetometer
Magneto-Optical

MEMS (Lorentz force)

MEMS (electron tunneling)
MEMS Compass

Optically pumped
Nuclear precession

Fluxgate magnetometer
Search Coil

SQUID magnetometer T——

1pT  1nT 1T 1mT

YY YYY YYVYVYVYYY

Fig. 6. Sensitivity range of different magnetic devices used for magnetometry from Lenz [17]
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This hysteresis behavior requires that the compass designer put in some provisions
to limit exposure of the sensor to large external magnetic fields. These provisions are
often maximum field exposure values which limit the field exposure to less than 10
Gauss or 1 milli-Tesla. A common method to make a GMR sensor sensitive enough to
be used as a compass device is the addition of pole pieces. This addition is needed
to increase the directional bias due to the problem that the GMR sensor is sensitive to
more than one field direction. Historically, anisotropic magnetoresistors, AMR, are
used for thin film compasses due to their behavior which is directly coupled to current
direction. In the barber-pole configuration, this device is naturally odd-functioned and
a low cross-sensitivity. These AMR sensors have a naturally high sensitivity to low
fields, but have a low dynamic range. The low dynamic range forces the user to make
the magnetic environment of the sensor magnetically quiet.

Spin Valve with 6 % GMR

field parallel to pinning direction
12.5

12.4

12.3
12.2
121

12
11.8
11.8

11.7% ! — |
-60 40 -20 0 20 40 60

Magnetic Field (Oe)

Fig. 7. Measured resistance vs. applied field for an antiferromagnetically pinned spin valve with
the field applied parallel to the magnetization of the pinned layer with GMR = 6 % from Smith
and Schneider[18]

To compete with this sensitivity, the soft magnetic pole pieces are also needed to
intensify the field. These pole pieces require a significant amount of design, usually
performed using some form of finite element analysis. The GMR compass unfortu-
nately, has another disadvantage compared to the AMR compass. For the GMR sen-
sor, unlike the AMR sensor, there is no equivalent structure to the barber-pole sensor.
Figure 8 shows a typical schematic of a resistive bridge using GMR elements [19].
Figure 9 shows shows an actual sensor with two of these elements are used as refer-
ence devices while two are used to detect the field [19]. This cuts the effective signal
in half as compared to the AMR device which can use all four elements. The advan-
tage that the GMR devices have is that they are relatively small for the equivalent
impedance. A typical AMR sensor has a sheet resistance of 6 Q/o to 11 Q/o where a
typical spin-valve has a resistance of 16 /0. The dynamic range of a GMR sensor is
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also greater than that of an AMR sensor. The best AMR sensors have a 3% AR/R, and
a 6% AR/R, for the GMR spin-valve. Even with the addition of the pole pieces, these
sensors can occupy less area than the equivalent AMR sensor. This size difference is
due to the non-active elements being under the pole-pieces. As shown in Figure 6, the
sensitivities of the GMR devices, even with the pole pieces, are going to be lower
than the equivalent AMR sensor. Compass devices, for hand-held applications such as
cell phones, only require between one to five degrees of accuracy. This range of di-
rectional accuracy is achievable using GMR compass devices. The specific GMR
device that approaches the behavior of the AMR device better than the spin valve is
the magnetic tunnel junction or MT1J.

+—>

Aois of sensitivity

Silicon substrate Metal interconnects

{1300 pm x 400 pm)

Flux concentrator (2)

L L Magnetically shielded resistor (2)
Bonding pads (4)

{(100pm x 100pm) Magnetically active resistor pair

Fig. 8. Schematic representation of a typical GMR sensor [19]. The pole pieces also block the
field from the two reference resistors, R4 and Rj.

Fig. 9. GMR sensor from NVE [19] with integrated pole pieces. Note that the inactive sensors
are shielded from the external field by the soft-magnetic pole pieces.

Magnetic tunnel junction devices, unlike spin-valve devices, modify the resistance
through the thickness of the devices. The current, in essence, is perpendicular to the
sense plane. Magnetic tunnel junctions have the same issues as the spin-valve devices
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and require pole pieces to form a directionally sensitive sensor. Figure 10 shows a
comparison of detectivity versus frequency of several commercial sensors [20]. The
MT]J and spin-valves have issues with 1/f noise on top of the hysteresis issues. Gener-
ally, a compass device is measuring a very low DC field which may or may not have
noise depending on the last state of the sensor. Another condition which may impact
the behavior of the compass will be the impact of environmental noise i.e. the effect
of AC fields generated by AC electrical equipment.

10

1 /
10 \V Honeywell HMC1021
\4\\’}\- \ NVE $DT
o b4 [

N /
N /

NVE A0 V‘\NL\\

4

Detectivity
nT/Hz"0.5

Honeywell HMC1001

- 1 2 3 4
10 10 10 10 10 10
Frequency (Hz)

Fig. 10. MTJ sensor with flux concentrators from A. Jander et. al. [20]. Magnetic field detec-
tion in the low frequency range is shown.

Since background AC magnetic fields are ubiquitous, we will need to consider the
effect of 1/f noise on the compass device. It turns out that the 1/f noise in GMR sen-
sors is greater than the noise in AMR sensors by several orders of magnitude [21].
The source of magnetic noise in permalloy (AMR) is most likely lattice noise [22].
The 1/f noise in GMR is also dependent on the voltage bias of the sensor. Wan et. al.
[21] also noted that the 1/f noise at low frequencies can change by a factor of 100
with a voltage bias change of a factor of 40 [23]. For MTJ sensors, the additional
noise generated by tunneling electrons also affects the signal to noise ratio. The effect
of the free layer thickness directly affects the 1/f noise and the sensitivity [24] of the
MT]J devices.

As the free layer is reduced in thickness, the 1/f noise reduces but the MR ratio is
also reduced. An additional design consideration for the use of GMR sensors as a
compass device is the effect of temperature on the both the conductivity and on the
sensitivity. Smits [25] shows that the conductivity of the MTJ, over temperature, is
linear in the range of interest (233K-353K). Another parameter that can be used, is the
current density and how it changes the sensor behavior. Russek [26] demonstrates the
effect of current density on a spin valve as shown in Figure 11. This current bias ef-
fect can also be used to design the sensitivity of these compass.
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Fig. 11. Russek [26] et. al. plot of resistance change as the bias current is changed

Fig. 12. Conductance versus temperature for three different MTJ devices and 15 nm permalloy.
These films are Co/Al,03/Co/NiO , Co/Al,03/NigoFe,i/NiO, Co/Al,05/NigyFe,,) and 80 Ni 20
Fe permalloy [25].

The importance, for a compass device, of the error sources is that the total signal
necessary to find one degree of rotation is very small. If we take a simple Wheatstone
bridge of approximately 1 kQ with a 6% GMR over a 1mT range as shown in Figure
7 and use a pole piece construction as shown in Figure 8. This will increase the sensi-
tivity by a factor of 2 to give us a sensitivity of 1.2%/ 10T so we can calculate the
bridge output with the following equation

Rl R3
Voul:Vs* - (11)
(R+R,) (Ry*R,)

where V,, is the output of the bridge and V; is the supply voltage. With a supply
voltage of 5V, the bridge output would be around 30 mV/10™T. If we then assume
that the Earth's magnetic field in the area of Chicago, USA is around 16 mT then,
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small angular changes will give very small changes in the field. To measure a one
degree change, (the difference from zero degrees to one degree) the field changes by
2.4x10°°T. This means that the voltage difference is 16 uV and the minimum require-
ment to guarantee a one degree angle change (due to Nyquest sampling rules) is
8 pV . The minimum noise level then must be less than the § pV. If the device is
exposed to a field level that saturates the sensor, it is likely that the sensor may not
continue to respond at the same level in which the sensor was calibrated. Hysteresis
is, by its nature, an effect that is repeatable though difficult to deal with. For most
compass schemes, it is important to reset the sensor back to its original state. In AMR
sensors, the hysteresis is reset by means of set-reset field straps. This is the method
that both help to set a reference direction and zero out any bridge offset. Another
significant problem in compass measurement is the effect of temperature. This prob-
lem is clearly shown in Figure 12 [26] and in Chien-Tu Chao et. al [27]. This graph
shows the variation of ambient temperature on the conductivity of MTJ sensors. This
material changes in base resistivity, in sensitivity and hysteresis loop size. This tem-
perature behavior requires, to improve repeatability and signal accuracy, a tempera-
ture sensor to either directly put into a feedback scheme or as a reference in for a
digital circuit.

The third type of GMR that is used for compass devices is giant magneto-
impedance or GMI. The GMI effect is an offshoot of the MI or magneto-impedance.
Magneto-impedance relies on the frequency skin-effect which is modified by the
magnetic field. It was initially documented in the 1990's [28] and detailed in multiple
experiments over time. Initial structures tested were made from ribbons of amorphous
materials [29].

50 0p
[ () —— | MHz F (0) —— | MHz
[ —— 3MHz ok 3MHz
40f — 681 MHz 4or S 681 MHz
r —— l)“I'\«‘IIIZ L —— 9MHz
g 3[]: —— |3 MHz '\:- 30:_ —— |3 MHz
Nt N
20} 3 20f
10 10F
0f 0f
Boovaliooalossalonanloss vl Bl poloov i bovaaloar i lansnlonnslongs
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Fig. 13. Frequency behavior of GMI sensor between 1 MHz to 13 Mhz. This response is an
even-function and not as suitable for compass application [29].
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This sensitivity to the applied field, for the GMI, is frequency based, as shown in
Figure 13 [29]. These ribbons originally were rather large and not suitable for com-
pass devices but have benefited from miniturization methods used in the electronics
industry. Morikawa et al. [30] developed a thin-film GMI sensor for Toyota research
using thin films with a layered structure. The structures are Co-Si-B/Cu/CoSi-B,vCo-
Si-B/Ag/Co-Si-B, and Fe-CoSi-B/Cu/Fe-Co-Si-B. Figure 14 [30] shows the sensor
schematic used to test GMI by Morikawa et al [30]. Figure 15 [31] the results of test-
ing the GMI thin-film sensor constructed by Maylin et al. showing the effect of fre-
quency on the sensitivity. This device still produces an even function type of transfer
function. An even function is a mathematical function that has a result that is the same
in the left-half of the plane as it does in the right half of the plane. The behavior
follows

Z= R (v v (12)
60:@ (13)
Me= |+ 1, (14)
ML= [H—H, (15)

where o is the wire radius, R is the resistance, p is the resistivity, w is the angular
frequency, and L, is the circumferential permeability of the wire. The permeability p,
is complex, and p, significantly modifies the impedance at frequencies above 100
MHz. Unfortunately these sensors, to work properly, have very low starting imped-
ance which increases their power consumption. It also makes the pattern sizes quite
small. Additional work on GMI devices have shown that a DC bias can create an
asymmetrical response, as shown in Figure 16, which gives the odd-function response
necessary to produce a compass [32]. To achieve an odd-function result, the top and
bottom layers can have anisotropy angles of between 15° and 45°. Figure 17 [33]
compares the GMI output to an single AMR barber-pole resistor. The function de-
scribed still has an issue with the output of of the sensor pair having the same value at
different fields.

This problem would only be an issue when the sensor is exposed to fields not nor-
mal in nature such as hard magnets and electric motors. To make a functional com-
pass, the device made from these elements would need to be reduced in size so that all
three axis could be measured.
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Fig. 14. Morikawa et al. [30] thin film GMI sensor. (a) Is the top view and (b) is the cross-
sectional view.
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Fig. 15. Maylin et al. [31] thin film GMI sensor impedance results at 0.01, 0.1, 1, and 10 MHz.
The output is an even function which is not ideal for a compass. This is because a vector point-
ing left has the same magnitude as a vector pointing right.
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Fig. 16. Schematic of an experiment run by Delooze et. al. [32] (a) Film layer structure and
principle quantities and directions. (b) In-plane view of the test structure.
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Fig. 17. Data taken from Delooze et. al. [32] and the Author. This device is a combination of a
GMI devices using opposite DC current directions on two sensors compared with a typical
barber-pole AMR sensing element. The excitation frequency used for the GMI is 90 MHz, b =
40 um and I =25 mA.

5 Commercial GMR Compasses

Table 2 shows a comparison of some selected commercially available GMR compass
devices. Table 2 is constructed from the available data sheets from these selected
manufacturers. Also included in this table is a comparison of two equivalent AMR
devices. All of the devices shown have A/D converters to allow for compensation
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algorithms. The table shows four basic types of compass devices. These are, as have
been discussed, AMR, Spin-valve, MTJ and GMI based sensors. Some of the issues,
such as hysteresis, that were discussed in earlier sections show up in the commercial
Sensors.

The AMR sensors were included to act as a reference for the GMR sensors. It
should be noted that the MEMSIC device in this table has a sensor licensed by Ho-
neywell to MEMSIC. With this licensing, any variations in performance are probably
due to the application specific integrated circuit or ASIC that was mated to the sensor.
All five devices in this comparison have custom complimentary metal oxide semicon-
ductor (CMOS) application specific integrated circuit (ASIC) devices to perform the
analog to digital conversion and communication to an output device. Common output
devices for these include automotive mirrors, cell phones and hand held GPS devices.
Manufacturers over the years who have used such devices are Magna Donnelly, Gar-
min, Motorola, and Apple. The GMI sensor, from Aichi Steel, in this table, solves the
dimensional issue and the vector issue by using fluxgate magnetometry methods. The
size of the package, for the compass devices, is being driven by the needs of the digi-
tal phone market. The chief marketing handle for these communication devices is the
size of the phone itself. Thin phones are important to the consumer base.

The thickness of the package, due to the z-axis sensor, is the biggest issue. In
some devices, the z-axis device is a separate chip, mounted on its side. In other devic-
es, the z-axis sensor is in the plane of the Xy sensors but with z-axis pole-pieces. All
the devices shown in Table 2 are between eight hundred microns to one millimeter in
thickness, which seems to be a manufacturing limit. As expected, the largest devices
are the AMR devices. These devices have the lowest impedance to device area. This
then requires that the AMR sensor needs to grow quite large to achieve a reasonable
resistance. The smallest devices are the MTJ sensors. The MTJ sensors have the high-
est impedance and therefore require less physical space on the chip.

An important consideration for the compass device is the input-output configura-
tion. This means analog to digital conversion bits, current consumption, interface type
and interrupts. The interface type that is used in these commercial devices is I°C which
is a two wire communication protocol developed by Philips Electronics. It can be used
with either seven or ten bit words and is a very common interface type. This basic
circuit type is readily available at numerous foundries internationally. The continuous
current consumption also gives insight on how much time the device remains “on”.

The Yamaha device has the highest current draw is either “on” a significant
amount of time and or has a significantly lower resistance in the sensor. The Aichi
Steel and the Freescale devices have interrupt lines to add additional handshaking.
The lowest supply voltage is 1.7 volts and the highest voltage is 5.25 volts with the
majority able to operate at or around 3 volts. The analog to digital converters, ADC,
range from 10 bits to 15 bits. The ADC also can control the accuracy of the commer-
cial sensors depending on the volts/bit. The sense range of these devices is one to
twelve Gauss of external applied field.

The basic performance of these selected commercial devices over temperature and
initial offset versus temperature induced offset is important. These parameters are
listed in Table 2 and can be compensated for using a temperature sensor.
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Table 2. Selected AMR and GMR devices and their specifications from their data sheets. All
these devices have signal processing. At this time, some of these devices are only prototypes.

Technology GMI AMR GMR MTJ
General  [Company Aichi Steel MEMSIC Honeywell Yamaha Freescale
Product AMI306 MMC314XMR HMC5883L YAS529 Mag3110
PKG PKG LGA 10 LGA 10 LGA 16 WLCSP 10 DFN 10
Size (mm) 2*2*1 3*3*1 3*3*0.9 2*2*1 2*2*0.85
Voltage (V) 1.7~ 36 2.7~525 216 ~ 3.6 25~36 1.95~ 3.6
Current_continuous
working (mA) >1 ~2 ~2 4 >1
Vo Current_samples per 0.15 @ 20sps | 0.55 @ 50sps | 0.10 @ 7.5sps 4 0.14 @ 10sps
second (MA) . : . ’ .
Interface IIC IIC IIC IIC IC
Interrupt Y / / Y
Maxi Storage temp -40 ~ 125 -55 ~ 125 -40 ~ 125 -50 ~ 125 -40 ~ 125
;’?.m“m Operating temp 20~ 85 40- 85 30~ 85 40-95 40- 85
alNGS  [ax exposed field 10000G 2000G 1000G
Range (+-Gauss) 12 4 1~8 3 10
ADC (output bits) 12 12 12 10 15
Sensitivity/Resolution 6 for XY / 12 for
6 2 2 1
mGauss) Z
Offset (+-Gauss) 0.2 0.01
Accuracy (deg) 1 2 2 5
Linearity (%FS) 0.5 1 0.1 1
Performance py steresis (%Fs) 01 0.0025 [
Repeatability (%FS) 0.1
Sensitivity TC +-7% @0~60degC | 0.11%/degC +-5% 0.1%/degC
+-3mG/degC
Offset TC @0-60degC +-0.4mG/degC +-0.1mG/degC
Bandwidth (Hz) 40 75 40 40
Noise (RMS) 0.6mG@25Hz 0.5mG
Onchip temp sensor Y Y Y Y
Single-chip-integration / / Y
Features Offset removal Y Y Y Y?
Self test / / Y / Y
Others 3 AD for O\er§amp!lng
external configuration

If the application needs a wide temperature range of operation, these values must
be accounted for. If the user combines other types of sensor information with the
compass values it is still possible to compensate for this offset. Most hand held devic-
es, such as cell phones, also have global positioning devices, gyroscopes, and accele-
rometers. The maximum external field that the GMR and MT]J sensors can be exposed
to is also quite important since both sensors depend on a pinned layer. The maximum
field for the MTJ and the spin-valve GMR devices are 1000 G to 2000 G. This seems
high, but it is the level that a hard magnet in a circuit assembly line can produce. Of-
ten production assembly lines use magnets to activate proximity sensors. These sen-
sors are used indicate the position of assembly tooling and can expose these types of
devices to high fields. These compass devices are also sensitive to solder temperature
and epoxy curing temperatures due to the thermodynamics of thin film diffusion. The
maximum storage temperatures for these devices is 125°C. This generally means that
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the epoxy curing temperature should be 100°C or less. The wire bonding temperatures
should also be limited to this range.

6 Discussion

GMR compass devices have expanded the market for electronic compasses due to
their acceptable sensitivities and large dynamic ranges. These devices have significant
issues, noise, hysteresis, and sensitivities. The initial issue is the cross-sensitivity of
the typical GMR sensor and it bears restating how much this effects everything to do
with this class of sensor. These sensors require magnetic pole pieces to enhance the
directionality or the accuracy becomes poor. Figure 18 [18] shows a demonstration of
the cross-axis behavior using pinned spin-valve devices. Hill [33] compared multi-
layered GMR sensors versus spin-valve sensors for vector applications. The analysis
in Hill [33] demonstrated that the more traditional multi-layered GMR devices are
better vector devices. Unfortunately, multi-layered devices have sensitivity issues.
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12.2] 11.6

12.1 I
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12

11. 11.5
11.
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-60 -40 -20 O 20 40 60 -60 -40 -20 (') 20 40 60
a. Magnetic Field (Oe) b. Magnetic Field (Oe)

Fig. 18. Typical behavior demonstrating of cross-axis sensitivity issues as related to an anti-
ferromagnetic coupled spin-valve [18]. a) Field parallel to the pinning direction (NVE 6%
device). b) Field perpendicular to the pinning direction (NVE 2.4% device).

The spin-valve device in this study had poor cross-axis sensitivity. This is not the
complete picture, a spin-valve device does have cross-axis behavior in one direction
and none in the other direction. This cross-axis behavior probably does not really
effect the actual compass device since the pole-pieces do most of the selectivity. To
contrast this with the AMR sensor, the cross-axis sensitivity of the standard AMR
sensor is completely dependent on magnetization direction (which can be controlled
as in the set reset scheme sold by Honeywell). In an AMR compass device the magne-
tization can be controlled by the set-reset coil. The introduction of commercial GMR
sensors has proven that these type of devices are viable. The goal of increasing the
sensitivity of GMR sensors has driven researchers to try variations of other sensing
methods to create novel sensors. The methods used by Aichi Steel may in the end be
the most sensitive and effective magnetometer, this is due to the incorporation of the
fluxgate technique as shown in Figure 19 [34].
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Fig. 19. Schematic of Aichi Steel's flux-gate GMI sensor [34]. This is for a 2-axis system.
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The idea of adding magnetic structures to micro-electronic machines [35, 36] has
expanded the possibilities for compassing. Figure 20 is a schematic of a proposed
MEMS concentrator structure. The flux concentrator i.e. pole-pieces are placed on
“springs” and “comb drives” to modulate the magnetic field. The magnetic sensor is
placed on a spring structure [37] in-between the pole pieces. These type of compass
devices may be accurate but have additional manufacturing issues, such as etch
chemistry compatibility, which need to be answered. The additional complication of
repeatability and calibration will still need to be answered. A new direction for

compass devices is the use of nanotechnology to create a new category of vector
sensor [38, 39].

Flux Concentrator

Comb Drive

Si Springs

Fig. 20. Edelstein's [37] concept for a MEMS flux concentrator to reduce 1/f noise

Colossal magnetoresistors have issues still with operational temperature range
which will in the short run impede implementation. These include nanowires made
from variations on permalloy to colossal magnetoresistive materials.
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7 Conclusions

Giant magnetoresistors are capable of being effective compass devices. Certain repea-
tability errors will have to be managed for the GMR devices to supplant AMR devices
for high accuracy applications. As with all new technologies, it is now a race to come
up with a method that can be accurate and manufactured in an inexpensive and relia-
ble manner. The cost for implementation will always drive whether or not a new tech-
nology will be adopted. Compass devices are part of our history of exploration and
discovery. From ancient times, where the compass made navigation across the Medi-
terranean possible, to modern times as an aid to personal navigation to and through
the local shopping mall. We continue to find more ways to make compasses and new
applications to use these devices.
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