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Abstract: A new model for integrated six terminal Hall element is presented in the paper. The model is based on six terminal Hall element patented in
1995. All magnetic field contributions are considered, external magnetic field and inducted field with integrated coil. A new model was developed to
improve the offset modeling and to understand the influence of the integrated coil heating on the Hall element output signal.

Nov model Hallovega elementa s Sestimi prikljucki

Kjuéne besede: Hallov element s Sestimi priklju¢ki, integrirana tuljavica, vpliv segrevanja integrirane tuljavice, vpliv napetosti nicenja

lzvlegek: V &lanku je predstavijen nov model Hallovega elemeta s estimi prikljudki. Temelji na Hallovem elementu s 8estimi prikljucki, ki je bit patentiran
leta 1995. V model so vkljudeni vsi prispevki magnetnih polj, ki vplivajo na odziv elementa. To sta zunanje magnetno polje in notranje magnetno polje,
generirano z integrirano tuljavico. Nov model optimizira simuiacije vpliva ni¢elne napetosti in vpliva segrevanja integrirane tuljavice na izhodni signal

Hallovega elementa.

1 Introduction

Back in 1995 six terminal Hall element was patented /1/.
In the same time simple Hall model with coil was introduced.
Basic model consists of fundamental elements. Four re-
sistors were introduced in the model as replacement for n-
well silicon resistance. As seen from the Figure 1, each
resistor corresponds to one of branches in the layout pic-
ture, using the clover leave shape of the Hall element.

D

Fig. 1: Basic elements in Hall model

The contact terminals of Hall element are labeled as their
orientation; U - Up, R - Right, D - Down and L as Left.

Next parameter which is implemented in basic model and
the most important one is the Hall voltage. For the Hall
voltage calculation the bias current needs to be measured
which is flowing trough the element. Because we can spin
the Hall element, the current must be measured in both
possible directions, U - D and R - L. Then the current
controlled voltage source is used to simulate Hall voltage

on the opposite terminals. Finally the contribution to con-
sider is the magnetic field, generated by the integrated coil.
The solution is presented in Figure 2, which also presents
the basic model for Hall element, introduced in 1995.

Fig. 2: Basic model of six terminal Hall element

In this figure we can see four basic well resistors ru, rr, rd
and rl. Resistors rsl and rsu are the resistors for bias cur-
rent sensing. Voltage drop on those resistors in mV is di-
rectly current value in mA if resistance is setto 1Q. In each
branch there is one closed loop which consists of VCR
element (Voltage Controlled Resistor) and CCCS element
(Current Controlled Current Source). VCR's are gu, gr, gd
and gl elements in SPICE model and are controlled by the
voltage on the current sensing resistor corresponding to
which branch they are positioned. In the model the inte-
grated coil resistance is replaced by resistor rf. Current
trough the coil is in linear relation with magnetic field. With
DC voltage source vs, this current is measured and it con-
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trols all CCCS elements. The pair of VCR and CCCS needs
to be positioned in each branch because VCR element
returns O for negative voltage, as the Hall element can be
spinned this voltage can be negative as well, so the sec-
ond pair of VCR and CCCS takes over for Hall voltage cal-
culation.

Sensitivity of Hall element /3/ and resistance of n-well sil-
icon varies with technologies. We can adjust the variations
for each technology by changing of the coefficients in VCR
and CCCS relations and with changing the values of well
resistors.

At the simulations where offset influence is investigated,
an external resistor between two terminals is used, i.e. if
the current flows from U - D an external resistor between
U and L or U and R is connected. The offset voltage is
mainly caused with the process, nonidealities due to the
tolerances in dimensions, etching, etc. Using the method
of changing resistance between terminals, the offset volt-
age appears at the output, but from this approach we can
not see clearly how big the actual variation of well resist-
ance is. Second difficulty in simulations with external off-
set resistor is long settling time. Resistors values in the
range 100 times larger then the resistance of the Hall ele-
ment branch need to be used, to achieve correct offset
levels. The settling constant is far too long, to simulate the
spinning of the Hall element, where frequencies around
500kHz are used.

In the simple model, there is no external magnetic field
influence element. Simulations with basic Hall model are
done only with the internal coil. We need to add the exter-
nal field and the internal generated field on the same ter-
minal to observe the influence on the output. This approach
does not give as clear separate contributions of each part
of the magnetic field.

Influence of the coil heating is also not included in the ba-
sic model. Current flowing trough the coil causes coil heat-
ing which directly affect the Hall element output voltage.

2 New Hall model

In this section all problems mentioned above are solved by
proposing one compact model of the Hall element. All pa-
rameters are characterized to reach the output response
as close as possible to match the real measurement re-
sults.

Distribution of resistances in the basic model, are done as
in the layout topology, in four separate branches. For the
offset voltage simulation, this is not appropriate. A better
solution is the bridge connection of four resistors, as shown
in Figure 3.

In this case the offset voltage can be easily modeled by
resistor value variations, according to the parameters de-
rived from silicon foundry matching data. Relation between
resistance variations and output offset voltage is linear and
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Fig. 3:  Resistors bridge connection

clear. Small change in resistance can cause a large output
offset voltage, but it does not influence the settling con-
stant. The resistances in the branches are now different
than in the previous model. Total Hall element resistance
is the same and output signal as well. In the Table 1, the
offset voltage Voff simulation results are listed, were Arur
is resistance step value.

Table 1: Offset simulation results

ARur[Q] | VoffmV]
0 0
1 -0,259
2 -0,517
5 -1,292
10 -2,582
20 -5,159
50 -12,859
-1 0,257
-2 0,516
-5 1,292
-10 2,587
-20 5,180
-50 12,990

On Figure 4 graphical result of the offset voltage is shown.

On the figure 5a the modeling of Hall voltage is added to
the bridge model of Hall element. Two separate voltage
sources are included for external and internal field contri-
butions in each of bridge branches. Each voltage source
consists of VCR and CCCS as in the basic mode!. For cur-
rent sensing, two resistors are added in the common Up
and Right branch, ru and rr. Qutside of the bridge, two sub
circuits are added. The first one represents the coil, its
resistance rqo1 and voltage source vs as current sensing
element. The second one replaces the external magnetic
field with a voltage source vm and resistor rp, = 1Q to pro-
vide the current used in CCCS element.
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Fig. 4: Offset vs. Arur

Relation for internal magnetic field Bint is given by the equa-
tion k{Bint. Constant k1 is multiplying factor for coil gener-
ated magnetic field, which contains all parameters defined
by the process. This constant is basically the sensitivity of
Hall element for internal field and the constant ko is the
sensitivity of the element for external magnetic field.

Heating of the integrated coil around the Hall element due
to the current flowing trough, causes signal distortion of
Hall element output signal /4/. The detailed analysis of
the output signal provided the parameters for modeling this
phenomenon. It has been determined that relevant distor-
tion harmonic component is the second, due to of relation
between current and heating, which is quadratic (Joule
losses).

In Figure 5b, the full Hall model is presented, including the
heating influence generators. They are positioned in left
and bottom part, to meet the modeling requirements for
the design and layout. Two sub-circuits were used, to pro-
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Fig. ba: Simplified model of Hall element

hout D

Fig. 5b: Full model of Hall element

vide correct function in both positive and negative coil cur-
rent. This is necessary as the negative coil current returns
a zero for VRC in SPICE simulator.

In the time diagram (Figure 8), simulation of Hall element
model is shown. All simulations are done with 0.6um CMOS
technology parameters. In the upper trace the input coil
current hin is presented. The middle trace shows the out-
put signals, in this case R and L, and the bottom trace is
the difference between them. In our simulation we have
10mA of coil current and the Hall element bias current 1TmA.

Y B

Fig. 6:  Simulation result for internally generated
magnetic field by integrated coil current
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In figure 7 the simulation results of external magnetic field
are shown. The upper trace is input Bin voltage represent-
ing external field, as voltage.1V level corresponds to 10mT
of external field. As in diagram shown in fig. 7 the traces in
the middle are the Hall element outputs R and L, and bot-
tom trace is the difference between both outputs.
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Fig. 7. Simulation results for external magnetic field

Heating effect, which is modeled by generators, is de-
scribed with kalc? function. Constant ks presents the heat-
ing factor and Ic is the current flowing trough the coil. Fac-
tor ks is a function of coil geometry and resistance. Simu-
lation for thermal influence on the output was done with
internal magnetic field. As shown there are distortions at
peak values of each output in the middle trace on figure 8.
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Fig. 8:  Thermal effect of coil current

Differential output signal is shown on the bottom trace of
figure 9. Exact mechanism of distortion effect is caused
by the temperature gradient trough the element. Positive
peaks are flattened and negative are sharpened, because
of the second harmonic component added.

For offset voltage modeling a proposal model does not offer
an user friendly simulation approach so we decided to
modify the model with the offset voltage as parameter which
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Fig. 9:  Differential output signal as result of internal and
external generated magnetic field

o)
hOut (2]

Fig. 10: Final Hall element model

can be derived from matching characteristics of process.
The modified model is shown in figure 10.

We have added a VCR element, controlled by voltage on
roff resistor. Additional pin was added in the model labeled
as Off. A voltage source voff was included in the offset
branch for supervising the current flowing trough roff re-
sistor. Resistor roff is n-well type to take into account the
temperature variations of the offset. Voltage equation ksVioit
describe the offset voltage dependence on voltage on re-
sistor Vroff. The constant k4 is the sum of all process pa-
rameters influencing the offset voltage /2/ and is set to
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achieve a maximal possible offset ~ 10mV at 1V on Off
pin. As the resistor roff is a n-well resistor, we can simulate
temperature dependence of the offset trough voltage. The
simulation shows 0.66%/K temperature coefficient of the
offset voltage around room temperature, and up to 0.9%/
K TC of the offset voltage in the range from -40°C to 140°C.

3 Measurement results

Measurements were done to verify the model coil heating
influence on the output signal. The output voltage of Hall
element was amplified with gain of 94,72.

Fig. 11b:Spectral components at Ic = 5mA

Figure 11a is oscilloscope picture of the output signal
shown on upper trace for coil current Ic = 5mA. For such
current the distortion is not clearly visible, but it is seen in
figure 11b, where the spectrum of the output already shows
a second harmonic component at -38dB, compared to the
first harmonic component.

Fig. 12b:Spectral components at Ic = 10mA

By increasing the coil current to 10mA (figure 12a), the
second harmonic is increased for 12dB (figure 12b), which
is in good accordance to the simulation model.
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Fig. 13a:0scilloscope picture at Ic = 20mA
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Fig. 13b:Spectral components at Ic = 20mA

Further increase of the coil current to 20mA (figure 13a)
increases the second harmonic component for additional
12dB (figure 13b), as expected.

4 Conclusions

New six terminal Hall element model was developed and
described in the paper. In presented model all magnetic
contributions were taken into account including internal
magnetic field, external magnetic field, Hall element offset
voltage and its temperature dependence. In addition a dis-
tortion of the output signal due to the integrated coil heat-
ing was included in model. A measurement on Hall inte-
grated element with coil showed a good compliance with
the proposed model.
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