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Abstract

Hall sensors in CMOS technologies are ever present. Modern sensors are able to measure all three
orthogonal components of the magnetic flux density at approximately one point [1]. Unfortunately Hall
sensors have comparative high offsets, but there are a number of known techniques to reduce the offset.
The best known are the spinning current technique [2] and orthogonal coupling [3]. Using these methods
reduces the offset by several magnitudes, but a residual offset always remains. Additionally, this residual
offset has a non-linear temperature dependency. The compensation of the residual offset can improve the
sensors’ performance. Up to now it has been necessary to measure the offset at different temperatures
during the volume test. This takes a lot of time and, hence, costs money. With this proposed integrated
temperature coefficient determination and a special algorithm, it is possible to trace the offset across the
whole temperature range with only one required start-up point which can be measured easily and cheaply
during the volume test.

Fundamental idea

Using an integrated heating system allows the chip to heat up by itself [4]. This temperature difference
can be used to calculate the offset temperature coefficient (OTC) of the sensor. By measuring several
OTCs at different temperatures, the offset characteristics across temperature could be approximated by
linking up small straight lines with the according slope (OTC) as shown in figure 1.
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Figure 1: Fundamental idea of “offset tracing”

If the chip is used for the first time, only the offset (offsetzr) and the offset temperature coefficient (OTCgr)
at room temperature (RT) are already known from the volume test. With this information, only a simple

SENSOR+TEST Conference 2009 - SENSOR 2009 Proceedings Il

59



60

straight line compensation for the offset across temperature is possible. If the ambient temperature
changes, the chip could measure several OTCs at different predefined temperatures. These OTC’s are
stored in a table on the chip. The more OTCs are known, the better the offset can be reduced. If, during
the chip’s lifetime, all OTCs are noted, the offset across temperature can be traced almost exactly. In
figure 2 the offset reduction was achieved with three OTCs (OTCgy, OTCgr+a1, OTCr7.AT)

Calculation of the offset temperature coefficient

The calculation of the OTC, even with an external magnetic field can be done with the following
considerations. The output voltage of a Hall sensor can be described by

ty, =S,(T) B, +U,;(T) (1)
where S, (T) is the sensitivity of the sensor, B, is the magnetic flux density, perpendicular to the sensor
plane, and Uojf (T ) is the temperature-dependent offset voltage. The sensitivity of a voltage-controlled
Hall sensor can be calculated by

SA(T)zlun(T)%UB 2)

where ,un(T) is the carrier mobility, w and / are the width and length of the sensor and U, is the

supply voltage. Because the carrier mobility is temperature-dependent, also is the sensitivity. Measuring
two output voltages at two different temperatures (using the integrated heat source) leads to the following
two equations

u :SA(Tl)'Bu +Uoff(T1) and (3)
=SA(T2)’BA +Ufo(T2)' (4)

In case of a constant magnetic flux density, B,, equals B, . Now the magnetic flux density can be

outl

uout2

eliminated and the offset at temperature 7, can be calculated by

Uy = Uy (1)
u,(n)=u,,,-—*—2>s (T,). (5)
off \"2 out2 A\"2
S,(T})
For small temperature differences the offset can be represented by a Taylor series, cut off after the first
element. Thus we get the following linearization in the operating point at temperature 7', .

d

U ()= U, (1) (1 ~1,)+0,(7,) ®
T=T,

d
The term d—TUQﬁ, (T% will be labelled as the offset temperature coefficient OTC(T) . Now the offset
T=T,

at temperature 7, can be calculated by

Un_f]‘(Tz)ZOTC(Tl)'(Tz_Tl)"'Uoﬁ'(Tl)- (7)

Inserted in equation 6 this leads to

uoutl - Uoﬁ’ (T;)S (T )
A\"2

orc\t,)\T, -T.)+U (T )= - 8
( 1) ( 2 1)+ q[/’( 1) U SA(TI) (8)
dissolved to OTC(TI) leads to
S AT
o o @l- ]
OTC(]WI): out?2 outl A\"1 (9)
Tz _Tl Tz _Tl

If no external magnetic field is present, the offset at temperature 7, (U, (T1 )) equals the output voltage
(u,,,) and thus the second term drops out. If an external magnetic field is present, and the offset at

temperature 7, and the sensitivities at temperatures 7,and 7, are known, the second term called
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correction term can be calculated. Up to now we have used an exponential function to calculate the
sensitivities, but in future we will use the sensitivities measured via integrated coils [5].

Detection of a changing external magnetic field

During the derivation of the offset temperature coefficient we have assumed that the magnetic flux density
stays constant during the measurements. But in a real application this assumption has to be monitored.
To do so, we use more than two measurements to calculate the OTC. Figure 2 shows a diagram with five,
during the heating-up sequence, measured values.
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Figure 2: Five measured values during the
heating-up sequence.

Figure 3: Changing magnetic field during the
Measurement.

The first term of equation 9 (the gradient) can be determined by using linear regression. The correction
term from equation 9 can be determined by using the gradient of the fitted line to calculate the offset

value at 7;. Now the OTC can easily be calculated. By keeping an eye on the standard deviation o, a

change in the external magnetic field during these five measurements can be detected. Figure 3 shows
five measurements with changing external magnetic field and, in consequence, with a bigger standard
deviation. Thus, changes in the magnetic flux density of less than 1 uT can be detected.

Realization of the test chip
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Figure 4: Block diagram of the test chip and the microcontroller

To verify the correct functionality of the offset tracing by integrated temperature coefficient determination,
a microcontroller and a special test chip are used. We build the chip on a standard CMOS technology
which includes an integrated heat source with two power levels realised with an n-well, nine three-
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dimensional Hall sensors, a temperature sensor, a bipolar amplifier and a four-bit delta sigma converter.
All established offset reduction techniques for the sensors such as spinning current, and orthogonal
coupling, as well as for the analogue signal processing such as the chopper technique, are used. The
chip is controlled by the microcontroller via SPI interface. Additionally, the controller has to calculate the
offset temperature coefficients. A simple block diagram of the microcontroller and the test chip is shown in
figure 4.

Because the chip has only one analogue signal processing path, the sensor and temperature signal
cannot be measured at the same time, as shown in figure 5.
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Figure 5: Temperature characteristics during Figure 6: Thermal equivalent circuit of the sensor
the measurement module

Taking two temperature measurements, one before and one after the sensor signal, and taking the
arithmetic mean, still leads to incorrect OTCs. To solve this problem, we described the thermal behaviour
of the sensor module with an electrical circuit like the ones used in power electronics [6], as shown in

figure 6. Py is the heat flow created with the integrated heat source; R, and C,, are thermal resistances

and capacities and Al9n is the excess temperature. If at the beginning (t=0) the circuit is in a steady state

and a constant heat flow is generated by the integrated heat source, the equation of each RC element,
according to figure 6, can be calculated by
t

A3, =PR, |1-e " | (10)

Adding together all four excess temperatures will lead to the overall excess temperature of the sensor. By
switching on the integrated heat source, the thermal impedances could be defined by analysing the step
response of the system, as shown in figure 7. The results are shown in table 1.
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Figure 7: Thermal step response Table 1: RC values for the equivalent circuit
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With this thermal model the mean temperature during the output signal measurement can be calculated
by

1
L, -t

[ad(e)ar. (1)

4

Now the calculated mean temperature and the measured output voltage of the sensor are synchronised.
This way the determined OTCs match the measured offset characteristics.

Measurements

To analyse the accuracy we achieve, we tested several sensors in a climatic chamber with temperatures
between -25°C and 125°C. To generate constant and homogeneous magnetic flux densities for all three
orthogonal axes at the spot of the sensors, a Helmholtz coil triple was used. With these coils magnetic
flux densities of up to 10 mT could be generated. To guarantee constant flux densities even across
temperature, the coils current was controlled by a Keithley 2420 source measurement unit. The
measurements started at 40°C, then cooled down to -25°C, heated up again to 125°C and then cooled
down afresh to 40°C. This temperature cycle took about three hours. During this time, the controller
continuously calculated the OTCs, checked whether the external magnetic field stayed constant and if so,
used the OTCs, filtered them and stored the filtered value in a table. The reference offset measurement
was taken without an external magnetic field and without offset temperature coefficient determination.

A first measurement was taken on a sensor with a typical offset variation across temperature as shown in
figure 8, grey curve. The initial value for the OTC determination was only the measured offset at 25°C.
The filtered OTCs, calculated with an external magnetic field of 4.3 mT, are shown in table 2. With these
values the offset tracing leads to the emulated offset shown in figure 8, black curve. In order to show the
accuracy, the deviation between measured offset and emulated offset is shown in figure 9.

[HOV-I/—(%] 456 431 | 350 | 326 | 285 | 269 | 261 | 228 | 244 | 163 | 187 179 | 187
[O-E:] -25 | -12,5 0] 12,5 25| 37,5 50 | 62,5 75| 875 | 100 | 1125 | 125

Table 2: Offset temperature coefficients stored in the microcontroller
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Figure 8: Measured and emulated offset across Figure 9: Offset after reduction
Temperature

The original offset variation is about 45 pV; after the offset tracing algorithm the offset variation is reduced
by more than factor 7 to only 6 pV.
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A second measurement was taken on a sensor with a relatively high offset variation across temperature.
The measured and emulated offsets are shown in figure 10. The deviation is shown in figure 11.
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Figure 10: Measured and emulated offset across Figure 11: Offset after reduction

temperature of a sensor with big offset

The original offset variation is about 400 uV; after the offset tracing algorithm the offset variation is
reduced by more than factor 13 to only 30 pV.

These measurements show that using an integrated heat source gives the possibility of reducing the
offset by more than a factor of 10. Changes in the magnetic flux density of only 1uT will definitely be
detected.

Conclusion

Our measurements clearly show that the offset of a Hall sensor which already uses the spinning current
technique and orthogonal coupling can further be reduced by more than a factor of 10 by using integrated
heat sources to calculate the offset temperature coefficients. This can even be done during
measurements with an existing external magnetic field. Only one start-up point, which can easily be taken
during the volume test, is necessary; the remaining offset temperature coefficient at different
temperatures can be taken during the chip’s lifetime.
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