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Design of a Digital Gauss Meter for Precision
Magnetic Field Measurements

James Sedgwick, William R. Michalson, and Reinhold Ludwig

Abstract—The design of a precision gauss meter for measur- instrument can ensure accuracy over the desired measurement
ing magnetic fields is presented. The instrument utilizes a Hall range.

element probe as a transducer and features an analog front end The paper is organized as follows. Section Il discusses

capable of amplifying dc and ac signals. A 16-bit analog-to-digital . . e
converter interfaces the analog section to a microcontroller-based the analog subsystem which incorporates amplification and

digital section which corrects nonlinearities in the Hall element analog-to-digital conversion. This includes a brief description
probe as well as gain errors in the amplifiers. The specifications of what error sources are dominant and how they manifest
called for 0.25% dc accuracy and an ac bandwidth of 10 kHz. themselves. A SPICE simulation of the analog circuit is

SPICE models were used to determine the frequency response, y.esanted in Section Ill, and Section IV discusses calibration.
noise characteristics, and temperature effects of the Hall element

probe and the analog section. Finally, the analog section and the
Hall element probe were calibrated separately and configuration II. ANALOG CIRCUIT DESIGN
information was created for storage in EEPROM memory. '
o . . The goal in building this instrument was to achieve 0.25%
Index Terms—Analog systems, circuit noise, electric variables d ith a bandwidth of 10 kH d t
measurement, electromagnetic measurements, Hall effect devices, C accuracy with a banawl . 0 _Z and a measurem?n
measurement. range of 0.3 G-30 kG, as discussed in subsequent sections
of the paper. Measurements had to be repeatable, with low
drift and temperature dependence. Economic concerns dictated
low parts count and also efficient design. The analog front
HE MEASUREMENT of magnetic fields has become aend required particular attention with regard to component
important concern in industry over the past several yeaselection and the error budget.
The need to design precision electric motors, coils for magnetic
resonance imaging (MRI), actuators, and magnetic switch&s Analog Front-End Design
require instrumentation capable of accurately measuring mag- . . . .
q e : P : y 9 gA block diagram of the analog front-end is provided in
netic flux densities with a resolution of often less than 1 9 o )
: T 9. 1. The heart of the analog section is comprised of three
over a large frequency range. Recent biomedical interest i - ! :
e o rogrammable amplifiers. The first stage interfaces to the Hall
low-frequency magnetic field influences on humans has o

accelerated the demand for such equipment. The challe eY ment probe and provides gains of 1, 10, 100, and 1000.

n ! X
is therefore to construct magnetic field recording devices, \B&t:gdei igif;?ai;elocoz:no?ﬁ/r:r?ére?D?DB\/C? rlenfegggic;iirlln%ut Sg:’den
gauss meters, with high measurement precision and a wge 9 9 ' ag

. . : : : ield amplifier helps to improve common mode rejection.
bandwidth, which are economically feasible. Convention e . , .
. . . .Ihe front-end amplifier drives a low-pass filter intended to
analog instruments can no longer achieve the field recordin . . : .
uce the noise bandwidth of the system. The filtered signal

precision demanded by industry, especially when dealif . . o ;
: - . . : amplified by two additional programmable amplifiers with
with high-frequency signals, since errors introduced by t ins of 1, 10, and 100. These stages drive both an rms to

nonlinearity and temperature dependency of the magnegif(:‘: converter and a peak hold detector. An analog multiplexer
sensor cannot be adequately taken into account.

The objective of this paper is to present a unique instrajlows selection of which signal the analog-to-digital converter

. . . ADC) will monitor.
mentation approach that combines high measurement accur c¥he maximum reauired overall aain is 10 000. However. the
with wide signal bandwidth as part of a portable system. Tr}]e ed for an ac bar?dwidth of 10 ?(Hz com Iica'tes instrur’nent
magnetic field sensor relies on using Hall effect sensors 1§50 ! . picate
anwpllﬂer selection because of the characteristic roll-off of

cover a measurement range from 0.3 G to 30 kG. Since Hg e programmable instrumentation amplifiers. The second-
effect sensors are inherently nonlinear and are affected by figj"e Prog P '

strength and temperature, each must be individually Configuraer(]ald third-stage amplifiers permit high bandwidth, but do not

with probe compensation data stored in an EEPROM Withhave the same precision as the first stage device. Fortunately,

X . H ac specifications are less stringent (5%) than the dc
the probe. The probe also contains a thermistor so that spgecifications. So, for high-bandwidth ac measurements, the

first-stage gain can be reduced to unity, and the second- and
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Fig. 1. Block diagram of a Gauss meter.

is directly proportional to the current, a tightly regulatedeference would be necessary for evaluating a gain of 10 000.
low-noise current source is essential. The current sourceSmce it was undesirable to encumber the analog section, gain
comprised of a PNP transistor driven by an operational amdtocalibration was ruled out for this implementation.
plifier which monitors the Hall current through a 0.01% shunt In order to compensate for dc drift components, the AD7701
resistor and compares it to a programmable reference voltagenverter can be programmed to calibrate out the offset. To
facilitate this, a shorting relay was placed at the system input
B. The Analog-to-Digital Converter to short both inputs of the first stage to ground. In addition,
two DAC's provide coarse and fine adjustment of the reference

An analog device’'s AD7701 16-bit sigma—delta converter

was chosen because of its unique filtering and calibrat}{rpur to the first stage. These DAC inputs are active filtered

features, as well as its upgrade path to a 20-bit device. 0_keep noise out of the instrumentation amplifier. A binary

e . :
AD7701 has a built-in low-pass digital filter with a 10—HzsearCh algqnthm is employed to zero the probe when the user
RN . “selects nulling mode. As long as such drifts occur gradually,
cutoff frequency, making it ideal for dc measurements. Sin . . .
o . ey can be calibrated out. However, rapid or erratic offset
ac measurements utilize an rms converter with a dc outpH

the ADC need only process dc signals. It also has calibratioFlIfts may be difficult to null, and gain drifts cannot be

modes. which , . calibrated out during operation. Therefore, an instrumentation
, permit gain and offset errors to be corrected ... . : .
automatically. ampI.|f|er was chosen for |ts. low dl’llft properties.
Drift must also be considered in the current source. A
DAC4815 with an output drift between 5 and 30 pp@/is
C. The Error Budget used for setting a reference voltage. This is compared to the
For the first gain stages, nullable dc errors include gain errooltage measured across a shunt resistor in series with the
and input offset error. Nonnullable errors include noise, gaiklall element probe, and the error voltage controls the Hall
and offset drift, as well as common mode rejection limitationsurrent. A 0.01% resistor with a 20 ppt@ coefficient was
Offset errors can pose the most serious threat to accuracychosen for the shunt. The Hall element probe measurements
Traditional analog instrumentation often employs manuatay consequently exhibit errors of up to 0.008@/due to
zero adjustments for nulling drifts. An intelligent system whicleurrent variation.
can automatically check for drifts would substantially ease The strategy for gain error correction may incorporate the
use and reduce nullable errors to a very low order. Gairse of calibration constants stored in memory. However, this
drift errors could be nearly eliminated with an auto-calibratioassumes linearity over the field range and low gain drift. The
circuit if a reference voltage were switched into the inpuNA115 instrumentation amplifier was chosen for the first
stage. However, an accurate low-impedance low-drift 0.3-m8fage because of its high accuracy and low nonlinearity: a
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Fig. 2. Effect of amplifier gain on noise voltage at ADC input.

worst-case gain drift of 10 ppifZ and nonlinearity of 0.01%
of full scale. More importantly, the INA115 input voltage
offset has a low drift component of only 0.28V/°C. The
second-stage operational amplifier is an OPA620, chosen for
its wide bandwidth. The voltage offset is;8//°C; however,
this is only amplified by 10 for dc measurements. For high
bandwidth measurements, this is amplified by 10000, so a
potential drift of 80 mV?C must be considered for the ac case.
The AD7701 converter was chosen in part for its excellent
integral linearity—0.0007%—and low gain drift: 1.2 LSB’'s &
or less than 0.002%. The specified 0.25% dc accuracy can bE
achieved if the drifts and nonlinearities are in accordance withg
these rated values.

D. Resolution

r output, in

The resolution for this system was specified as one partz
in 2999. Some of the above-mentioned accuracy errors mayg
also effect resolution. A 0.001% error in gain is reflected as
a 0.001% reduction in resolution. Similar effects can be seen
from common-mode rejection errors and noise.

E. Noise Considerations

At the end of the signal path, less than 1-mV noise should
be present at the ADC input when the overall gain is 10 000.
If a resolution of one part in 3000 is required for a maximum
voltage of+3 V, then this corresponds to a noise voltage of
a maximum of 1 mV.

When set for a gain of 1000, the INA115 output begins to
roll off at 1 kHz, reducing the noise bandwidth of the system

_0‘511111|11111]l||||1

20

-20.0 0.0 20.0 40.0 60.0 80.0
Temperature in degrees Celsius

somewhat. At this gain, the noise amplitude at the output I?gg 3. Effect of temperature on offset voltage, referred to output.

approximately 17 mV. However, thRLC filter placed before

the ADC reduces this significantly. In addition, the AD7701he ac case, the 17-mV noise signal is present at the input of
digital filter in combination with software filtering keeps thehe rms converter and has to be considered when evaluating
noise for dc measurements to within an acceptable level. Rbe ac accuracy.



SEDGWICK et al. DESIGN OF A DIGITAL GAUSS METER FOR PRECISION MAGNETIC FIELD MEASUREMENTS 975

1.0mV t t t } }

0.8mV 1

0.6mV T

0.4mV T

0.2mV T

0.0mVv t t + t t
10h 100h 1.0Kh 10Kh 100Kh 1.0Mh 10Mh

Frequency

Fig. 4. Frequency response of Hall probe element, with (2-késistive load.

lll. SPICE MODELING pose a problem for normal use in a laboratory environment.

A SPICE model of the analog amplifier section was created 1 n€ bandwidth for the ac mode of the instrument was also
to evaluate the frequency response and study the noise figypluated. The frequer_lcy response of the SPICE model for
more closely, so that an acceptable system bandwidth coli§ Hall probe elementis shown in Fig. 4. The Hall Probe ele-
be determined. SPICE models for the Hall element probB¥Ents modeled here exhibit a marked upswing in output ampli-
permitted evaluation of temperature effects in addition ltb‘de at 10 kHz, as showr_L_ This effect, however, may be offset
accumulated noise in the signal path. by th_e_ roll-off of th_e amplifiers. The frequenc_y response of the

Fig. 2 shows the results of the noise analysis for each 3fPlifiers as predicted by SPICE models with a Hall element
the four gains. The higher accuracy dc circuit was used fBFObe input 'S. shown 'n, Fig. 5. As men_t|_oned previously, the
this case. The worst case gain of 10000 was achieved usif off of the flrst—gtage instrument amplifier does not meet the
the SPICE model of the input instrument amplifier set to Ja "kHz specification, so the less accurate second- and third-

gain of 1000, and the lower accuracy second stage was §tgtge gains were increased, while the first stage was reduced to
to a gain of ’10 To simulate the dc noise floor. the spicgdain of 10. Since the signal at the rms converter input must be

; : - allowed maximum bandwidth, minimal RC filters are placed
model was run using the NOISE command, which requir . L .
that the input circuit be swept with an ac signal at a range &that signal path, after the first and third stages. The OPA620

frequencies, within the bandwidth of interest. To accomplis?F(‘;er"’ltiOnaI amplifiers can easily permit a 1Q-kHz bgndwidth.
this, the SPICE model of the Hall element probe was excit e SPICE model demonstrated that RC filters with cutoff

by a simulated ac field swept from 10 Hz to 100 kHz. At requencies of 100 kHz yield less than 1% attenuation at

gain of 1000, the output noise voltage reached 2 mV, and Q KHz.

a gain of 10000, it reached 6.7 mV. Therefore, the original

goal of achieving 1-mV resolution appears unrealistic for the IV. CALIBRATION

two highest gains. However, additional digital filtering may be The need for an accurate low-impedance reference for

performed by the software, although this may slow the systegalibration at the time of manufacture still poses a problem

response time. when attempting to evaluate the accuracy of the high gain
This model also revealed that the offset voltage drifanges. External voltage sources were extremely susceptible

was within a millivolt for temperature fluctuations ofto 60-Hz noise. A precision voltage source as well as the

+20°C. Fig. 3 shows the result of a SPICE simulation of theoltmeter used for measurements injected sufficient noise and

same dc circuit with the instrument amplifier inputs shortecbommon-mode errors into the amplifiers to make it difficult

to ground. The simulated system temperature was varied freondetermine the performance of the amplifier at a gain of

—20 °C to 70°C, and the output dc voltage for a gain ofL0000. The current source is calibrated at manufacturing

10000 was plotted. This suggests that offset drift would ntime and the actual measured current for each probe type is
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Fig. 5. Frequency response of ac amplifier with Hall probe element at input.
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