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CMOS Single-Chip Electronic Compass
With Microcontroller

Christian Schott, Member, IEEE, Robert Racz, Angelo Manco, and Nicolas Simonne

Abstract—We present a CMOS single-chip electronic compass
sensor including the complete digital signal processing for accu-
rate heading calculation. The device’s analog part consists of Hall-
based three-axis magnetic field transducer with integrated mag-
netic concentrator that operates as a passive magnetic amplifier.
The analog amplification chain features a gain of up to 20 000. A
true-12-bit extended counting ADC converts the amplified mag-
netic field signals into the digital domain, where a 16-bit microcon-
troller calculates the heading information and outputs it via an SPI
interface. The compass sensor is realized in 0.35 pm low-voltage
CMOS technology plus a simple batch processing step for deposi-
tion of a metal layer. The compact die size of 2.3 mm x 2.8 mm
allows for packaging into a standard 4 mm X 5 mm X 1 mm sur-
face-mount plastic package. The heading resolution is better than
0.5°, and the accuracy better than £2°.

Index Terms—Electronic compass, Hall sensor, magnetic con-
centrator, magnetic sensor.

1. INTRODUCTION

HE earth magnetic field is a three-dimensional (3-D) field

with a flux density of about 50 4T. The field component
parallel to the earth’s surface, which can be used for a heading
measurement, ranges from less than 10 4T in higher latitudes
close to the poles to about 40 x4 T around the equator (Fig. 1).

A two-axis magnetometer held parallel to the earth’s surface
is therefore the minimum configuration for a magnetic heading
measurement. For most portable applications, an accuracy of
1°-3° in a field of 20 4T over a temperature range from —40° C
to 85 © C is requested.

Nowadays, various types of technologies are applied to elec-
tronic compasses, and they are based on the magneto-resistive
[e.g., anisotropic magnetoresistance (AMR) or giant magnetore-
sistance (GMR)] effect [1], the fluxgate effect [2], [3], or on
the magneto-impedance (MI) effect in zero-magneto-strictive
amorphous wires [4].

These proposed solutions either have the drawback of not
being compatible with CMOS technology, since they are man-
ufactured in a dedicated technology and/or they are not com-
patible with low power requirements. For example, a low-field
AMR sensor needs an integrated set—reset current pulse of sev-
eral hundred milliamperes, and an integrated fluxgate sensor
needs strong operation currents to drive the open-loop core into
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Fig. 1.

Strength of surface-parallel magnetic flux density on earth in nT.

saturation. A major drawback of magnetic field sensors con-
taining ferromagnetic material is that the offset of the sensor
changes after exposure to a high magnetic field. This effect is
known as perming and can be explained by the remnant field
effect of the material. Perming is one of the most critical issues
for low field measurements and has to be considered for com-
pass applications.

In this paper, we present a single-chip electronic compass
which contains the sensor and the electronics with micro-
controller on the same silicon chip. Additionally, this chip is
small of size and features low power consumption. The stan-
dard CMOS technology allows for embedding state-of-the-art
analog and digital signal-processing hardware that is required
for an accurate heading calculation with noise reduction circuit,
A/D conversion, calibration, and interfacing.

As our target is to use a standard CMOS technology, the
choice for integrated magnetic sensors is clearly limited to sil-
icon Hall elements. A Hall-element sensitivity of 250 V/AT and
a biasing current of 350 pA leads to a magnetic field sensitivity
of 87.5 mV/T. This gives an output voltage of 1.75 V for a
20 4T field.

On the other hand, the Hall element has a resistance of about
5 k€ which results in an rms white noise spectral density of
about 9.1 nV/sqrt(Hz) for T = 300 K. From this figure, we can
expect an average peak noise indicating the maximum expected
error of 26 nV/sqrt(Hz). These figures lead to a required integra-
tion time of over 2 s if we want to have a signal-to-noise ratio
(SNR) of 40 dB at B = 20 uT. The situation becomes even
worse if we also consider the amplifier noise contribution. As-
suming matched amplifier inputs featuring the same noise power
as the Hall elements, the required integration time doubles to
over 4 s. Such a long integration time is certainly too long for
practical compass application. Therefore, we provide for two
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improvements in our estimation: (1) we use four Hall elements
simultaneously and add their outputs in the amplifier and (2)
we pre-amplify the magnetic field by a factor of six through
an integrated concentrator. The first improvement increases the
SNR by a factor of two, which is equivalent to a reduction of
the integration time by a factor of four, and the second improve-
ment further reduces the integration time by a factor of 36, so
that the estimated necessary integration time reduces to about
30 ms per channel for the two in-plane axes X and Y. For the
perpendicular axis ., which does not take advantage of inte-
grated magnetic concentrator (IMC) field amplification, we ei-
ther need to integrate longer or accept lower resolution. Another
limiting factor of Hall elements is their zero-field offset, which
is caused by stress effects, doping variation, and mask alignment
errors. Offset is typically on the order of a millivolt, a value that
is equivalent to a magnetic input flux density of about 10 mT,
which is more than two orders of magnitude higher than our
signal.

This estimation brings us directly to our tasks.

We need the following:

e a solution to measure at least two axes;

e asignal gain of least three to four orders of magnitude;

 areduction of the influence of Hall-element offset of four

to five orders of magnitude.
The only nonconventional step we use to achieve our goal is
the addition of a structured metal layer on top of the silicon
chip. This IMC operates as a passive magnetic field amplifier
and significantly improves the ability to measure the flux density
along two of the three axes.

In the following sections, we will guide the reader through the
different technological and architectural steps to show how we
mastered those challenges. After an architectural overview, we
first explain the principle of operation of the magnetic front-end
and describe our IMC technology. Finite-element simulation re-
sults are used to underline its robustness. Then, we go into detail
on the very high analog amplification, the AD conversion, and
the digital data processing by the microcontroller. After this, we
describe the realized chip, and we show measurement results
particularly related to sensitivity, linearity, and offset drift.

II. COMPASS ARCHITECTURE

The block architecture of our electronic compass is shown in
Fig. 2. The magnetic concentrator amplifies the externally ap-
plied flux onto the three-axis Hall system. The electrical Hall
output signals are multiplexed into the chopped amplification
chain and converted to the digital domain. The 16-Bit on-chip
microcontroller performs temperature and matching calibration
by using prestored calibration data in the memory, and it also
calculates the heading information. The processed heading data
is finally available to an external host system via a serial periph-
eral interface (SPI).

III. MAGNETIC FRONTEND

The magnetic front-end is a three-axis magnetic field trans-
ducer based on a combination of Hall elements with a thin soft
ferromagnetic layer, the IMC, which is structured onto the sil-
icon surface.
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Fig. 2. Block schematic of the electronic compass with microcontroller.
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Fig. 3. Cross-sectional view of the IMC working principle. An external applied
field is locally rotated and concentrated onto the Hall elements under the edge
of the IMC.

A. Principle of Operation

The IMC brings two significant benefits: it locally rotates and
amplifies the external in-plane magnetic field, so that it can be
measured by conventional Hall devices (Fig. 3).

By arranging Hall elements under the edge of a round disk, a
two-axis sensor is realized [6]. For good matching of the X-
and Y -axes, the concentrator structure shall be at least rota-
tion-symmetric by /2, so the magnetic field components along
both axes follow similar paths through the concentrator struc-
ture. We already presented earlier [7] that, by using ring struc-
tures, any remnant magnetization effect in the metal layer can
be suppressed.

B. Magnetic Gain

For the compass application, we have maximized the mag-
netic gain by using several IMC structures and by placing the
Hall devices close to the gaps between them. The fitting of ex-
perimental data shows that the magnetic gain depends on ap-
proximately the square root of the total length of the metallic
structures (Fig. 4). For a high magnetic gain, we need to make
them as large as possible by using almost the entire chip dimen-
sions. For a 2 mm total length of the concentrator structure in
the field direction, we can expect a passive magnetic gain of ap-
proximately a factor of six.

As we need to measure at least two axes in the plane, we de-
cided to implement a structure consisting of five octagons as
shown in Fig. 5. The Hall elements for the X- and Y -axes are
positioned under the rings close to the gaps between the inner
octagon ring and the outside rings, whereas the Hall elements
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Fig. 4. Magnetic gain of the IMC increases with the square root of its length.

The circles indicate experimental data, and the solid line is a square-root
curve fit.
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Fig. 5. Magnetic concentrator octagons with Hall elements and connection to
the channel multiplexer and preamplifier.

for Z are positioned in the chip center close together. The new
octagonal ring geometry replaces the circular rings published
earlier [7]. In this new structure, the air gaps between two oc-
tagons feature parallel edges and can be better controlled in the
etching process than the concave air gap between two ring struc-
tures. This reduces matching errors between the axes and makes
the sensor more robust.

This three-axis field transducer generates three Hall voltages
V.. Vi, and V., corresponding to the three magnetic field com-
ponents B, 3,,and I3.. The magnetic gain is about 6 for the
X - and Y -axis and only one for the Z-axis, where the magnetic
concentrator is very thin and has no gain effect. The octagons are
about 60 pm wide. The Hall elements are realized in a pinched
n-well of about 15 ym x 15 ym in size, where four n+ con-
tacts distributed equally around the perimeter are used for the
supply input and the voltage output. The current-related sensi-
tivity of the Hall elements is about 250 V/AT. With a biasing
current of 350 pA per Hall element, we therefore obtain a sen-
sitivity of 87.5 mV/T. Taking into account the magnetic gain of
the IMC of 6 and applying a flux density of 20 4T, we obtain a
signal level at the output of the Hall elements of approximately
10 pV.

C. IMC Technology

The integrated magnetic flux concentrators consists of a very
high-permeability and very low-coercive-field (very soft) amor-
phous ferromagnetic layer. This material shows outstanding in-
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trinsic characteristics, with a coercive field below 1 A/m, which
is an order of magnitude better than what can be obtained by
electroplated NiFe.

The IMC process is a simple post-process applied on com-
pletely manufactured CMOS wafers. First, the ferromagnetic
layer is glued in the form of 20 pm thin ribbons onto the CMOS
wafer containing the electronic circuitry and Hall elements.
Then, we structure the covered wafer by using a standard
photolithography process and wet-chemical etching. The wafer
is then cleaned from glue residues and finally sent for dicing
and packaging. Since the IMC layer is electrically isolated from
the chip, the question of ESD robustness arises. However, as
the IMC is only separated by a few micrometers from the chip
and entirely covered by a few hundred micrometers of mold
compound, it is not any more susceptible to attracting electric
discharge than the silicon chip alone is. The use of small closed
structures like disks or rings also reduces the generation of
induced voltages from electromagnetic radiation.

The IMC process used for the compass prototypes (Fig. 6)
was recently qualified for automotive applications and has al-
ready been applied on thousands of wafers at Melexis.

D. Magnetic Simulation

To study the performance of the IMC structures related to
process tolerances, we have carried out 3-D magnetic finite-el-
ement simulations.

With an applied external flux density of 20 4T, we can now
monitor the resulting vertical component of the flux density
around the gap. Fig. 7 shows that the regions with strong flux
(white areas) are distributed close to the gap. The simulation
has been performed with a vertical distance of 10 zm between
the IMC and the result plane, which corresponds to the actual
distance between the IMC and the Hall elements in the chosen
technology.

For a more detailed analysis, we now plot the /3. component
along the cross-sectional line A — A’. The results for three dif-
ferent vertical distances of 5, 10, and 20 ym are shown in Fig. 8.

We observe that the maxima are always just outside the gap
and below the IMC edge. The amplification factor ranges from
about 3.5 for 20 pm distance to about 8 for 5 ;zm distance, which
indicates that our technology is very sensitive to the vertical
distance between the IMC and Hall elements. The fact that the
high-gain areas are only a few micrometers wide explains the
choice of relatively small-size Hall elements.

E. Degaussing

The sensor additionally contains a circuit block for “low-
energy”’ demagnetization of the ferromagnetic concentrator, to
eliminate remnant magnetization caused by strong accidentally
applied external fields [5]. The degaussing coil is a single-turn
loop through the IMC ring structures, whose lower part is im-
plemented as integrated metal tracks and whose upper part is
finished during packaging by bonding connection [7]. The de-
gaussing procedure in the presented compass consists of two
successive current pulses of 20 mA with opposite polarity and
10 ps duration. A current pulse on a wire through the center
of a ferromagnetic ring creates a circular magnetic field inside
the ring, which aligns the magnetic domains of the ring in a



2926

Wafer Fab Process
(Standard CMOS)

IMC® Process
(Integrated Magneto
Concentrator)

Assembly

v

Test

EHT

IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 42, NO. 12, DECEMBER 2007

ignal A=VPSE  Date :12 Jul 2005

=2208kv  WD= 25mm Photo No. = 1163 Time :10:19:34

Fig. 6. IMC post-process is applied to entire wafer batches and constitutes a separate manufacturing step between the CMOS process and the packaging.
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Fig. 7. Simulation result for the vertical component B, in 10 gm distance
above the IMC layer. Dark areas denote a low field and white areas denote a
strong field.
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Fig. 8. Magnetic flux simulation results around the gap area for different dis-
tances between the IMC and Hall elements and applied external flux density of
20 uT.

closed manner, so that no stray field is seen on the outside any-
more. This strongly reduces offset fields on the Hall elements
from magnetic perming. The polarity change of the pulse fur-
ther facilitates the alignment, so that a current of only 20%-30%
compared with a current needed for full saturation is required.

5
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Sw3

Pad

100nF
off-chip
capacitor

DEGTOG 0

Fig. 9. Degaussing circuit.

Fig. 9 shows the degaussing circuit which operates in two phases
controlled by DEGCON. In a first phase of about 10 ms when
DEGCON = 1, SW1 is closed, all other switches are open,
and the off-chip degaussing capacitor of 100 nF is charged by
I1 of about 200 pA. In a second phase of about 10 ps when
DEGCON = 0, SW1 is opened and one of the two switches
couples (either SW2 and SW5 or SW3 and SW4) is closed,
opening a path between the capacitance, the coil (Lcoil+RCoil),
and ground. The direction of the path is given by the flip-flop
and toggles at each rising edge of DEGCON. This toggling is
enabled by DEGTOG = 1. If it is connected to ground, the cur-
rent flows always though SW3 and SW4.

The coil has a high-permeability core but only four windings
in total, so that its inductance is very low (4 x Lcoil = 8nH), and
inductive voltage spikes are limited to a few tens of millivolts
and cannot cause damage to the circuitry.

Magnetic perming by this method is efficiently reduced from
over 2 T to less than 0.2 T, as shown with the measurements
in Fig. 10.

To completely avoid errors from accidental magnetization,
degaussing is performed once before every acquisition cycle by
applying a current pulse of 20 mA.
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Fig. 11. Spinning current operation on a Hall element in a Wheatstone bridge
representation.

Experiment has shown that the current needed for de-
gaussing is four times lower than the comparable saturation
current needed for operating a flux gate sensor.

IV. ANALOG AMPLIFICATION

As mentioned beforehand, the acquired Hall voltages of a few
microvolts now need to be amplified by at least three orders of
magnitude to obtain a good resolution from the ADC conver-
sion.

The Hall elements are current biased and operated by using
the spinning current technique (Fig. 11). By this technique, the
current biasing and the readout terminals for each Hall element
are periodically rotated in the opposite sense. The figure also
shows how the bridge resistors are unbalanced by AR, for ex-
ample, due to mechanical stress from packaging.

The spinning operation causes the Hall voltage to be modu-
lated by the spinning frequency, whereas the offset unbalance
is a dc signal. Both parts of the signal are then amplified, but
only the modulated Hall signal can pass the following high-pass
filter. In such a way, Hall-element offset and amplifier offset are
suppressed (Fig. 12).

The fully differential amplification chain (Fig. 13) consists
of three amplifier stages and has a programmable analog
gain, which can be varied between 312.5 and 20 000. Gain is
controlled digitally via the micro-controller. The amplification
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Fig. 12. By the spinning current principle, the signal voltage is separated by
the offset voltage through modulation.

stages are connected via high-pass filters for further elimination
of any dc-offset voltages from the amplifiers.

After demodulation, this signal is low-pass filtered (8 kHz
corner frequency) and buffered by a voltage-follower pair to the
ADC.

The first amplification stage (Fig. 14) is a low-noise differen-
tial input/differential output (DIDO) amplifier with 4 + 1 input
ports. It adds and amplifies differential voltages of the four Hall
devices, and the fifth input is used for feedback gain control. Its
gain is defined by feedback resistors and can be set to 12.5, 25,
and 50 (2-bit control via a micro-controller). Feedback resistors
are implemented as low-ohmic polysilicon resistors with a small
temperature coefficient (~ 1073 /K)

This low-noise preamplifier has a two-stage Miller amplifier
topology. It has been designed to match the noise power of Hall
elements (i.e., noise equivalent input resistor of 5 k€2). For this
reason, nMOS input pairs are preferred because of their higher
transconductance compared with pMOS pairs, saving area and
current. Their higher 1/f noise penalty is effectively reduced
by the chopping principle and is therefore not dominant. The
input-referred rms noise spectral density is 22 nV/sqrt(Hz) at the
chopping frequency of 25 kHz (Fig. 15). The 1/ f noise corner
frequency is located at 92 kHz.

Common-mode regulation is ensured by a single-stage am-
plifier which senses the output common mode via resistors and
compares it with an internal common-mode reference at half the
supply voltage.

All amplifier stages are ac-coupled to eliminate offset using
first-order high-pass filters with a corner frequency at 15 kHz.

The second and third amplifier stages are realized as two
identical two-opamp differential instrumentation amplifiers, as
shown in Fig. 16. The amplifiers are Miller opamps with pMOS
input pair. The gain is defined by feedback resistors and can be
set to 5, 10, and 20. To reduce the variation of the settling be-
havior due to gain programming, the compensation capacitor is
increased for the two lower gain settings. Its bandwidth for max-
imum gain of 20 is kept low to 64 kHz to limit noise.

Those two gain stages further increase the signal level to be
compliant with the A/D input range (which is typically 3.3 V)
and the maximum external magnetic field. For typical compass
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application, analog gain is set to 2500, leading to an overall sen-
sitivity of 7.25 LSB /1T and a magnetic input range of 280 . T.

A first-order low-pass filter after demodulation limits the
noise spectrum and amplitude before sampling by the A/D. The
corner frequency of the low-pass filter is 8 kHz.

to
Demodulator

s 0 e

HPF HPF
15kHz 15kHz

HPF
15kHz

Second Stage Third Stage
G=5..20 G=5.20

Fig. 16. Implementation of the second and third amplification stages in instru-
mentation amplifier configuration.

The signal is then buffered before being connected to the A/D.
It consists of an amplifier in voltage-follower configuration. The
major design constraint is the settling time (within 1 A/D clock
cycle) when loaded with A/D input capacitance (2.8 pF).

V. A/D CONVERSION

After amplification and demodulation, the Hall signal is con-
verted into the digital domain. The A/D will integrate the signal
over time, limiting the bandwidth in order to reach SNR require-
ments.

The A/D architecture (Fig. 17) is based on the extended
counting technique [8]. It is a compromise between first-order
3 A modulation with its high accuracy but relatively low speed,
on the one hand, and algorithmic A/D conversion with its
higher speed but lower accuracy, on the other hand.

For one A/D conversion, the converter passes through two
modes. In the first mode, the system operates as a reset-able first-
order ¥A modulator to convert the most significant bits (9-12
bits). This mode is called the “counting conversion.” Then, in
a second mode, the same hardware is used to convert the least

7
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Fig. 18. Circuit configuration during both phases of a counting conversion step.

significant bits (6 bits fixed) by an algorithmic A/D conversion
technique. This mode is called the “extended conversion.”

The circuit configuration during the counting conversion is
depicted on Fig. 18. It consists of a switched-capacitor inte-
grator and a comparator. In reality, the circuits are fully differen-
tial, but for simplicity the discussion is for a single-ended equiv-
alent. After an initial reset, the normal operation in each step
consists of two phases. In the first phase of the ith step, the input
voltage V;, is sampled on the input capacitor C>. Meanwhile,
the output voltage V;_1 of the previous step is still available at
the integrator’s output. Based on this voltage, a comparator de-
cides the code D;_1. The value of this code is +1 if the voltage
V;_1 is positive and —1 if it is negative. In the second phase, the
top plate of the sampling capacitor (s is switched towards the
opamp inverting node, and the bottom plate is switched towards
+V.¢ depending on the code D;_1. Then, the charge is trans-
ferred towards the feedback capacitor ;. This is the typical way
a first-order A modulator is implemented in switched-capac-
itor technology.

It can be shown that the output voltage V..., after the N
steps in the counting conversion equals

N
Cs . Cy
choun - N_Vin - _V;e DL 1
= NG c: fZl M

To reconstruct the input voltage V;,,, (1) can be rewritten as

Vi — Vref Zi\;l DL + %Vcount )
m N . ( )

We see that the input voltage can be reconstructed from the
known values of the D; codes and from the (unknown) value
of the voltage V.ount. After the counting steps, the system goes
into the extended conversion mode where the voltage Veount 1S
measured by a more efficient but less accurate algorithmic A/D
conversion technique.

The extended conversion mode is not further described in
this paper because it is not used for the signal processing. Only

2929

the counting conversion (XA) bits are significant versus the
signal-to-noise level (40 dB—10 bits resolution).

A/D CMOS implementation is a fully differential device but,
for simplicity, a single-ended schematic of the overall A/D con-
verter is shown in Fig. 19. A timing diagram of all switch drive
signals is shown in Fig. 20.

The system described above requires a digital controller to
generate the appropriate switch control signals. It is imple-
mented as a digital logic which generates the basic conversion
signals and an asynchronous interface which generates the
switch signals with all needed delays. The digital logic collects
the all-analog output data D; and processes them to a digital
output code ADC[17:0]. The whole digital logic operates at
twice the clock frequency of the switched-capacitor circuits.

Typical current consumption is 200 A in normal mode when
operating at 400 kHz. The INL (Fig. 21) and DNL (Fig. 22)
of £1.5 LSB has been measured for the lowest resolution of
15 bits.

At a sampling frequency of 200 kHz, the programmable XA
part between 9 and 12 bits allows the range of integration time
to be between 5 and 40 ms. Based on the 40 dB SNR target,
integration time of 40 ms is used. Digital signal processing is
then performed only on the 12 MSBs of the A/D converter.

For proper operation, the A/D sampling frequency and the
chopping frequency are synchronized to ensure that A/D con-
version starts synchronously with the spinning cycle. The nom-
inal chopping frequency is 25 kHz. One spinning cycle lasts one
period, i.e., 40 ps. The measurement of each axis lasts 40 ms.
Thus, the measurement signal of one axis is a sequence of 1000
spinning cycles.

VI. DIGITAL SIGNAL PROCESSING

The digitized data is transmitted to an on-chip microcon-
troller. From the data of both axes, the angle of the applied
magnetic field (earth’s field) is computed with the help of a
firmware algorithm stored in the ROM. This heading informa-
tion is then output to an external host microcontroller via the
digital interface.

Fig. 23 diagrammatically shows the firmware running by
the microcontroller. By default continuous acquisition of the
temperature sensor, X-, Y-, and Z-axes are running in the
main cycle. Degaussing and analog input scanning rate is
programmable. Thermal compensation and process correction
are computed in a background loop based on calibration data.
The heading information is transmitted on request via a digital
interface (I2C or SPI).

The heading measurement is given by the following formula:

; Ve
& = arctan | —
Vy

where « is the angle measurement and V, and V), are the pro-
cessed data given by

Ve = Xom(T) + Ap().sin(90 —a + ) - 6
Vy =Yaa(T) + 4y a) - sin0)
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Fig. 19. Single-ended schematic of the overall A/D converter.
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Fig. 20. Timing diagram for the extended counting A/D converter.

where:
— T is the temperature;
— A.() and A, () are the magnetic sensitivity along the

X - and Y -axes, respectively;

— Xo(T) and Yo (T) are the offsets of the X - and Y -axes,
both of which are temperature-dependent and therefore re-

quire thermal compensation;

—( and 0 are the orthogonality correction angle (phase
error) and the sensitivity mismatch correction factor,

respectively; these corrections are required to compensate
for the IMC process variation.

The last four items represent a very important step of our
magnetic calibration, which is performed at three temperatures
and which is mandatory to achieve the initially defined perfor-
mance in terms of angular accuracy of around 2°. The tempera-
ture is measured during each acquisition cycle via an on-chip
differential temperature sensor with an accuracy of £1.3 °C
which is read via the A/D converter.

9
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Fig. 21. Measured INL for 15 bit resolution.
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Fig. 22. Measured DNL for 15 bit resolution.
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Fig. 23. Microcontroller performs the calibration of the acquired data and the
heading calculation in an interrupt controlled loop. The minimum process steps
are marked with solid lines, and the other steps are optional.

By using the on-board EEPROM, parameters like offset
fields, axis selection, analog gain, and interface protocol (I12C
or SPI) can be defined. Those parameters allow the end-user to
entirely calibrate the single-chip compass even in the presence
of magnetic field distortions caused by ferromagnetic objects,
e.g., batteries, sensor housing, or car body. The sensor can also
digitize four analog inputs from external sensors and transmit
the results to a host system via the on-board digital interface.

VII. REALIZATION

The sensor chip has been realized in low-voltage 0.35 pm
mixed-signal CMOS technology (Fig. 24). The five-octagon
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Fig. 24. Realization of the electronic compass chip in 0.35 pm mixed-signal
technology.

IMC structure is placed in the center, and about half of the chip
area is used for analog and the other half for digital circuitry.

After completion of the CMOS process, the IMC layer is
applied and photolithographically structured. The on-chip de-
gaussing coil is then completed during the wire bonding to the
package leadframe. The compact die size of 2.3 mm x 2.8 mm
allows for packaging into a standard 20-pin plastic package,
with outside dimensions of only 5 mm X 4 mm X 1 mm.

Due to rigorous low-voltage design of all circuit parts, the
compass sensor works within a supply range of 2.2-3.6 V and
features a current consumption of 5 mA in normal-power mode
and less than 2 mA in low-power mode. Degaussing is per-
formed before every acquisition cycle. The degaussing rate is
programmable.

VIII. MEASUREMENT RESULTS

The output characteristics of the packaged sensor were mea-
sured by using a 3-D Helmholtz coil. The X - and ¥ -axes’ sensi-
tivity is programmable between 0.9 and 58 LSB /T, while the
Z-axis sensitivity is about six times smaller due to the lack of
IMC gain.

A. Resolution

The sensor acquires consecutively every 40 ms dataon X and
on Y. This results in a complete magnetic reading within 80 ms.
Adding another 5 ms for the computation results in a full reading
update every 85 ms. The heading resolution, which we obtain as
the peak error for repetitive measurements at a given heading,
was measured to better than 0.5°. This corresponds well to the
40 dB from our initial estimation.

B. Rotation in Earth Magnetic Field

The angular error of maximum 1.5° was measured by rotating
the sensor within the earth magnetic field at constant tempera-
ture (Fig. 25).

The raw magnetic hysteresis of the IMC depends on the ap-
plied field strength. However, after degaussing the IMC ring, the
maximum hysteresis is below 0.2 uT.

10



2932

500 /Y 25

400 | 120

X

200 \/ /—\/1'5
7 20 110 &
S 100 ] j\ A h 105 &
= M A L/ P
3 z/”\ ""W @
£ 100 105 @
O 200 X la0 <

-300-\’ 1-15

angle error
-400 - \—/ ‘ 1-20
500 ‘ 2.5
0 60 120 180 240 300 360

mechanical Angle [°]

Fig.25. Sensor output for a 360° rotation in the earth’s magnetic field (20 T).

C. Offset Drift With Temperature

The first measurements on offset drift over the tempera-
ture range from —25 °C to 4100 °C at a sensitivity set to
7.25 LSB/uT show a value of 100 LSB on X and Y. This
drift is relatively high compared with other recent work [9],
and it has its origin in the variation of local stress with temper-
ature under the edge of the IMC where the Hall elements are
placed. The on-chip microcontroller is therefore used to apply
a second-order drift compensation. As shown in Fig. 26, the
remaining drift for X is reduced to less than 10 LSB, which
corresponds to about 1 4T, which is an acceptable value for the
application.

For Y, however, we obtained with the present samples only
a reduction to about 2 T (Fig. 27). Further reducing this value
remains a challenge for the next sensor redesign.

D. Linearity

Nonlinearity of the system is given by the nonlinearity of the
BH loop of the soft amorphous ferromagnetic material of the
IMC ring The sensor’s nonlinearity was measured by a mag-
netic field sweep of FS = £200 uT to below 0.5% FS for X
and Y (Fig. 28). The onset of magnetic saturation of the IMC is
observed above 2 mT where nonlinearity was measured to 2%.
Although the earth’s flux density is always below 60 T, the ap-
plication may require an input range of up to 200 pT. The use
of the electronic compass in the proximity of ferromagnetic ma-
terials, like car bodies, batteries, or screws, can locally amplify
the flux density perceived by the transducer.

Possible host systems for such a miniature complete elec-
tronic compass system range from watches to mobile phones
to automobiles. Due to its three-axis feature, the compass can
either be used as conventional heading sensor, or as a recalibra-
tion reference for gyroscopes in more complex systems, or even
as a three-axis low-field transducer in mapping applications.

IX. CONCLUSION

In Table I, we compare with two state-of-the-art fluxgate
compass sensors with integrated metal layers [10], [11] and we
summarize as follows.

Fluxgate sensors are based on continuous saturation of the
ferromagnetic core. Although they are more sensitive and tem-
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Fig. 26. For the X -axis, the remaining drift after second-order compensation
is less than 1 uT.
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Fig. 27. For the Y -axis, the remaining drift after second-order compensation
is more than 2 pT.
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Fig.28. £200 uT field sweep measurement with linearity error calculation for
minimum gain setting.

perature-stable with higher bandwidth, they either require a lot
of power or a very delicate post-processing of the ferromag-
netic core. The Hall-IMC compass presented here combines the
advantages of simple post-processing and low-power consump-
tion. It is therefore well adapted for high-volume manufacturing
for all applications where high bandwidth is not essential. It also
has a large linear input range, so that external biasing fields from
surrounding metal structures (e.g., car body) can be compen-
sated without accuracy penalty.
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(1]
[2

(3]

(61
(7]
(8]

191

[10]

(11]

TABLE I

ELECTRONIC COMPASS BENCHMARK
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publication Kawahito '99 Drljaca '04 this work

principle fluxgate fluxgate IMC-Hall

technology 0.8um CMOS 1.0um CMOS 0.35um CMOS
IMC + polishing

postprocess electroplating + annealing IMC

power consumption 325mw 17..35mw 30mwy

linear range <50uT <50uT >200uT

bandwidth/refresh time unknown / - 2.5kHz/ - / 85ms

digital signal processing - - yes, on-chip uC

output digital analog digital

angular accuracy @T=300K | <4° for B=50uT [<1.5° for B=50uT|<2° for B=20uT
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