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Three-Axis Teslameter With Integrated Hall Probe
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Abstract—The first commercially available teslameter with a
fully integrated three-axis Hall probe is described. The Hall probe
chip contains horizontal and vertical Hall elements, analog elec-
tronics, and a synchronization circuit. A horizontal Hall element
measures the perpendicular component, and two vertical Hall
devices measure the two in-plane components of a magnetic flux
density vector. Current spinning in the Hall devices cancels offset,
1/f noise, and the planar Hall voltage. The analog electronic mod-
ule of the teslameter cancels the residual offset and compensates
temperature dependence and nonlinearity of the Hall voltages.
The digital module provides analog-to-digital conversion and com-
munication to a computer.

Index Terms—Gaussmeter, Hall probe, magnetic measurement,
planar Hall effect, teslameter, three-axis Hall.

I. INTRODUCTION

OR THE measurement of nonhomogeneous magnetic flux
F densities that are produced by electromagnets and perma-
nent magnets ranging from 1076 to 10? T, one usually uses
teslameters with Hall probes. To simultaneously measure the
three orthogonal components of magnetic flux density, a three-
axis Hall probe is applied. According to the present state of
the art, a three-axis Hall probe consists of three Hall plates
that are positioned at the three mutually orthogonal faces of
a small cube [1]. The size of the individual Hall plates and
the tolerances in their positioning severely limit the achievable
spatial resolution and the angular accuracy of the measured
magnetic flux density vector. In addition, the electromagnetic
induction in the wires connecting the Hall devices limits the
useful bandwidth of such a Hall probe. Moreover, the planar
Hall effect [2] usually produces additional errors [3]. In the Hall
plates, based on the quantum well, the planar Hall effect is weak
[4], but the problem persists.

In this paper, a novel teslameter is presented with a three-
axis integrated Hall probe. The new Hall probe is the optimized
version of the first fully integrated three-axis Hall magnetic
sensor [5]. Compared to the former version [5], the present one
has lower noise and improved output buffers. The integrated
three-axis Hall probe allows a spatial resolution of magnetic
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Fig. 1. Structure of the teslameter. An analog teslameter (transducer) consists
of the modules H (Hall) and E (electronics), which are connected to an
external power supply and voltmeter. The digital version includes an RS232
interface.

measurement of about 0.1 mm, a mutual orthogonality of the
three sensitivity axis that is better than 0.5°, a bandwidth from
dc up to 25 kHz, and virtually no errors due to the planar Hall
effect.

Both analog teslameters (magnetic flux density to voltage
transducers) and digital teslameters have been developed [6].
Applications of these instruments include mapping of magnetic
fields [7], characterization and testing of magnets [8], and
monitoring of electrical machines [9].

Some parts of the present paper were presented at recent
conferences [10]-[12].

II. STRUCTURE OF THE TESLAMETER

Fig. 1 shows the structural block diagram of the three-axis
teslameter. The central part of the system is an analog section,
i.e., magnetic flux density to voltage transducer. It consists of
two modules: 1) module H (Hall), which includes a three-axis
Hall probe with the input cable, and 2) module E (electronics),
which incorporates three-channel analog electronics for signal
conditioning. This teslameter includes the cancellation of the
residual offset and compensation of temperature cross sensitiv-
ity and nonlinearity.

In order to operate, the transducer must be connected to a
power supply. In order to display the measurement results, all
three analog output voltages of the transducer can be fed to
three voltmeters.

Fig. 2 is a photograph of the analog version of the instrument.

A digital teslameter is built by attaching a digital module
to the analog module E. The digital module provides A/D
conversion, some additional error correction, a little display,
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Fig. 2. SENIS analog three-axis Hall magnetic field transducer. With refer-
ence to Fig. 1, module E (the box) and module H (the cable with the Hall probe)
are visible. The front end of the cable is very thin and flexible to allow easy
positioning of the probe.

and communication to a computer. A dedicated software pack-
age provides to the computer further signal processing and
visualization of the measurement results.

III. THREE-AXIS INTEGRATED HALL PROBE

The Hall probe contains an integrated circuit, which is sim-
ilar to the one that is described in [5]. Briefly, the integrated
circuit consists of a sensing part, analog section, and a digital
synchronization circuit. A horizontal Hall element measures
the perpendicular component, and two vertical Hall devices
[13] measure the two in-plane components of a magnetic field.
The probe has a sensitive volume of 0.15 mm x 0.15 mm x
0.01 mm and a mutual orthogonality of the three sensitive axes
better than 0.5°.

The electronic on chip provides current supply, cancellation
of offset and of 1/f noise, and amplification. The cancella-
tion of offset and of 1/f noise is realized using the spinning-
current method [13], which is described in Appendix A. As
explained here, this method also cancels the planar Hall volt-
age. The switching frequency in the spinning-current circuit is
600 kHz. This is well outside the measurement bandwidth, so
the switching noise can be completely filtered out. The on-chip
amplification of the small Hall voltages makes the output signal
of the probe immune to electromagnetic disturbances. The gain
of the on-chip amplifier depends on the measurement range,
e.g., for the range +2T, the gain is about 20. A temperature
sensor is also integrated on the chip.

The integrated circuit is realized in a conventional compli-
mentary metal-oxide—semiconductor 0.8-ym technology. The
chip dimensions are 4.45 mm (length), 0.5 mm (width), and
0.55 mm (thickness). The integrated Hall sensor chip is encap-
sulated in a package that is connected with a long cable to an
external electronics module.

Several probe packages have been developed. Figs. 3 and 4
show two examples of probes. Fig. 5 shows a detail of the probe
that is illustrated in Fig. 3, and Fig. 6 shows the probe that is
mounted on a holder.

IV. CANCELING THE PLANAR HALL VOLTAGE

If a Hall device is exposed to a nonorthogonal magnetic field,
as illustrated in Fig. 7, then its output appears to be the sum of
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Fig. 3. Thee-axis Hall probe with a window. The magnetic-sensitive region
of the integrated Hall sensor is visible through the window, which allows for
precise positioning of the probe. The dimensions of the probe are 4 mm X
2mm X 16 mm.

Fig. 4. World’s smallest three-axis Hall probe. The thin tip of the probe is a
part of the silicon integrated Hall sensor chip, which is not encapsulated. The
dimensions of the naked silicon tip are 0.5 mm X 0.55 mm X 3 mm. The
magnetic-sensitive point is only 0.15 mm away from the tip end.

Fig. 5. Photo of the window of the probe that was shown in Fig. 3. The
inset shows the magnetic-sensitive part of the integrated Hall probe. The field-
sensitive point is located at the crossing point of the axes x and z.

Fig. 6. For easy handling, the probe can be mounted on a holder. The holder
is as thin as the probe.
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Fig. 7. Planar Hall effect. A magnetic flux density vector B acting on a

Hall device can be decomposed into a normal component B, and a planar
component By,. The normal component B, produces a “normal” Hall voltage
Vi . The planar component B), produces the planar Hall voltage Vp. The total
output voltage is the sum of the normal and the planar Hall voltages.
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Fig. 8. Magnetoresistance model of the planar Hall effect. A planar magnetic
flux density Bj produces an increase AR in the resistances R2 and R4
due to the strong transversal magnetoresistance effect. Resistances R1 and
Rg3 remain practically unchanged because the longitudinal magnetoresistance
effect is weak. As a result, at the output appears as an offset voltage. Since
AR ~ BZQ,, Vog ~ Bg. This is the planar Hall voltage.

the normal and the planar Hall voltages. Physically, the planar
Hall effect is closely related with the magnetoresistance effect
[13]. Fig. 8 shows how the planar Hall effect appears on a
Hall device that is modeled as a resistor bridge. Ideally, the
four resistors are exactly equal, and we expect that the output
voltage is zero, i.e., there is no offset. However, if the device
is exposed to a planar magnetic field B, acting in the diagonal
direction, the resistors are no longer equal: Since the magnetic
field is inclined with respect to the resistors at different angles,
the magnetoresistance effect in each of them is not equal. This
disturbs the symmetry of the resistor bridge, and as a result,
an output voltage appears. This “offset voltage” depends on
the magnetic field, where it is proportional to the square of the
planar field B,,.

Based on the fact that the planar Hall voltage is so closely
related to the conventional offset voltage, we anticipate that
some offset cancellation methods may also be used to cancel
the planar Hall voltage. In the previously described three-axis
Hall probe, we cancel the offset by the spinning-current method
(see Appendix A). An experiment proved this method to also
be very efficient as a method to cancel the planar Hall voltage
(see Fig. 9).

Without a spinning current, the ratio Vp/Vy = 1.3%; with
a spinning current, Vp/Vy = 0.02%, which is at about the
resolution limit of our probe. Suppression of the planar Hall
effect by the spinning current technique is equally efficient for
the horizontal and vertical Hall devices.
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Fig. 9. Measured planar Hall voltage of the horizontal Hall plate without and
with the application of the spinning-current method. A similar result is also
obtained for the vertical Hall devices.

V. ADDITIONAL SIGNAL TREATMENT

The external electronics in module E cancels residual offset
and its temperature drift, compensates temperature influence
on magnetic sensitivity, and compensates nonlinearity of the
Hall voltages (see Fig. 10). The roles of the dashed blocks of
Fig. 10 are given as follows: The block “offset comp. 20 °C”
cancels the constant part of the offset. The block “Temp.
Comp. of OFFSET” makes the temperature signal suitable for
compensating the offset drift with temperature. Using the same
temperature signals, the block “Temp. Comp. of SENSITIV-
ITY” corrects the temperature influence on the sensitivity. The
block “NONLINEARITY Comp.” corrects the nonlinearity of
signal X = f(B). At point +, all these corrections are added to
the row signal X. Finally, the block “SENSITIVITY Adjust.”
brings the sensitivity of channel x to the calibrated value of
exactly 5 V/T.

The digital module provides fast 16-bit A/D conversions of
the analog signals from module E. It allows for a calibration
accuracy of up to 0.01%. The digital module also provides
the interface to the data acquisition and visualization software
package on an external computer.

VI. CONCLUSION AND PERFORMANCE

The analog outputs of module E consist of three differential
voltages that are proportional to the three components of the
measured magnetic flux density and a voltage that is propor-
tional to the chip temperature. The performance figures here re-
fer to the three analog “magnetic” outputs for the measurement
range +2T, with a sensitivity of 5 V/T.

The standard accuracy of the introduced teslameter is 0.1%
of the measurement range. The major parts of the error bud-
get are the residual nonlinearity error (up to 0.05%—see
Appendix B) and the sensitivity error (up to 0.02%). These two
errors can be eliminated by using a calibration table.

The compensations of temperature drifts are very efficient
due to the use of the signal that is proportional to the real
probe temperature. The temperature coefficient of sensitivity is
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Fig. 10. Functional block diagram of the analog electronic module E. Only the signal path for channel X is shown. The same also exists for Y and Z.

smaller than 100 ppm/°C, and that of the offset is smaller than
0.05 mT/°C (£2T range).

The application of the spinning-current method in the Hall
probe chip and the temperature compensation of offset help
keep the offset fluctuations and drift low. The resultant dc
magnetic flux density resolution is better than 0.1 mT (£2T
range) for any of the three channels (see Appendix C).

The spinning-current also cancels the planar Hall voltage.
Therefore, the new teslameter has virtually no crosstalk be-
tween the channels.

The on-chip amplification of the Hall voltages, the miniatur-
ized connection part of the probe, and the tightly twisted thin
cable make the probe immune to electromagnetic disturbances.
Therefore, the probe can measure the magnetic fields in its
whole bandwidth, from dc to 25 kHz. However, in order to im-
prove the signal-to-noise ratio, the bandwidth of the teslameter
can be limited (typically to 2.5 kHz) using a low-pass filter in
module E.

APPENDIX A
OFFSET CANCELLATION BY THE
SPINNING-CURRENT METHOD

The offset voltage of a Hall device is its output voltage at a
zero magnetic field. The offset is caused by an electrical asym-
metry of a Hall device, which may be due to errors in geometry
and nonuniformities in the chip material properties. The offset
of a Hall device can be virtually eliminated by a dynamic offset
cancellation technique, which is called the spinning-current
method. The idea of the spinning-current method is illustrated
in Fig. 11. The Hall device is connected to a biasing source
and an output circuit via a group of switches (which are not
shown in Fig. 11). The switches are turned on and off so that the
diagonally situated terminals of the Hall device are periodically
commutated and alternatively used as the current (input) and
the sense (output) contacts. Thus, the bias current virtually

L1y

Phase 1

|
[

Fig. 11.  Spinning-current method for the cancellation of the offset voltage of
a Hall device. A Hall device is alternatively biased in two orthogonal directions.
Then, the offset voltage due to the resistance asymmetry AR changes its sign,
whereas the Hall voltage does not change. By averaging the output voltages of
the two phases, one can cancel out the offset voltage.

Phase 2

rotates in the device for 90° back and forth (therefore, the term
“spinning current”). The Hall voltage rotates with the biasing
current and appears at the output with a sign that depends only
on the orientation of magnetic field B. If the magnetic field
does not vary much during a switching period, then the Hall
voltage is quasi-dc. On the other hand, the offset voltage at the
output has an opposite sign during each phase of the spinning
current. Therefore, the offset voltage appears as an ac signal
with the switching frequency and can be filtered out from the
output voltage.

The spinning-current method is a variation of the chopping
technique. Similar to the chopping, the spinning current also
reduces the 1/f noise of the switched Hall device. This can be
understood by imagining the 1/f noise voltage at the output
terminals of a Hall device as a slowly fluctuating offset voltage.
We can model the 1/f noise by a fluctuating asymmetry resis-
tance AR in Fig. 11. If the biasing current of the Hall device
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Fig. 12. Transducer nonlinearity error as a function of the measured magnetic flux density in the range +2T.
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Fig. 14. Histogram of the values from Fig. 12 and the corresponding approximation by a Gaussian distribution. The standard deviation is about 83 1V, which

corresponds to 17 pT.

spins fast enough, then there will be no difference between the
static and the fluctuating offset, and the system will cancel both
of them.

An essential condition for good operation of the spinning-
current method is that the spinning frequency is significantly
higher than both the highest frequency of the measured mag-
netic field and of the corner frequency of the 1/f noise. This
allows efficient filtering of the offset voltage and the parasitic
picks that are added by the switches (the switching noise),
without deteriorating the spectrum of the measured magnetic
signal.

APPENDIX B
NONLINEARITY

Nonlinearity is the deviation of function By casured =
f (Bactual) from the best linear fit of this function. Usually, the

maximum of this deviation is expressed in terms of percentage
of the full-scale input. Accordingly, here, the nonlinearity error
is calculated as follows:

NL =100 x {[Vout(B) — Vost]/S" — B} ax /BLR

for —Brr < B < BLr

with the following notation:

B actual testing dc magnetic flux density, which
is given by a reference NMR teslameter;
corresponding measured transducer output
voltage after zeroing the offset;

Vvout (B) - Voff

S’ slope of the best linear fit of function f(B) =
Vouts (B) — Vg (i-e., the actual sensitivity);
Brr linear range of magnetic flux density, here,

Bir=2T.
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An example of the measured nonlinearity error is shown in
Fig. 12.

APPENDIX C
OFFSET FLUCTUATION AND DRIFT

The fluctuation and drift of the residual offset of the “mag-
netic” analog outputs of a transducer with the range £2T
were characterized as follows: The probe was kept in a zero-
gauss chamber at room temperature for a few minutes to
stabilize. Then, over a time period of 100 s, 2000 sam-
ples of the transducer output voltage were recorded. Thereby,
each sample was averaged over the sampling time period of
0.05 s. This sampling scheme corresponds to a measurement
in the frequency bandwidth from 0.01 to 10 Hz. The results are
shown in Figs. 13 and 14.

By inspecting Fig. 13, we conclude that there is no visible
tendency of long-term drift of offset. This corroborates with
the approximately Gaussian distribution in Fig. 14, which is
expected for a stationary stochastic process.

The standard deviation (sigma) of the voltage samples in the
preceding diagrams is about 83 1 V. This equals the rms fluctua-
tion of the offset voltage in the preceding frequency bandwidth.
The equivalent rms magnetic flux density fluctuation is about
17 uT. This is an indication of the measurement resolution
for quasi-dc magnetic signals in the frequency bandwidth from
0.01 to 10 Hz. Another measure for the resolution is the
peak-to-peak span of the offset fluctuations. In the present
case, the six-sigma peak-to-peak offset fluctuation span is
about 0.1 mT.

REFERENCES

[1] C. Goldberg and R. E Davis, “New galvanomagnetic effect,” Phys. Rev.,
vol. 94, no. 5, pp. 1121-1125, Jun. 1954.

[2] L. Bottura, M. Haverkamp, L. Larsson, S. Schloss, M. Schneider, and

N. Smirnov, “A fast sextupole probe for snapback measurement in the

LHC dipoles,” in Proc. 16th Int. Conf. Magn. Technol., Ponte Vedra

Beach, FL, Sep. 26-Oct. 2, 1999.

M. Polak and I. Hlasnik, “Planar Hall effect in heavy doped n-InSb and

its influence on the measurement of magnetic field components with Hall

generators at 4.2 K,” Solid State Electron., vol. 13, no. 2, pp. 219-227,

Feb. 1970.

[4] J. Morvic and J. Betko, “Planar Hall effect in Hall sensors made from
InP/InGaAs heterostructure,” Sens. Actuators A, Phys., vol. 120, no. 1,
pp. 130-133, Apr. 2005.

[5] P. Kejik, E. Schurig, F. Bergsma, and R. S. Popovic, “First fully CMOS-
integrated 3D hall probe,” in Proc. Transducers, Seoul, Korea, Jun. 5-9,
2005, pp. 317-320.

[6] [Online]. Available: www.senis.ch

[7] Communication with Z. R. Wolf of Stanford Linear Accelerator Center
(SLAC), Stanford, CA. [Online]. Available: wolf@slac.stanford.edu

[8] Grenchen, Switzerland: Manufacture Horlogere Suisse. Communi-

3

—

cation with Franco Elegibili of ETA SA. [Online]. Available:
franco.elegibili @eta.ch
[9] MC-monitoring Sa, Fribourg, Switzerland. [Online]. Available:

http://www.mc-monitoring.com/ww/en/pub/mcmonitoring/products/
sensors.htm

[10] D. R. Popovic, S. Dimitrijevic, M. Blagojevic, P. Kejik, E. Schurig,
and R. S. Popovic, “Three-axis teslameter with integrated hall probe
free from the planar hall effect,” presented at the Instrum. Mea-
surement Technol. Conf. (IMTC), Sorrento, Italy, Apr. 24-27, 2006,
Paper No. 6384.

[11] D. R. Popovic, S. Dimitrijevic, M. Blagojevic, and R. S Popovic, “Three-
axes teslameter free from the planar Hall effect,” in Proc. 14th IMMW,
Sep. 2005.

1401

[12] D.R. Popovic, S. Dimitrijevic, M. Blagojevic, and R. S. Popovic, “Three-
axes analogue teslameter with an integrated Hall probe,” in Proc. 8th Int.
Symp. Magn. Suspension Technol., Dresden, Germany, Sep. 2005, p. 226.

[13] R. S. Popovic, Hall Effect Devices, 2nd ed. Bristol, U.K.: IOP, 2004.

Dragana R. Popovic received the Master’s degree
in electrical engineering from Swiss Federal Institute
of Technology (ETHZ), Zurich, Switzerland. She is
currently working toward the Ph.D. degree at the
University of Novi Sad, Novi Sad, Serbia.

After graduating from ETHZ, she joined Credit
Suisse e-Business, Zurich, and Sentron AG, Zug,
Switzerland. She is the Managing Director and a
Cofounder of SENIS GmbH, Zug, and Ametes AG,
Zurich. Her research interests include technology
management, entrepreneurship, and marketing of
high-tech start-ups.

Sasa Dimitrijevic received the Master’s degree in
electrical engineering from the University of Nis,
Nis, Serbia.

He is currently with Sentronis ad (a SENIS com-
pany), Nis, where he is responsible for development
and production. His area of expertise includes mag-
netic measurements and current transducers.

Marjan Blagojevic received the Master’s degree in
electrical engineering from the University of Nis,
Nis, Serbia.

He is the Chief Executive Office of Sentronis ad (a
SENIS company), Nis. His research interests include
magnetic measurements and current transducers.

Pavel Kejik was born in the Czech Republic in
1971. He received the Diploma and the Ph.D. degrees
from Czech Technical University of Prague, Prague,
Czech Republic, in 1994 and 1999, respectively.

In 1999, he joined the Institute of Microelectronics
and Microsystems, Swiss Federal Institute of Tech-
nology (EPFL), Lausanne, Switzerland, to work on
the Institute’s circuit design and testing. His research
interests include magnetic sensors, contactless cur-
rent measurement, and mixed-signal IC design and
low-noise circuit design.



IEEE TRANSACTIONS ON INSTRUMENTATION AND MEASUREMENT, VOL. 56, NO. 4, AUGUST 2007

Enrico Schurig was born in Elsterwerda, Germany,
in 1972. He received the university diploma de-
gree in physics, with a specialization in solid-state
physics, from the Martin-Luther University Halle-
Wittenberg, Halle, Germany, in 1997 and the Ph.D.
degree for his work in the field of CMOS-integrated
Hall sensors from the Swiss Federal Institute of
Technology, Lausanne, Switzerland, in 2005.

He is currently with a Swiss start-up company
Spinomix SA, Lausanne, where he brings his exper-
tise in microsystems and magnetics into a working

group that develops medical diagnostic systems based on magnetic beads.

Radivoje S. Popovic (SM’81) received the Dipl. Ing.
degree in engineering physics from the University
of Beograd, Beograd, Yugoslavia, in 1969 and the
M.Sc. and Dr.Sc. degrees in electronics from the
University of Nis, Nis, Yugoslavia, in 1974 and 1978,
respectively.

From 1969 to 1981, he was with Elektronska
Industrija, Nis. From 1982 to 1993, he was with
Landis and Gyr AG, Central R&D, Zug, Switzerland,
where he was appointed Vice President of Central
R&D in 1991. In 1994, he joined the Swiss Federal
Institute of Technology (EPFL), Lausanne, Switzerland, as a Professor of
microtechnology systems. He is the Founder of start-up companies Sentron
AG, Sentronis ad, Senis GmbH, and Ametes AG. He is the author or coauthor
of 250 publications and 95 patent applications. His current research interests
include sensors for magnetic and optical signals, interface electronics, and noise
phenomena.

Dr. Popovic is a member of the Swiss Academy of Engineering Sciences and
the Serbian Academy of Engineering Sciences.



