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Abstract: This paper presents a complete digital calibration methodology and its application to
the improvement of a Hall sensor-based current measurement microsystem. It is a step-by-step
illustration of how generic calibration techniques and circuits can be used on a practical example.
First, the methodology is presented. The successive approximations algorithm and its working
conditions are detailed. Circuits used for calibration are also discussed, as well as CAD tools
useful for integrating background calibration components in electrical simulations. Then, the Hall
sensor microsystem is analyzed at system level and its imperfections identified: sensitivity drift and
offset drift. The circuit is designed so that for each imperfection to be cancelled, detection and
compensation nodes are identified. To these nodes, generic digital calibration circuits are
connected to perform continuous background calibration. In the presented current measurement
microsystem, the use of the calibration methodology reduced the sensitivity drift down to 50
ppm/ °C, which is 10 times less than the state of the art.
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1. INTRODUCTION The approach is based on
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1.1 Digital Calibration Methodology

This paper shows a case study of the digital
calibration methodology proposed in [1] and [2].
This general technique can be applied to all kind
of integrated circuits and systems: analog
(amplifiers), mixed-signal (ADCs, DACs) and
even digital circuits like memories [3][4][5]).
Figure 1 presents the application to the offset
and noise cancelling (Vo + Vy in the figure) of
an amplifier A [6][7][8].

compensation using sub-binary digital-to-analog
converters: A converter (DAC) injects a
compensation current in a given node of the
circuit, the compensation node (the nulling input
Z), where the imperfection can be compensated.
The DAC is controlled by a digital algorithm
(Ctrl & Successive Approximations Register)
that increases or decreases the compensation
current. The algorithm bases its decision on the
observation of a second node in the circuit, the
detection node (here V), where the sign of the
resulting imperfection is sensed by a
comparator.
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In this way, the algorithm tracks the
imperfection and constantly adjusts the
compensation current in order to minimize the
resulting imperfection.

Vo+VN

Figure 1. Calibration of the offset of an amplifier

1.2 Hall Sensor-Based Microsystems

The major limitation in Hall sensor-based
[9][10] magnetic field and current measurement
microsystems is the sensitivity drift. The drift is
caused by temperature variations, mechanical
stresses and ageing [11][12]. Without
calibration, the thermal sensitivity drift is
typically 500 ppm/°C with a characteristics as
presented in figure 2. Ageing can cause
additional drifts of up to 2 %.

With first-order temperature compensation, the
thermal drift can be reduced to about 300
ppm/°C. On the other hand, the drift due to
ageing is unpredictable and cannot be eliminated
without regular calibration. Digital calibration
[13][14][15] allows canceling all sources of
drift, including purely mechanical stresses and
ageing.
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Figure 2. Typical sensitivity drift of a Hall sensor
(uncalibrated)

2. CALIBRATION ALGORITHM
2.1 Successive approximations algorithm

The successive approximations algorithm can be
advantageously used for calibration because of
its simplicity and the flexibility of its working
condition. The algorithm performs a dichotomic
search over all possible digital control values to
identify the best one. For all digital control bits
d; to d, (n is the total number of bits of the
DAC) and starting by the MSB (Most
Significant Bit), it decides whether the bit must
be set of not, basing its decision on a simple
comparison (Coy):
resetalld; =0
for i = n downto 1
setd; =1
if Cout >0
resetd; =0
end if
end for
At the end of the algorithm, the output of the
DAC is close to the ideal value. It is not distant
from this optimum by more than the weight (w,)
of 1 LSB (Least Significant Bit).

It is noteworthy that the algorithm performs in n
steps, which represents only a complexity of
log,(FS), where the full scale FS is 2".

2.2 Working condition of the algorithm

If w; to w, are the weights of the bits 1 to n
respectively, the condition for the successive
approximations algorithm to work is simply the
fact that there must be no missing code:

i1
w, Sw, +ij , Vie [Zn]
j=1

If this condition is guaranteed, the successive
approximations algorithm will indeed produce a
result within 1 LSB to the optimum. In
particular, there is no need for the DAC being
perfectly linear or having no duplicate codes.

3. CALIBRATION CIRCUITS
3.1 Sub-Binary M/2*M DACs

The M/2'M DACsS can be used advantageously
with a successive approximations dichotomy
algorithm, since the working condition of the
algorithm is guaranteed by design. It is indeed
true that if the radix is sub-binary, the output
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value w; of the DAC when only control bit d; is
set is necessarily lower than when the all less
significant bits (than i) d;;..d, are set.

Sub-binary digital-to-analog converters are
advantageous because they can be designed to
occupy very low area, even for arbitrarily high
resolutions [1][16][17]. They are especially well
suited for being used in conjunction with the
successive approximations algorithms used for
calibration.

The M/2M ladder of figure 3 is a pseudo-resistor
[18][19] implementation of the well-known
R/2R ladder [20]. In this circuit, each transistor
implements a pseudo-resistor of equal value, and
the ladder divides the current by 2 in each
branch. The bottom-most transistors act by pairs
in a complementary way: one as a unit-value
pseudo-resistor, the other as an open switch, the
role depending on the digital control signals. In
this way, each vertical current can be switched.
The M/2'M ladders are variants of the M/2M
ladder that are voluntarily made sub-binary by
increasing the numbers of transistors in the
vertical branches.

Figure 4 presents the schematic of a complete
M/3M converter, which is a radix-1.77 ladder.
Other variants of M/2*M DACs exist, like the
M/2.5M ladder for instance, which is a radix-
1.86 converter. The difference between them is
mainly the radix, but also the required accuracy
of the devices used in the ladder. Indeed, very
low-precision transistors are sufficient to
guarantee proper working of an M/3M ladder,
whereas an M/2M ladder requires perfect
components to be functional.

In practice, the M/3M ladder is a good
compromise between area and radix. Since the
transistors composing it don’t need to be
precise, they can be almost minimum-sized. The
overall area of the ladder thus remains so small
that it is comparable to the area of the digital
register storing its control value.
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Figure 3. M/2M ladder -
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Figure 4. M/3M sub-binary converter
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3.2 Step-up/Step-down for continuous-time
calibration

The successive approximations algorithm tests
each bit of the DAC (starting with the MSB and
ending with the LSB) to determine the optimum
compensation of the imperfection. This causes
the resulting imperfection to be temporarily
large during the calibration process, which is not
always acceptable. In the current measurement
microsystem, this effect is not a problem for the
offset cancellation since the latter is removed by
demodulation. But the gain correction must
remain accurate all the time and the
imperfection (gain drift) must be continuously
tracked.

The successive approximations algorithm cannot
be used directly and a step-up/step-down
converter must be used instead. Such a converter
can be realized by using two sub-binary DACs
connected to the circuit of figure 5. In the
configuration presented in the figure, the
compensation current is generated by DACI,
whereas DAC2 is adjusted to produce the next
compensation current Ipac; + Ly if the step is
upwards (as in figure), or Ipac; - Ie. if the step is
downwards. The switches S; and S, are then
toggled and the roles of the converters reversed.

This technique allows using the successive
approximations algorithm for continuous
imperfection tracking, at the cost of a second
sub-binary converter. Nevertheless, the overall
area of the circuit remains small.
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Figure 5. Up/down converter

4. CAD TOOLS

The digital calibration algorithm and the
associated calibration circuits can be included in
circuit and system design at a very early stage.
In fact, their behaviour and interaction with the
rest of the circuit can be simulated and the
improvement of performance observed.

However, to be done transparently for the user,
the simulation process must be slightly adapted.
Figure 6 presents how the procedure must be
adjusted to include compensation components
that, from the designer’s point of view, play
“automatically” their calibration role. For each
user-requested simulation, a pre-simulation is
carried out. During this first pass, the simulator
identifies the ideal compensation value for each
compensation component inserted in the circuit.
It then adds a random error corresponding to the
quantization error of 1 LSB that the algorithm
will reach in practice. Then, the calculated value
is used during the second pass where the
simulation requested by the user is carried out
with a correctly calibrated compensation
component.

Figure 7 presents a view of a compensation
component in the schematic editor. The decision
input for the successive approximations
algorithm is derived from the comparison
between V, and V_, which are connected to the
detection nodes. The resolution, full scale and
output characteristics of the DAC are specified
in the lower part, and the differential current
outputs Iomp: and Iomp, are connected to the
compensation nodes. Finally, the rest of the
circuit can use the Adjust signals to set the
correct configuration, depending if the circuit is
in  calibration mode  (first pass), or
compensation/normal use mode (second pass).

This simulation method allows seeing the
impact of the compensation on system

J s, AT
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performance. Figure 8 presents the effect of
using a compensation component to cancel the
offset of an operational amplifier, on the
principle presented in figure 1. The statistical
dispersions of the offset without and with
calibration are presented as the result of Monte
Carlo analyses on 1000 samples.

Without compensation, the offset distribution is
Gaussian with a standard deviation of about 3
mV. When the compensation is activated, the
distribution becomes uniform on a interval
reduced by a factor of 240. This value is very
close to the resolution of the DAC used in this
example, namely 8 bits (256 possible values).
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Figure 6. 2-pass simulation process
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Figure 7. Automatic differential compensation
component
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Figure 8. Offset distribution without (left) and with
(right) calibration

5. APPLICATION TO THE HALL SENSOR
MICROSYSTEM

The first step is to design the system so that
detection and compensation nodes can be
identified. Figure 9 presents the block diagram
of the current measurement microsystem. As in
previous implementations, the spinning current
technique [21][22] is used to modulate the Hall
voltage. An integrated coil [23][24] generates a
modulated reference magnetic field, used for
sensitivity measurement, at half the spinning
current frequency.

The preamplified signal V4 thus consists of 4
successive phases presented in table 1. The table
also displays the 3 demodulation schemes that
allow to extract in parallel the 3 external (V),
reference (V. and offset (V.g) components

from V. Synchronous switched-capacitor
circuits perform the demodulation by
implementing the 4 successive arithmetic

operations corresponding to each component.

Gain
correction

Demodulators

correction

Spinning I | Modulation
Reference generator

Figure 9. Hall sensor microsystem block diagram

Table 1. Modulation and demodulation schemes

Modulation Demodulation
Phase| Spin. | Coil Vmod Sig. | Ref. | Off.
1 + + +(Vext + Vref) + Vot + + +
2 + ~(Vext + Vref) + Vot - - .
3 i - HVext — Vref) + Vo i - .
4 - —(Vext — Vref) + Vort - bl l
AVext | 4Vref | 4Vof

5.1 Sensitivity Calibration Feedback Loop

In this system, the detection node for the
sensitivity drift is the output of the upper
demodulator of figure 9 (4V,y), whereas the
compensation node is the bias current input of
the sensor (Iy;,). Indeed, the preamplifier signal
is:

Vmod =x5 Ibias (Bext + Bref) + Voff, (1)

where S; is the current-related sensitivity of the
Hall sensor (which drifts) and I, its bias
current, which is adjusted by the digital
algorithm. A diminution of S; can thus be
compensated by an increase of Iy, and
conversely. In this way, the global sensitivity of
the system, Sk, can be made constant by
calibration.

Figure 10 shows a more detailed view of the
sensitivity calibration feedback loop. The
sensitivity measurement is digitized (D) by a
delta-sigma ADC and compared to a digital
nominal value D,,, which represents the
desired sensitivity of the system. In this sense,
the digital difference & is the detection signal,
and the output of the comparator D the decision
signal for the algorithm. If D is positive, the
sensitivity is too high and has to be reduced by
decreasing the sensor bias current. If D is
negative, I, has to be increased. The
equilibrium is reached when D, is equal to
D,om, and & is null.

The digital gain correction algorithms controls
the M/2'M  sub-binary  digital-to-analog
converter that injects the compensation current
Iomp in the compensation node Ne. A fixed
current source I,,, generates the nominal bias
current corresponding the targeted sensitivity,
and thus I.m, accounts only for the drift. This
reduces the necessary full scale of the DAC, and
thus allows a lower resolution.

The calibration loop adjusts the sensitivity once
per second. A long integration time is needed to
increase the signal-to-noise ratio since the
reference signal level is very low. The 0.1 % of
the reference signal, which is the expected
calibration resolution, represents only 40 nV at
the preamplifier input. This is indeed very close
to the white noise floor level of the preamplifier,
at 20 nV/\VHz. Nevertheless, the 1 Hz calibration
rate still allows tracking all causes of sensitivity
variations, including temperature.
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The calibration loop can also be disabled
temporarily to save power. If the sensitivity
variations are slow (with respect to the
calibration period of 1 s), the current in the
reference coil (a few mA) can be turned off. It is
also possible to turn the calibration loop on
more often when high sensitivity variations are
expected, for instance when fast temperature
changes arise.

Digital gain | p Digital
correction comparator %3
algorithm
M/2*M D
DAC nom
Icomp () Inom

Nc
I Reference
bias demodulator ADC

i D

S\kI)VItCh P | |AZ ref
ox | 14Vier |

Figure 10. Sensitivity calibration feedback loop

5.2 Offset Calibration Feedback Loop

In the implemented microsystem, the combined
offset V. of the sensor and the preamplifier is
also corrected. Although this is not necessary
since the demodulation schemes cancel the input
offset (see table 1), it allows increasing the
preamplifier gain, and thus the signal dynamic
range. The detection node for the offset is the
output of the bottom-most demodulator of figure
9 (4V ). Figure 11 presents a detailed view of
the offset calibration feedback loop. In this case,
the voltage in the detection node Np is compared
to zero, which is the nominal value for the
offset. The sign of the detection signal o is the
decision signal D for the algorithm. As for the
sensitivity calibration loop, the target is & = 0,
and thus the algorithm will null the offset V .

In this case, the offset is compensated by
injecting a compensation current .o, directly in
an internal node of the preamplifier. The
compensation node Nc of figure 11 is
implemented in a differential fashion as shown
in figure 12, which presents the schematic of the
preamplifier.

The compensation currents Icomp+ and Ieomp act
differentially and correct the misbalance of the
differential pair of the amplifier, but also the
offset of the sensor.

Digital offset|

correction 8
algorithm
M/2*M
DAC
I<:omp
Ibias Offset
demodulator
Switch APNC | )

gt | |4V

Figure 11. Offset calibration feedback loop
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Figure 12. Schematic of the preamplifier

6. SYSTEM IMPLEMENTATION

The complete system of figure 9, including the
Hall sensor and the calibration coil, has been
integrated in a 0.8 um process. Figure 13
presents the micrograph of the 11.5 mm? circuit.

Figure 14 shows a M/3M DAC with 17 stages,
which corresponds to a resolution of 14 bits. It
occupies only 0.03 mm’ and the ladder is
smaller than the digital buffer that stores its
control value.

Finally, figure 15 shows the step-up/step-down
converter  allowing the  continuous-time
calibration. The area of this circuit is 0.015 mm”
only.
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Figure 15. Micrograph of the step-up/step-down
converter
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Figure 16. Measured thermal gain drift

7. MEASUREMENT RESULTS

The gain drift of 3 different samples of the self-
calibrated current measurement microsystem as
a function of temperature was measured using a
fully automatic test setup including a
programmable climatic chamber. The results are
displayed in figure 16. A mean sensitivity drift
of 30 ppm/°C is achieved (with calibration
enabled), the worst case being 50 ppm/°C. The
calibration reduces the sensitivity drift by a
factor 10.

Offset drift [mV]

-40 -20 0 20 40 60 80

Temperature [°C]
Figure 17. Measured thermal output offset drift The output offset drift was measured in the same

conditions, for temperatures ranging from —40

Table 2. Microsystem characteristics °C to 80 °C. As displayed in figure 17, the
variation is lower than 50 pVv/°C.

Parameter Value Unit

Supply voltage 5 )\ Another feature of the microsystem is an

Sensitivity 35 V/T extended bandwidth of 500 kHz, which is

Measurement range +50 mT obtained by using a high

Bandwidth 500 kHz modulation/demodulation frequency. The

Nonlinearity <0.1 % sensitivity is 35 V/T, with a full scale of +50

Offset drift <50 1V/°C mT. Table 2 summarizes the characteristics of

Gain drift <50 ppm/°C the microsystem.
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8.. CONCLUSION

This paper presents a case study of a complete
digital calibration methodology of analog
circuits and systems. It shows the complete
design flow for detecting, tracking and
compensating imperfections, with emphasis on
the calibration algorithm and the sub-binary
current-mode digital-to-analog converter. It also
introduces adapted CAD tools that help
designers to simulate circuits including such
automatic calibration elements.

This structured methodology can be applied to
any system where detection and compensation
nodes for the imperfection of interest can be
identified. By the use of generic compensation
circuits, a wide range of imperfections can be
tracked and reduced. The additional circuits
needed for calibration occupy only a very small
area and don’t need precise elements to work
properly. They thus are a convenient means of
improving the performance of analog circuits,
and with the evolution of technology towards
deep sub-micron, they will become more and
more useful. Although the evolution towards
digital-friendly technologies rendered analog
design more difficult, digital circuits will help
counterbalancing this degradation by leveraging
analog performance through calibration.

In the proposed application to a Hall sensor
microsystem, the use of this automatic
calibration approach allowed a reduction by a
factor 10 of the gain drift compared to the state
of the art.
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