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ABSTRACT

Hall-effect devices make up by far the largest part of all magnetic sensors on the market to-
day. The main reason is compatibility of Hall devices with modern semiconductor technology. In
particular, integrated Hall sensor micro-systems fabricated in low-cost complementary metal oxide
technology (CMOS) have dominated the market of magnetic sensors over the last decade.

Recently, a new Hall device — the circular vertical Hall device (CVHD) - joined the family of
CMOS compatible Hall devices. The CVHD can be biased and Hall voltage retrieved from it such
that its output is a sine wave signal. The amplitude of the sine wave signal contains the information
on the magnitude of the magnetic field, while the phase of the sine wave signal carries the information
on the direction of the magnetic field. This is why a CHVD can be thought of as the first Hall device
measuring an in-plane magnetic induction vector. It is due to this feature that the CVHD was first
used as a sensing device in magnetic angular sensors. These CVHDs had a large number of contacts
leading to a high angular accuracy, but limiting bandwidth of the sensor.

This thesis was devoted to exploring and pushing the limits of CVHDs and integrated magnetic
sensors based on CVHDs. The first aim of the thesis was to study the limits of bandwidth increase
while keeping satisfying accuracy of angular sensors based on the CVHD.

In order to increase the angular sensor’s bandwidth, we optimized the CVHD, the front end of
the sensor comprising the device and interface electronics, and finally the system level topology.

The CVHD was ultimately miniaturized to the device containing only eight contacts (SCVHD).
The smaller the number of contacts, the faster is obtained the sine wave signal from the CVHD.
A novel symmetric Hall voltage retrieval facilitated by the geometry and including all contacts was
used. It led to the residual offset voltage comparable with devices having a much larger number of
contacts.

It was shown that the increase of the sensor’s bandwidth is not only limited by the device but
also by the interface electronics. This is particularly so because the sensor system relies on the
spinning current method for offset reduction. In this case, the interface electronics includes spinning
switches and a preamplifier. The spinning current method introduces voltage spikes that decrease
accuracy when increasing bandwidth. The modeling of the horizontal Hall device and the interface
electronics containing spinning switches and preamplifier was presented. The model was extended
for the specific case of the sensors based on the SCVHD.

Three solutions to tackling the challenge of increasing the spinning frequency, or equivalently
sensor’s bandwidth, while maintaining accuracy were proposed and discussed. The first one is a
novel solution relying on the high input capacitance of the preamplifier which together with the
sensing switch on-resistance filters out the voltage spikes. The second solution examines the partial

guard band to remove a part of the spikes’ energy without compromising the high spinning frequency.
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The third solution is based on the cancellation of the voltage spikes by the time-shifted clockwise and
counterclockwise spinning current method on two pairs of devices. These solutions were employed
in three different sensors based on the SCVHD.

On the system level, a novel concept of the angular sensor based on two SCVHDs was used. The
outputs of the 8CVHDs are separately processed in two channels and they act as mutual reference
signals. The Hall voltage retrieval is done in the clockwise direction for the first device, and in the
counter clockwise direction for the second one. In this way there is no need for the reference signal
as in the known concept. The use of two devices doubles the sensitivity of the sensor.

Finally, the optimized device, the solutions for the design of interface electronics, and the system
level topology were combined in two implementations in 0.35 pym CMOS technology. The first
implementation employed one 8CVHD per channel. The average angular error was found to be +
4 © with the sensor’s bandwidth of about 300 kHz. The second implementation employed an array
of 8CVHDs per channel. The average angular error was found to be + 1.5 © with the sensor’s
bandwidth of about 500 kHz.

The second aim of the thesis was to investigate the feasibility of magnetic sensors based on
the 8CVHD for some challenging applications. To this end a two-dimensional (2D) magnetometer
and a magnetic sensor for use in open-loop current transducer were designed and experimentally
characterized.

The novel system level concept for the 2D CMOS integrated magnetometer based on the SCVHD
was proposed. It enables common biasing, signal retrieval, dynamic cancellation of offset and low
frequency noise, and front-end signal conditioning electronics for both components of the measured
in-plane magnetic field vector. Separation of two channels is postponed to the point where signal
levels are high and less susceptible to nonidealities and mismatches of signal conditioning electronics.
The magnetometer features bandwidth around 60 kHz, wide dynamic range 0-1.5 T, high spatial
resolution, and a high measurement resolution of 300 uT over frequency range 0-30 kHz.

The magnetic sensor for the open-loop current transducer is based on the high bandwidth angular
sensor and a tangent converter circuit. The initial experimental verification showed the bandwidth
around 100 kHz, along with a wide dynamic range and good linearity.

Keywords: circular vertical Hall device, spinning current method, voltage spikes, high bandwidth

magnetic angular sensor, two-dimensional magnetometer, open-loop current transducer
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RESUME

Les dispositifs & effet Hall constituent la plus grande partie de tous les capteurs magnétiques
sur le marché aujourd’hui. La raison principale est leur compatibilité avec la technologie des semi-
conducteurs modernes. En particulier, les capteurs Hall & bas cotit de fabrication, comme la tech-
nologie Complementary Metal Oxide Semiconductor (CMOS), ont dominé le marché des capteurs
magnétiques au cours de la derniére décennie. Récemment, un nouveau dispositif & effet Hall - le
dispositif de Hall circulaire vertical (CVHD) - a rejoint la famille des dispositifs Hall compatibles
avec la technologie CMOS. Le CVHD peut étre opéré de sorte que le signal de sortie est sinusoidal.
L’amplitude du signal sinusoidal contient I'information sur l'intensité du champ magnétique, tandis
que la phase du signal sinusoidal porte 'information sur l'orientation du champ magnétique. C’est
pourquoi un CHVD peut étre considéré comme un dispositif mesurant le vecteur du champ mag-
nétique. C’est la raison pour laquelle le CVHD a d’abord été utilisé dans les capteurs angulaires.
Le CVHD utilisé dans les capteurs angulaires avait grand nombre de contacts menant & une haute
précision angulaire, mais limitant la bande passante du capteur.

Cette these a été consacrée a 'exploration des limites du CVHD et des capteurs magnétique
intégrés basés sur le CVHD.

Le premier objectif de la thése était d’étudier les limites de 'augmentation de la bande pas-
sante des capteurs angulaires basés sur le CVHD tout en gardant une précision satisfaisante. Afin
d’augmenter la bande passante du capteur intégré nous avons optimisé le CVHD, le front-end du
capteur comprenant le CVHD et 1’électronique d’interface, et enfin la topologie au niveau du systéme.

Au cours ce cette recherche, le CVHD a été miniaturisé de maniére extréme, ce qui a donné
un CVHD & seulement huit contacts (8CVHD). Le signal sinusoidal du CVHD est obtenu plus
rapidement lorsque le nombre de contacts est plus petit. Une nouvelle fagon de la polarisation du
capteur ainsi que l'acquisition de la tension Hall ont été utilisée. Celles-ci sont symétrique grace a la
géométrie du SCVHD qui permet d’utiliser tous les contacts a la fois. La nouvelle acquisition de la
tension Hall a conduit & une tension d’offset résiduelle comparable avec les dispositifs & plus grand
nombre de contacts.

Il a été montré que 'augmentation de la bande passante du capteur n’est pas seulement limitée
par le dispositif & effet Hall, mais également par 1’électronique d’interface. C’est particuliérement
vrai lorsque le capteur & effet Hall repose sur le procédé nommé « spinning current », nécessaire pour
réduire la tension d’offset. Dans ce cas-1a, I’électronique d’interface comprend des interrupteurs et un
préamplificateur. Le spinning current introduit des pics de tension qui diminuent la précision quand
on augmente la bande passante. Le modéle de dispositif & effet Hall horizontal avec une électronique
d’interface contenant des interrupteurs et le préamplificateur a été présenté de points de vue de pics

de tension. Le modeéle a été étendu pour le cas spécifique du capteur SCVHD. Trois solutions pour



relever le défi d’augmenter la fréquence de « spinning current », ou de fagon équivalente la bande
passante du capteur, tout en maintenant la précision ont été proposées et discutées. La premiére est
une nouvelle solution s’appuyant sur la capacité d’entrée du préamplificateur qui avec la résistance
de Uinterrupteur filtre les pics de tension. La deuxiéme solution porte sur « guard-band » partiel
pour enlever une partie de I'énergie des pics de tension sans pour autant compromettre la fréquence
élevée de « spinning current ». La troisiéme solution est basée sur 'annulation des pics de tension
par le « spinning current » décalés et dans les deux sens, le sens horaire et le sens antihoraire, sur les
deux paires de dispositifs. Ces solutions ont été employées dans trois capteurs Hall différents basés
sur le SCVHD.

Au niveau du systéme un nouveau concept du capteur angulaire reposant sur deux 8CVHDs a
été utilisé. Les sorties des 8CVHDs sont traitées séparément dans deux canaux et agissent comme
un signal de référence 'une & l'autre. L’acquisition de tension Hall est faite dans le sens horaire
pour le premier dispositif, et dans le sens antihoraire pour le second. De cette fagon, le signal de
référence n’est pas nécessaire. L’utilisation de deux dispositifs double la sensibilité du capteur.

Enfin, une fois le dispositif optimisé, les solutions pour la conception de I’électronique d’interface,
et la topologie au niveau du systéme ont été combinés dans deux implémentations dans la technologie
CMOS 0.35 ym. Dans la premiére implémentation on utilise un SCVHD par canal. L’erreur moyenne
angulaire mesurée a été & 4 © pour le capteur 4 une bande passante d’environ 300 kHz. La deuxiéme
implémentation utilise un array de 8CVHDs par canal. L’erreur moyenne angulaire mesurée a été
=+ 1.5 © pour le capteur & une bande passante d’environ 500 kHz.

Le deuxiéme objectif de la thése était d’étudier la faisabilité de capteurs magnétique intégrés
basés sur le 8CVHD pour certaines applications difficiles. A cette fin, un magnétométre & deux
dimensions (2D) et un capteur magnétique pour une utilisation dans un transducteur de courant en
boucle ouverte ont été congus et caractérisés expérimentalement.

Un nouveau concept pour un magnétomeétre 2D CMOS basé sur le SCVHD a été proposé. Les
deux composantes du champ magnétique ont en commun : la polarisation, ’acquisition du signal,
I'annulation dynamique du bruit de basse fréquence et tension de l'offset, et le front-end condition-
nement du signal. La séparation des deux canaux est reportée au point ol les niveaux de signal sont
élevés et moins sensibles aux variations de 1’électronique de conditionnement. Les caractéristiques
obtenues sont: une bande passante autour de 60 kHz, une large gamme dynamique de 0 & 1.5 T,
une haute résolution spatiale, et une grande résolution de mesure de 300 uT pour 0-30 kHz.

Le transducteur de courant en boucle ouverte est fondé sur un capteur angulaire a haute bande
passante et un circuit de conversion qui calcule la fonction « tangente ». Une vérification expéri-
mentale a montré une bande passante d’environ 100 kHz, avec une large gamme dynamique et une

bonne linéarité.
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Mots-clés: dispositif Hall circulaire vertical, le « spinning current » procédé, les pics de tension,
capteur angulaire magnétique & haute bande passante, magnétométre a deux dimensions, transduc-
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Chapter 1

Introduction

Magnetic sensors represent one of the most pervasive types of sensors sold today [1]. They are used
in high-cost applications like industrial motors that require accurate knowledge of rotor position
to control loads. They are ever present in automotive industry, Fig. 1.1, where they serve many
purposes: measuring of rotation speed, angle, position, to name but a few. They are extensively
used for contactless current measurements. They can be also found in low-cost home appliances. A
completely new product in the family of magnetic sensors - the electronic compass, was a market hit
in 2009 due to its use in general positioning system (GPS)-equipped handsets. Hall devices and Hall
effect sensor integrated circuits make up by far the largest part of magnetic sensors on the market
today.

In this chapter will be given a short overview of the past and remaining challenges in the design
of Hall effect magnetic sensors. It will be followed by the motivation and objectives of the thesis.

The overview of the thesis will be given at the end of the chapter.

1.1 CMOS Hall effect magnetic sensors

The Hall effect was discovered by E. W. Hall in 1879 [6]. It is a galvanomagnetic effect occurring
in a piece of conductor or semiconductor biased by electrical current and exposed to magnetic field.
The Lorentz force deflects the trajectory of carriers and gives rise to an electromotive force. The
electromotive force is perpendicular to both electric and magnetic fields. It generates an electrical
voltage proportional to biasing current and magnetic field.

The compatibility of Hall devices with modern semiconductor technology has led to the widespread
use of Hall effect magnetic sensors. The fabrication of Hall devices, both horizontal and vertical ones,
does not require any modification of a standard technology process flow. Hall devices fabricated in
low-cost complementary metal oxide technology (CMOS) have dominated the market in the last
decade. Their characteristic performances are inferior to those of discrete Hall devices made of high
mobility compound semiconductors, such as GaAs or InSbh [7]. A Hall device as a stand alone device

in CMOS technology suffers from: a voltage without applied magnetic field referred to as the offset
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Figure 1.1: Magnetic sensors in a car (source [1])

voltage, a small value of the Hall voltage, noise in the Hall voltage that may bury the useful signal,
temperature and stress cross sensitivity [3], etc.

The drawbacks of CMOS Hall devices are compensated by the possibility to cointegrate signal
conditioning electronics. The cointegration of electronics enables system level approach to design-
ing Hall effect magnetic sensors. The system level approach offers a more efficient implementation
of various techniques dedicated to enhancing both characteristics of Hall devices and Hall effect
sensors. Hall effect sensors in CMOS technology usually comprise biasing circuits, interface elec-
tronics between a device and the first signal conditioning stage, signal conditioning electronics,
electronics dedicated to offset voltage and noise voltage reductions, to temperature stabilization and
non-linearity correction, etc. Signal conditioning electronics contribute to the overall performance
of the Hall effect magnetic sensor by its own unavoidable non-idealities.

One of the main limitations of Hall effect magnetic sensors in CMOS technology is their modest
magnetic resolution. Magnetic resolution of a sensor is the smallest change in the magnetic field
that can be detected in the output signal. We distinguish between the resolution of an AC magnetic
signal and that of a quasi- DC magnetic signal.

The resolution of an AC magnetic signal is limited by the noise of the sensor and depends on the
frequency band of interest. The AC resolution is usually expressed as the noise-equivalent magnetic

field spectral density of a transducer. The noise of the Hall effect sensor is dominated by the noise



of the Hall device and the input-referred noise of signal conditioning electronics. The noise voltage
at the output of a Hall device is superposition of several noise components, including thermal noise,
1/f noise, and sometimes shot noise and generation-recombination noise due to a leakage current.
At sufficiently high frequencies above the 1/f corner frequency (which is usually between 100 Hz and
100 kHz), i.e., in the thermal noise region, the noise equivalent magnetic field spectral density of an
integrated silicon Hall device is about 50 nT//Hz at room temperature. The input-referred noise
voltage of a Hall magnetic sensor is the quadratic sum of the noise voltage at the output of a Hall
device and the input-referred noise voltage of signal conditioning electronics. The input referred
noise of the first amplifier dominates in the input referred noise of signal conditioning electronics.
In modern discrete realizations of Hall effect sensors, the noise voltage of the preamplifier is usually
negligible. In contrast, in integrated Hall sensors the noise contributions of a Hall device and that
of the preamplifier are of the same order of magnitude .

The resolution of a quasi-DC magnetic signal depends on the measurement environment. In lab-
oratory measurements the offset voltage of a sensor can be zeroed just before taking a measurement.
The resolution is then expressed as the integrated noise over a frequency bandwidth, usually between
0.1 Hz and 10 Hz. However, in industrial applications the offset voltage of a sensor is usually zeroed
once. Thus, the resolution is limited by the offset voltage drift in time and with temperature.

The offset of a Hall device is caused by geometrical lithographic errors and etching random-
ness, process gradients in physical characteristics of a Hall device, the junction-field effect, the
self-magnetic field, piezo-resistance effect caused by mechanical and/or thermal stress, and various
thermal and thermoelectric effects. The typical offset equivalent magnetic field of a Hall device
realized in the silicon integrated technology is 5-50 mT. A good portion of the offset voltage of a
Hall device is deterministic and behaves as a voltage at the output of a Wheatstone bridge: it is
proportional to the voltage applied at the input terminals of a Hall device. But, there are always non-
deterministic changes in the offset voltage: the fluctuations caused by 1/f and other low-frequency
noise, the fluctuations related to packaging stress, aging, and other unknown causes. This unpre-
dictable change of offset is referred to as the offset drift. As explained above, the offset drift may
severely limit the quasi-DC resolution of Hall magnetic transducers in most industrial applications.

The offset of a Hall effect magnetic sensor is the sum of the uncanceled offsets of a Hall device
and the signal conditioning electronics. In discrete Hall effect sensors the preamplifier’s offset is
usually negligible, unlike that in integrated Hall effect sensors.

There are several techniques for offset voltage reduction of a Hall device in a Hall effect sensor.
These techniques reduce to some extent offset drift as well. One of them is orthogonal coupling of
Hall devices. It is based on pairing of an even number of Hall devices and biasing them orthogonally
[8]. A Hall device is non-reciprocal for the Hall voltage and reciprocal for the offset voltage. As

a result, the outputs of the devices can be connected such that the respective Hall voltages are



averaged while offset voltages are cancelled out. This method is also referred to as the averaging of
the Hall voltage in space.

Another method of offset voltage reduction is spinning-current method [9], also known as the
connection-commutation, switched Hall plate or dynamic method. Unlike the orthogonal coupling,
this method requires only one symmetric Hall device. The direction of the biasing current is made
to spin along the symmetry axes of a Hall device. The Hall voltage is taken from the pair of contacts
with transverse position with respect to the direction of the biasing current. In other words, biasing
and sensing contacts are made to spin. The Hall voltage is invariant with respect to the symmetry
axes to the first approximation. However, the offset voltage changes its sign but remains almost
constant in magnitude. The technique is also referred to as the averaging over time, since the signal
at the output is available after one spinning period. The orthogonal coupling and spinning-current
method can be combined in an array of Hall devices, as demonstrated in [10]. The remaining offset
after offset reduction techniques is referred to as residual offset.

The traditional spinning current modulation-demodulation system level topology of a Hall effect
magnetic sensor [3] is given in Fig. 1.2. The spinning current method for offset reduction requires
switches for commutation of biasing and sensing contacts. Each time the biasing and sensing switches
are commutated, the time is needed for the voltage on the sensing contacts to settle down from biasing
voltages to the common-mode voltage plus the Hall voltage [11]. This creates the voltage spikes, also
referred to as the switching noise [12]. The settling time of the spikes represents a negligible part
of the spinning period for low spinning frequencies. In contrast, with the increase of the spinning
frequency, the settling time of the spikes stretches over the spinning period. In this way, the settling
time poses the limit to the maximum spinning frequency. This in turn means the limitation to the
maximum bandwidth of the Hall sensor.

The spinning current method is the most effective means for offset reduction of Hall devices.
Since it is a variation of the chopped amplifier technique [13], it also reduces the 1/f noise of a
Hall device. As such, it is extremely useful and always used in modern CMOS Hall sensors. It
is indispensable to the increase of magnetic resolution for low bandwidth Hall sensors. However,
for high bandwidth Hall sensors requiring high spinning frequencies, its efficiency decreases due to
voltage spikes. Namely, the voltage spikes can not be filtered out in the traditional topology shown
in Fig. 1.2. Their contribution to the useful Hall voltage behaves like a residual offset voltage. It
increases with the increase of the spinning frequency and is temperature dependent.

The influence of the voltage spikes on accuracy can be avoided by using an alternative system
topology to that shown in Fig. 1.2. The demodulation by switches can be replaced by synchronous
demodulators with delayed signal sampling to avoid spikes. This was done in high sensitivity mag-

netometer [14], in [15] where correlated double sampling was used, as well as in [16], to name but a
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few. The design specifications for this type of demodulators are highly demanding at high spinning-
frequencies. In addition, the overall noise in sampled systems increases with the increase of the
sampling frequency.

The traditional topology shown above suffers from the same non-idealities as a chopped amplifier
[17]. The DC value of the demodulated signal is decreased due to the finite bandwidth of the
amplifier. There is an additional requirement in order to maintain a maximum DC gain. The phase
shift between the spinning current modulator and demodulator has to match precisely the phase
shift introduced by the amplifier. One way to simplify the system would be to design the amplifier
such that its bandwidth is at least one decade greater than the spinning frequency. In this case the
phase shift introduced by the amplifier is negligible [18]. However, the integrated noise of a high
bandwidth amplifier can severely reduce the overall sensor’s resolution.

In conclusion, there is a trade off between the sensor’s bandwidth and its resolution and accuracy.
In general, the design of a Hall effect magnetic sensor is a multi-parameter optimization of both Hall
device and signal conditioning electronics. The analog design octagon, Fig. 1.3, [2] depicting the
trade-offs in the analog design can be used to describe the design of Hall effect sensors (e.g.
input/output impedance can be applied to input/output resistance of a Hall device). There is
always a trade off between the sensor’s power consumption, bandwidth, linearity, residual offset,

noise and magnetic resolution.

1.1.1 State-of-the-art in CMOS Hall effect magnetic sensors

Over the last decade there were four major achievements in the development of Hall effect magnetic

sensors in CMOS technology: increase of magnetic resolution, development of monolithic three



dimensional (3D) Hall effect sensors, increase of sensors’ bandwidth, and stabilization of sensors’
sensitivity and offset drift.

The first achievement was increase of magnetic resolution and sensitivity with the aim to enter
low field measurements and eventually the booming electronic compass market. The Hall effect
magnetic sensor based on the spinning Hall device with nested-chopper technique achieved 5 pT
offset equivalent magnetic field at the expense of low bandwidth of the sensor [19]. In [20] four
eight-contact Hall devices were orthogonally coupled. The eightfold spinning current method was
applied simultaneously with the orthogonal coupling to reach 2 nT offset equivalent magnetic field.
Neither additional trimming nor calibration was employed to reduce the offset voltage. The Hall
effect magnetic sensor presented in [21] has 5.2 pT noise equivalent magnetic field over 1 kHz
bandwidth. The special emphasis was put on driving up the sensitivity of the used gated horizontal
Hall device, and driving down the input referred noise of the signal conditioning electronics. The
system architecture of the above mentioned sensors was based on the traditional topology, Fig. 1.2.
The noise equivalent magnetic field of 2 pT over 400 Hz bandwidth was reported in the Hall effect
magnetic sensor dedicated to position, angle and current sensing [22] .

The second achievement was measurement extension from one axis to three axes, with high
measurement resolution on all three axes and low power consumption. The monolithic CMOS
integrated 3D magnetometer was presented in [23]for the first time. The sensor’s front end consists
of one horizontal Hall device for measurement of the perpendicular component of a magnetic field,
and two pairs of vertical Hall devices dedicated to measurement of the in-plane components of a
magnetic field. The sensor’s bandwith is 30 kHz. In [24] a similar configuration for the front end
was employed. The bandwidth of the magnetometer is 1.6 kHz with the resolution of 20 nT for the
perpendicular component, and at best 100 uT for the in-plane components of the magnetic field.

The best results were achieved in 3D sensors with an integrated magnetic concentrator (IMCs)
[25]. These sensors combine a horizontal Hall device with an integrated ferromagnetic disc on top
of it. The ferromagnetic material changes the direction of the magnetic field from the in-plane to
perpendicular. The ferromagnetic material requires one post-CMOS processing step. The technology
offers voltage- and current-related sensitivities for the in-plane components of the magnetic field
comparable with those for the perpendicular component of the field. Owing to this, the most
widespread compass in the smart phones today is based on the horizontal Hall devices with IMCs
[26]. The concept achieved magnetic resolution of 0.3 pT in commercially available compasses [27].

The third achievement was automatic calibration of the sensor’s sensitivity and offset voltage
dominantly for current transducers and magnetometers applications. The sensitivity and offset
voltage of a Hall device and Hall effect sensor change with temperature. There are two distinct
concepts to stabilize sensitivity and offset drift. The first concept relies on digital calibration in

dominantly digital Hall effect sensor, as for instance in [22]. The system includes temperature sensors



and EEPROM memory for digital calibration of sensitivity and offset drift. The second concept is
an all analog solution based on an integrated coil whose function is to create reference field [28].
The Hall device used in this sensor is a horizontal one. The reference field is temperature insensitive
to the first approximation. The Hall voltage output proportional to the reference field drifts along
with the drift of sensitivity. The difference between the Hall voltage and a preset reference voltage
serves to change the biasing current of a Hall device. In this way, the output voltage of the Hall
device is kept constant with temperature. Many solutions based on the proposed concept were
reported [29, 30, 15]. They deal differently with the problem of distinguishing between the measured
and reference fields. However, they have in common the tacit supposition that the reference field
is temperature independent. This is difficult to achieve due to voltage-to-current conversion which
always requires a resistor. The resistance of this resistor drifts with temperature.

The fourth achievement was increase of sensors’ bandwidth mainly in magnetometers applica-
tions. In 3D CMOS Hall effect magnetometers, the highest bandwidth with satisfying resolution
was reported in [23]. The resolution of 100 uT for all three axes over 30 kHz was reported. The
highest bandwidth of CMOS Hall effect magnetometers for use in current transducers was reported
in [16]. Theoretically, the system allows measurement of an AC magnetic field or current of up to
500 kHz (after removal of the low pass filter). To our knowledge, in Hall effect sensors based on
the traditional topology and available on market the highest reported cut-off frequency is about
100 kHz. This is more than sufficient for all position sensing and low-frequency current measure-
ment. However, modern electrical switched power systems would require low-cost sensors for current
measurement having the bandwidth from DC to about 1 MHz.

The last decade also saw a new concept in magnetic angular sensors facilitated by a new device
- a circular vertical Hall device (CVHD). It was first presented in [5], [31]. The CVHD can be
biased and its signal sensed such that the signal at the output is a sine wave whose frequency is
proportional to the clock frequency and the number of contacts. Its amplitude is proportional to
the magnitude of the in-plane magnetic field. The phase of the sine wave is proportional to the
angle included between the vector of the magnetic field and a reference axis. In this way there is no
need for additional arctg function as in the majority of the angular sensors. This is why the CVHD
was first used in magnetic angular sensors. The device in [5], [31] has a large number of contacts
to efficiently suppress offset and noise. This in turn leads to low bandwidth of angular sensors, but

sufficient for majority of applications today.

1.2 Thesis Motivation and Objectives

The field of Hall devices and sensors has been extensively studied in the last decades. It might be
argued that from the scientific point of view it is in the saturation region of the learning curve. Nev-

ertheless, the theoretical limits of Hall devices, e.g., resolution and maximum operation frequency,



have not yet been attained. From the industrial point of view, the Hall sensors available on market
today meet the needs of existing applications. However, there is still room to find new applications
for existing Hall sensors. This was the case with the electronic compass in smart phones. On the
other hand, there is still room for new Hall devices to change the concepts and push the limits of
Hall sensors in existing applications. This was the case with the CVHD in magnetic angular position
Sensors.

In this view, the motivation for this thesis work is to explore the features and limits of the CVHD.
The exploration of limits can focus on minimum/maximum number of contacts, maximum operation
frequency, best achievable resolution, etc. The unique features of the CVHD are appealing since
they may offer new concepts for some standard Hall sensors architectures.

The objective of the thesis is to increase bandwidth with satisfying accuracy of the sensors based
on the CVHD. To this end we study three levels of abstraction of a Hall sensor based on the CVHD:

1) the device level,

2) the front end level comprising the device and interface electronics,

3) system level topology with optimization of analog building blocks.

On the device level, we want to study and optimize the ultimately miniaturized version of a
CVHD - an eight contact circular vertical Hall device (8CVHD). The device miniaturization and
reduction of the number of contacts was motivated by desire to increase the system’s bandwidth
and spatial resolution. The smaller the number of contacts of a CVHD, the faster is obtained the
signal containing the information on the magnetic field. However, there is a trade-off between the
number of contacts and the residual offset of the device [5]. We investigate the alternative Hall
voltage retrieval from the SCVHD in order to circumvent this disadvantage.

On the front end level, we study the interface between the device and the first amplifier. The
spinning current method as an efficient means for offset reduction has to be kept in the system
topology. Since we want to increase the sensor’s bandwidth, the optimal design of the interface
electronics including spinning switches and the first amplifier should be investigated.

On the system level, we want to investigate novel topologies facilitated by the features of the
CVHD. The CVHD can be thought of as the first Hall device that measures vector of the magnetic
field: the information on the magnitude and direction is obtained simultaneously. The information
on the magnitude of the magnetic field is contained in the amplitude, while the information on the
direction of the magnetic field is contained in the phase of the sine wave. This enables alternative
signal conditioning. It allows us to modulate the Hall voltage without the need for demodulation.
Instead of processing the amplitude of the signal, we process the phase of the sine wave. The
processing of the phase opens up possibility for novel system level architectures. The output of
a CVHD is an AC signal even for a DC field. This feature removes the need for the traditional

spinning current method modulation-demodulation architecture. The offset voltage and noise of the



preamplifier can be highpass filtered. Besides, we will show that the voltage spikes due to spinning
current method can be frequency separated from the useful Hall voltage. As a result of this frequency
separation, the voltage spikes can be efficiently filtered out. This is not the case in the traditional
modulation-demodulation topology.

A further objective of the thesis is to implement the findings mentioned above and test feasibility
of using the CVHD in other types of magnetic sensors:

- low-noise high bandwidth two dimensional magnetometer,

- high bandwidth 0-90° magnetic angle sensor based on two 8CVHDs;

- proof of concept of a novel architecture for current transducer based on the magnetic angle

sensor described above and the tangent converter.

1.3 Thesis Overview

In Chapter 2 is given a short overview of the Hall effect and characteristics of the vertical Hall
devices in CMOS technologies. It is followed by the state of the art in circular vertical Hall devices
(CVHDs). The miniaturized circular vertical Hall device containing eight contacts is then introduced.
Its characteristics and performances are then discussed. A novel symmetric biasing of the device
including all contacts is presented at the end of the chapter.

In Chapter 3 we study limitations of bandwidth increase while keeping satisfying accuracy in
Hall sensors employing spinning current method for offset reduction. It will be shown that in CMOS
integrated Hall sensors both the design of a Hall device and the interface electronics determine
the contribution of voltage spikes to the overall sensor’s accuracy. The model of the ideal Hall
device and the interface electronics containing spinning switches and preamplifier is presented. The
nonidealities of the device and electronics are then added to the ideal model and discussed. Finally,
three solutions to tackling the challenge of increasing the spinning frequency (and consequently
sensor’s bandwidth) while maintaining accuracy in the sensors based on the SCVHD are presented.

In Chapter 4 we test the characteristics of the SCVHD as a sensing device in a two-dimensional
(2D) CMOS magnetometer. The novel system level concept allows for the common biasing, Hall
voltage retrieval, offset cancellation, and front end signal conditioning electronics for the two in-
plane components of magnetic field. This leads to good matching of the output signals proportional
to two components of the magnetic field. The explanation of the novel concept is followed by the
measured characteristics of the CMOS implementation.

In Chapter 5 we investigate the limits of bandwidth increase with satisfying accuracy in the
angular sensor based on the pair of SCVHDs. The novel concept of the sensor is based on two eight
contact circular vertical Hall devices (8CVHD). The smaller number of contacts allows for faster
Hall voltage sensing from the device. The outputs of the SCVHDs are separately processed in two

channels and act as a reference signal one to another. The Hall voltage retrieval is done in the
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clockwise direction for the first device, and in the counterclockwise direction for the second one. In
this way, there is no need for the reference signal as in [31, 32]. The output of the sensor is a pulse
width modulated (PWM) signal whose width is proportional to twice the angle enclosed between the
in-plane magnetic induction vector and the reference axis. The information on the angle is directly
present in the pulse width modulated signal. The use of two devices doubles the sensitivity of the
sensor.

In Chapter 6 we investigate feasibility to design a high-bandwidth CMOS integrated magnetic
sensor based on the 8CVHD for use in open-loop current transducers. State-of-the-art open-loop
current transducers dominantly contain magnetic sensors based on horizontal Hall devices. We use
a new design of the current transducer where a magnetic sensor is placed directly on the current
carrying conductor. This is why a vertical Hall device is needed as a sensing device. In addition,
open-loop current transducers require magnetic sensors with low temperature cross-sensitivity. Dif-
ferent calibration and auto-calibration techniques are implemented to reduce sensitivity and offset
drift of the magnetic sensors with horizontal Hall devices. We examine a novel system level topology
and its efficiency to reducing sensitivity drift with temperature of the magnetic sensor. Lastly, we
want to use the features of the SCVHD as well as the system level concept to extend the bandwidth
and dynamic range of the open-loop current transducer.

In Chapter 7 are given conclusions as well as the outlook for the future work.
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Chapter 2

Miniaturized Circular Vertical Hall
Device

The chapter begins with a short overview of the Hall effect. It is followed by an overview of the
characteristics of the vertical Hall devices in CMOS technologies. The state-of-the art in circular
vertical Hall devices (CVHDs) is given next. An ultimately miniaturized circular vertical Hall device
containing eight contacts - the 8CVHD is then introduced. The characteristics and performances
of the device are then discussed. A novel biasing of the 8CVHD facilitated by its geometry is then
presented. Its comparison with the standard biasing, as well as its efficiency are discussed at the

end of the chapter.

2.1 Hall effect

The Hall effect, discovered by Edwin E. Hall [6], describes behavior of electrical current exposed to
magnetic and electric fields.
When an electron is subjected to a magnetic field B and an electric field E, the Lorentz force F

acts upon it:

F = —qFE — q(v x B), (2.1)

where ¢ is the elementary charge and v is the electron velocity.
The current density J in an extrinsic semiconductor exposed to electric and magnetic fields,

assuming there are no space charges, is given by:

J=0E + puy(J x B), (2.2)

where o is conductivity and j; is the carrier Hall mobility. The Hall mobility, u, is related to the

carrier drift mobility, p, by the Hall factor, ry:
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WH = THi. (2.3)
The Hall factor depends on the scattering effects in a semiconductor, as well as on the value of

magnetic field for higher magnetic fields.

The vector equation 2.2 can be solved in terms of the current density vector:

J= 1+ (puB)? [

In many practical applications of the Hall effect, the magnetic and electric fields are perpendicular.

E+up(E x B)+ pu3B(E-B)]|. (2.4)

In this case, the equation above can be simplified to:

J=o0p[E+ uy(E x B)], (2.5)
where
o
= 2.6
78 = T (un D)2 (26)

is the effective carrier conductivity. The modification of the carrier’s conductivity in a magnetic
field is known as the magneto-resistance effect [33]. It becomes important in strong magnetic fields,
since ;B << 1 in weak magnetic fields.

Eqn 2.5 states that magnetic field causes deflection of the current density vector J with respect
to the electric field vector E. This effect is known as the Hall effect. The deflection angle is referred
to as the Hall angle, 9p. It can be seen from Eqn 2.5 that the Hall angle is determined by the carrier
mobility and the applied magnetic field:

O = arctg(up B). (2.7)

The conventional discrete Hall plate is shown in Fig. 2.1. It is a conductive layer whose length,
width and thickness are denoted by I, w and t, respectively. There are two pairs of contacts: biasing
contacts, C1 and C2 , and sensing contacts, S1 and S2. The biasing contacts C1 and C2 are
connected to the biasing voltage V which generates the electric field E; and current I. The applied
magnetic field is perpendicular to the layer’s surface, B,=B,= 0 and B= B,. The magnetic field
is considered homogeneous. The external electric field E; gives rise to the current density J,. The
device is considered thin and long, {/w >> 1. Consequently, it is assumed that there is no current
flow in the z-direction and no current deviation in the vicinity of the biasing contacts. The Lorentz
force acts on the free carriers, deviating their path and causing their accumulation on one lateral
side of the conductive layer. As a result of carriers accumulation, an electric field is generated - the

Hall electric field Eg . The equilibrium state is achieved when the Lorentz force acting on carriers

14



Figure 2.1: Discrete rectangular Hall device. When the current is passed between the contacts C1
and C2, the Hall voltage proportional to biasing current and applied magnetic field arises between
the sensing contacts, S1 and S2.

is equal to the force exerted by the Hall field. In the equilibrium, there is no current flow in the

y-direction, J, =0. Eqn 2.4 now becomes:

Je =0B|Es + pu(EyB, — E;By)], (2.8)
Jy =05 By + um(~E,B. + E.B,)] =0, (2.9)
yielding the Hall field Ex=FE, :
Ey, = uuB.E,, (2.10)
Jy =o5(1+ (uuB)*)E, = oE,. (2.11)

The Hall voltage V i can be found by integrating the Hall field between the sensing contacts:

52 52
Ve = /Eydy = /NHBzExdy = uHVBZ%, (2.12)
S1 S1
where FE, = E; = V/[ is the external homogeneous electric field.
If the plate is biased by current I, the previous equation can be rewritten to be:
Ve = rHu%Bzw = %IBZ, (2.13)

where the current density Jy=Ig/wt, and the conductivity o=gnt, where n is the density of free

carriers.
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The previous relations were obtained under the assumption of a long plate {/w >> 1. However,
this is not the case in practice. The geometrical correction factor was introduced to compare the
Hall voltage of a long plate with that of a real plate:

Vi l
— =G0y, —). 2.14
7 =G0 ) (214)

The geometrical correction factor depends on the Hall angle and the ratio I/w, and ranges from
0 for very short samples to 1 for long samples. For the small Hall angles, i.e., small magnetic fields,
the geometrical correction factor G for a rectangular Hall plate with point sensing contacts is almost
1 for the ratio I/w= 3 [3].

Finally, the Hall voltages for the real Hall device in case of the voltage and current biasing are,

respectively:

Vi = G%MHVBZ = SyVB., (2.15)

Vi =G 1B, = S,IB,, (2.16)
qnt

where Sy = Gupw/l is the voltage-related sensitivity and S; = Gry/qnt is the current-related
sensitivity. The voltage-related sensitivity Sy depends on the geometry and the Hall mobility, which
is strongly temperature dependent. The current-related sensitivity Sy is inversely proportional to
the carrier concentration n. It is fairly temperature stable for the plate doping density between 10'°

and 107 cm™ [34] and in the operating temperature range of many applications nowadays.

2.2 Horizontal vs. vertical CMOS Hall devices

The horizontal Hall effect device, also referred to as the Hall plate, measures the component of the
magnetic field perpendicular to the active region of the device. The horizontal device integrated in
CMOS technology is shown in Fig. 2.2. The active region of the device is compatible with the layers
readily available in CMOS technologies. The surface of integrated horizontal Hall devices is on the
order of tens of ym?2. Their current-related sensitivities range from 150 V/AT to 400 V/AT. They
can be easily cointegrated with signal conditioning electronics in many CMOS Hall effect sensors.
However, a horizontal Hall device, as any Hall device, suffers from offset voltage and low frequency
noise. The spinning current method, as a means for offset and low frequency noise reduction, is
highly efficient in symmetrical devices. The advantage of horizontal Hall devices is the fact that
they possess the four-fold geometric symmetry. The four-fold geometric symmetry translates into
galvanomagnetic symmetry. This in turn leads to the efficient application of the spinning current
method. The CMOS Hall sensors based on horizontal Hall devices with spinning current method

feature high resolution, e.g., the residual offset as low as 2 nT was reported in [20].
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Figure 2.2: Horizontal Hall effect device in CMOS technology. The active layer is the N-well layer
in a standard CMOS technology. The biasing and sensing contacts are realized as heavily doped N+
regions (adapted from [3]). The device has the four-fold geometric symmetry.

The vertical Hall device, a Hall effect device sensitive to the in-plane component of magnetic
field, was first reported in [35].

In the beginning, vertical Hall devices were fabricated in the so-called vertical Hall technology
(VHT) developed by Landis&Gyr. The technology is the N-substrate P-well technology with the
open well. The vertical devices developed in this technology exhibited the current-related sensitivity
of around 500 V/AT and overall excellent performance characteristics [36, 37]. Nevertheless, the
devices manufactured in VHT were not compatible with standard CMOS technology.

The alternative to VHT was the trench-Hall technology only partially compatible with standard
CMOS technologies. The trench-Hall technology yields highly sensitive vertical Hall devices, around
300 V/AT, at the expense of costly pre-processing [38]. Another possibility of increasing the sensi-
tivity of vertical Hall devices is by using integrated magneto-concentrators (IMC) [25]. The idea is to
combine a horizontal Hall device with an integrated ferromagnetic disc on top of it. The ferromag-
netic material changes the direction of the magnetic field from the in-plane to perpendicular. The
technology offers both high voltage- and current- related sensitivities, 0.09 V/VT and 360 V/AT,
respectively. However, it requires post-processing and has limited measurement range due to the
saturation field of the ferromagnetic disc.

The five contact (5C) vertical Hall device in CMOS technology is shown in Fig. 2.3.

In [4] the CMOS vertical Hall devices having characteristics comparable to horizontal CMOS
Hall devices were first demonstrated. The limitations of the CMOS technology for fabrication of
vertical Hall devices were pointed out and circumvented by novel layout of the device.

The modern CMOS technologies have diffusion layers featuring: 1) shallow junction, 2) higher
doping levels to prevent latch-up, and 3) strong doping gradients with high surface concentrations. In
[39] it was shown that conformal mapping can be applied to calculate expected sensitivity of vertical

Hall devices whose active region is a well of the limited depth. The depth reduction from infinity
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Figure 2.3: Five-contact vertical Hall effect device in CMOS technology. The limited depth of the
N-well region reduces sensitivity of the device. The biasing and sensing contacts are heavily doped
N+ regions and are located along one strip. The device has two-fold rotational symmetry.

(as is the case with VHT) to the range of lateral dimensions leads to voltage-related sensitivity
reduction of at least 50%. This was circumvented in [4] by miniaturizing the device to the lower
limits allowed by the design rules of the technology and even further. The miniaturization concerned
the contact’s width and their distance. The extreme miniaturization yielded high voltage-related
sensitivity. This was achieved at the expense of high noise levels and stronger influence of mask-
misalignments and doping gradients on the offset voltage. The limitation of high doping levels of
the diffusion layers in CMOS technology was circumvented by using lateral diffusion layers of the
opposite semiconductor’s type. For instance, the lateral p-well (PTUB) can reduce surface doping
concentration of the active region n-well (DNTUB). In this way, the current-related sensitivity can
be increased. The compatibility of the CMOS vertical Hall devices with spinning current method
for offset reduction was also studied for 4-contact (4C) [40], 5-contact (5C) [35] and 6-contact (6C)
[4] vertical Hall devices.

Finally, it was shown in [4] that vertical Hall devices integrated in CMOS technology can achieve
voltage-related sensitivity 0.04 V/VT and current-related sensitivity 200-400 V/AT. The CMOS
process with deep diffusion layers was used (a high voltage technology) and the devices were ulti-
mately miniaturized. By applying the four-phase spinning current method for offset reduction, the
residual offset of the 6C device in 5V CMOS AMS 0.8 pm was about 200 pT [41].

The vertical Hall devices in the standard CMOS technology without deep N-well were reported
in [42]. They feature low current-related sensitivity, but a good signal-to-noise ratio due to the
alternative biasing and sensing of the Hall voltage. A detailed study on the intrinsic limitations of
vertical Hall devices, as well as suggestion on Hall voltage sensing from the vertical Hall devices is

presented in [43].
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2.3 Five contact (5C) vertical Hall devices in 0.35 pm tech-
nology

The offset reduction by means of spinning current method is efficient in horizontal Hall devices due
to their inherent geometric symmetry, i.e., the four-fold rotational symmetry. This leads to high
electrical symmetry of spinning phases in the spinning current method. This geometric symmetry
can not be reproduced in satisfying way in vertical Hall devices where the contacts are along one
strip of semiconductor active region of limited depth.

It was shown in [4] that the main cause of the residual offset after spinning current method
is nonlinearity caused by the interaction of the junction-field effect with fabrication imperfections,
such as mask misalignments and doping gradients. The residual offset is a nonlinear function of the
biasing current. Therefore reduction of the residual offset requires limiting of current density in the
sensor active region. In other words, devices should be biased at low currents. But, the decrease of
the biasing current leads to reduction of the Hall voltage. On one hand, the ratio of the Hall voltage
and the residual offset is the best for low biasing currents. On the other hand, the ratio of the Hall
voltage and the voltage noise is small for low biasing currents. The voltage noise of the Hall device
consists of the 1/f noise, which scales down with the biasing current, and thermal noise, which is
independent of the biasing current. The bottom line is the decrease of the signal-to-noise ratio at
low biasing currents. This in turn limits the resolution of the device.

One way to design around this problem is to boost the Hall voltage level by geometrically
increasing sensitivity of the Hall device. The current-related sensitivity of horizontal Hall devices
can be increased by scaling up their lateral dimension (see Eqn 2.15 in Section 2.1). However, this
can not be reproduced in vertical Hall devices. The increase of lateral dimensions leads to loss of
sensitivity since the depth of the N-well is fixed by technology, as discussed above. One way to
maintain signal-to-noise levels for vertical Hall devices biased at low currents is to use an array of
devices.

There are three basic array topologies, as described by the circuit theory terminology: parallel
input — parallel output, series input — series output, and parallel input — series output topologies. The
solution based on parallel input — parallel output topology was reported [41] in 0.8 pm 5V technology.
It contains a quadruple of orthogonally connected couples of four contact (4C) vertical Hall devices
subjected to the four-phase spinning current method. Though offset reduction is efficient, it comes
at a price of higher current consumption.

In series input — series output topology, besides using the same current, devices efficiently use
voltage headroom that remains after proper biasing of electronics [44]. Nevertheless, the character-
istics of a device depend on its position between supply lines due to the uneven influence of junction

field effect. The stacked devices are supplied by the same current and share common substrate. Due
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Figure 2.4: FEM simulation of the transversal cross section of a vertical Hall device in high voltage
CMOS technology (adapted from [4])

to this, the potential difference between devices’ contacts and the substrate increases for devices
closer to the positive supply rail. This causes stronger influence of the junction field effect on the

active region of these devices, which in turn leads to higher nonlinearities.

2.3.1 Influence of the junction field effect in series connected 5C vertical
Hall devices

In order to examine the influence of the junction field effect, we tested several five contact (5C)
devices with symmetric and asymmetric contacts. The devices were produced in three separate runs
in CMOS AMS 0.35 nm high-voltage technology. A similar study was carried out on the horizontal
Hall devices in [45].

The measurement results on the device with higher residual offset, i.e., higher inherent nonlinear-
ities, are shown for illustrative purposes. The outer contacts of the 5C device are on-chip connected
to emulate a 4C device. The FEM simulation of the transversal cross-section of the device in high
voltage CMOS technology is given in Fig. 2.4.

The active region of the device is the deep n-well, DNTUB in this technology, having the junction
depth of 5-6 pm. The deep p-well, DPTUB, serves to both enhance current-related sensitivity and
act as a channel stopper. The doping concentrations of DPTUB and DNTUB are on the order of
106 ¢cm™3, while the concentration of the p-substrate is on the order of 10'* c¢m™. The distribution
of doping concentration in a semiconductor is the Gaussian function. It can be seen that there are
two distinct pn-junction regions. The first one is highly doped DNTUB — DPTUB junction close
to the contacts. It has a smaller surface since the depth of the DPTUB is 1.5-2 pm. The second
one is lightly doped DNTUB — p-substrate with a larger surface, denoted in Fig. 2.4 as depleted
zone. To illustrate the influence of junction field effect on characteristics of the device, a simple
measurement setup, shown in Fig. 2.5a) and 2.5b) was used. The device was biased by a variable
voltage source Viias with a maximum value of 2 V. The higher position of the device in a stack,
Fig. 2.5b), or equivalently, higher common-mode of a device’s output voltage, was simulated by the

battery supply V.= 1.4 V. Vijascont is the voltage drop on the device. The device was also biased

20



a
voltmeter | War v b ° a
b Werlical bdas q i i
Hall |
PTUY] —f —Tn o o
Y hiasfont A
P ¢ Ny DNTUB
subsirate s
*.
p-substrate depleted region

=1

a)

—1_ Vhias
a
' v, -|—
f - b d —T—
volkmeter | W,
—T b Werlical Vbias i i 1 T ’—F
dfa-f!e @ w T T — = .,\w
VI £ \
Vi L, )
¢ . N~ _DNTUB //
substrate o v ~
p-substrate depletad regicn

—

1

b)

Figure 2.5: Measurement setup to examine influence of the junction field effect on series-connected
vertical Hall devices: a) low common mode device, b) high common mode device

by a variable current source of maximum value 0.8 mA. The four-phase spinning current method for
offset voltage reduction was performed manually.

The comparison of the voltage- and current-related sensitivities, Sy and Si, for the low and high
common mode devices is shown in Fig. 2.6. It can be seen that the current-related sensitivity, Fig.
2.6a), increases with higher common mode as a result of wider depletion regions and reduction of
the effective width of the device, teg, since St ~ 1/ters. It is presumed that widening of DNTUB
— DPTUB pn-junction has a more pronounced effect due to higher voltage across it. The relative
change of St is 5% for the common mode difference of 1.4 V. As for the voltage-related sensitivity,
Fig 2.6b), it can be seen that it decreases due to the increase of input resistance, Fig 2.7, since
Sv ~ 1/R;, . The input resistance changes by 6%. It is not clear which pn-junction is dominant in
changing the voltage-related sensitivity: DNTUB — DPTUB or DNTUB — p-substrate one.

The two-fold rotational symmetry can be clearly seen in Fig. 2.7: the input resistance and,
consequently, the common mode of the device are not constant in all the phases of the four-phase
spinning current method. This is due to the fact that the current density at contact a differs from
the current densities at contacts b, ¢ and d. In modern technologies, contacts are highly doped n+
regions, Fig. 2.5, and Hall devices are extremely miniaturized. In order to increase signal levels, we
apply high currents or voltages over small distances. This is equivalent to high electric fields leading

to velocity saturation of carriers at the contacts. In other words, the voltage drop at the contact is
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Figure 2.6: Comparison of sensitivities for low and high common modes: a) current-related sensi-
tivity, b) voltage-related sensitivity

no more linearly related to the current through the contact. This is why different current densities
cause different resistances at the contact a and contacts b, ¢, and d. This explains difference of
the resistances R,. and Rpq . The junction field-effect together with contact resistance causes the
unequalitiy of resistances R, and R.,. The residual offset is not zero even for the ohmic modelling
of the offset voltage. This explains why the offset reduction in 5C vertical Hall device is not as
efficient as in horizontal Hall devices.

Fig. 2.8 shows the offset voltage for current supplied device in the four phases of the spinning
process, as well as the residual offset equivalent magnetic field. It can be seen that the average
offset increase for the high common mode of the device is 20%. The offset voltage increase for
higher common mode is evident from the ohmic modeling of the offset voltage. For the low common
mode, the input resistance and resistance modeling mask misalignments are function of the applied
voltage Vipiascont, While for the high common mode they are function of Vijascont + Ve Fig. 2.8
also shows that the increase of the residual offset due to the increase of the common mode by 1.4
V is lower than the increase of the residual offset due to voltage between the biasing contacts of
1.4 V (or equivalently biasing current Ipias= 0.7 mA). This means that the change of cross section
of the active region of the device along the current flow affects the offset voltage stronger than the

“uniform” reduction of active region due to higher reverse voltage between it and the substrate.

2.3.2 Biasing of series-connected 5C vertical Hall devices

The sketch of the series input — series output topology is given in Fig. 2.9. The pair of sensors can
be orthogonally coupled (biasing of ac contacts for the high common mode device, and bd contacts

for the low common mode device). The four-phase spinning can be performed by regulating the
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switches, SW block. The same common mode in parallel input topology enables parallel output,
or averaging of output signals by simple connection of sensing contacts. This can not be done in
series topology, where the output signals must be summed at the level of electronics, for instance by
using a differential difference amplifier [46]. In series input — series output topology, devices are not
matched, due to different common modes of output voltage, as was shown above.

The residual offset voltage of the orthogonally coupled stacked Hall devices can be deduced by
using a simple mathematical analysis disregarding influence of nonidealities of processing electronics.
The residual offset voltage equals the sum of the residual offset voltages of each device. This sum is
greater than n times residual offset of the device with the lowest common mode, where n represents
number of devices in an array. Since the outputs of the devices are connected in series, the equivalent
sensitivity is more than n times larger, due to slight increase of sensitivity caused by the junction-
field effect, as shown above. Therefore, the residual offset equivalent magnetic field is slightly larger
than the residual offset equivalent magnetic field of the device with the lowest common mode. The
residual offset voltage and the residual offset equivalent magnetic field calculated for two series
connected 5C vertical Hall devices are shown in Fig. 2.10.

Fig. 2.10 shows that the higher biasing currents lead to the higher absolute difference between
residual offsets of the devices. In this view, the optimum biasing of a series input-series output
topology is by a small current. Though the Hall voltage may be low, it is more efficient in terms

of Hall signal vs. residual offset to have an array of n series connected Hall devices biased at a low
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Figure 2.10: Left: the residual offset voltage; right: the residual offset equivalent magnetic field of
two series-connected 5C vertical Hall devices

current I, than a single Hall device biased at nl. This is due to the fact that Hall voltage is a linear
function of the biasing current, whereas the residual offset voltage is a nonlinear function of the
biasing current [45, 47].

The series-connected vertical Hall devices, though requiring more electronics, have better signal-
to-noise ratio as compared to their parallel input-parallel output counterparts. The noise of series-
connected devices as well as the noise of summing transconductance stages sums up as yn, where
n is the number of the employed stages. The Hall voltage signal increases n times, thus making
signal-to-noise ratio yn times better.

In conclusion, the junction field effect leads to non-ideal matching of series-connected vertical Hall
devices. It does not severely affect overall performance of the series connection as long as it is biased
at low current. The efficient use of available current and voltage headroom, and high signal-to-noise

ratio make of the series-connected devices a good candidate for low power applications.

2.4 Miniaturized Circular Vertical Hall Device
2.4.1 State-of-the-art - Circular Vertical Hall Device (CVHD)

The circular vertical Hall device (CVHD) employed in an angular position sensor was first presented
in [48], [5] and [31]. The CVHD is a vertical Hall device (VHD) whose active region is an n-doped
ring with N contacts equally distributed along the ring surface, as shown in Fig. 2.11. The device
was fabricated in AMS 0.35 ym high voltage (HV) technology. The technology was chosen because it
offered deep n-well referred to as the deep N-tub (DNTUB) to enhance the sensitivity of the device.
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Figure 2.11: Circular vertical Hall device with N contacts (adapted from [5])

The CVHD used in the angular sensor in [31], [5] has 64 contacts. The unit cell is a 5C VHD.
This unit 5C cell is biased during a time slot dictated by the clock frequency. The Hall voltage at the
sensing contacts of the cell is taken to the signal processing unit on the chip. In the next time slot,
the biasing and sensing contacts shift by one contact and the Hall voltage is again retrieved. This
is repeated until the full turn around the device has been completed, Fig. 2.12. After a full turn
along the ring, the Hall voltage is a step sine wave. This step sine wave is filtered to obtain its first
harmonic. The amplitude of the first harmonic is proportional to the in-plane magnetic induction
vector, while its phase is proportional to the angle between the vector of magnetic induction and

the reference axis of the device, Fig. 2.12. The amplitude of the first harmonic is given by:

VCVHD = SIIbiasBCOS(Zﬂ-fscant - ()0)’ (217)

where St is the current-related sensitivity of the 5C unit cell, Ipi,s is the biasing current of the
5C unit cell, B is the magnitude of the in-plane magnetic induction vector, fgcan is the frequency
corresponding to one full turn around the device and it is 64 times smaller than the clock frequency
in the case of 64 CVHD, and the angle ¢ is the angle included between the magnetic induction vector
and the reference axis of the device.

The 5C unit cell is a part of the 64C ring, thus the angle corresponding to its outer contacts,
the aperture angle, is 22.5°. The current-related sensitivity of the 5C unit cell is S = 77 V/AT.
It is somewhat smaller than the current-related sensitivity of the straight 5C VHD possessing the
“same” geometry.

The Hall voltage retrieval from the 64CVHD by shifting a 5C cell by one contact substantially
decreases 1/f noise and the offset voltage component at the scanning frequency. The input referred-

offset equivalent magnetic field of the sensor is 1.5 mT in [5]. The application of the four-phase
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Figure 2.12: Left: Hall voltage retrieval from the 64CVHD by shifting the 5C unit cell by one
contact; right: the clock signal, the reference signal to measure the phase, the output voltage, the
filtered output voltage, and the offset voltage of the 64CVHD, respectively

spinning current method on the 5C unit cell reduced the offset equivalent magnetic field down to

tens of uT.

2.4.2 Sensitivity of the 8-contact circular vertical Hall device (8CVHD)

The large number of contacts efficiently suppresses the offset voltage, as was shown in [5]. However, it
limits bandwidth and spatial resolution of the sensor. In order to increase both bandwidth and spatial
resolution we designed and studied the 8-contact CVHD (8CVHD), as an ultimate miniaturization
of the CVHD [49].

The 8CVHD is shown in Fig. 2.13. The eight contacts is a minimum number of contacts of a
CVHD with a unit cell allowing for application of the spinning current method, such as the 5C cell.
In addition, for the 5C unit cell, less contacts than eight would result in an aperture angle greater
than n. The bigger aperture angle leads to the loss in sensitivity. This is caused by the change in
sign of the projection of the magnetic induction vector along the active region of the unit cell.

The 64CVHD was miniaturized such that the width of the n-well, as well as the medium distance
between the contacts was maintained. The motivation behind this was to study the influence of the
curvature of the active region on the characteristics of the device. The 8CVHD was fabricated in
0.35 pm AMSHYV technology. The deep n-well is 3 pm wide, the pitch is 2.8 pm, while the diameter
of the device is 16.8 pm.

The angle between the outer contacts of a 5C cell in the 64CVHD is small, = /8, whereas it is 1t
in the 8CVHD. Due to the curvature of the device, the magnitude of the magnetic induction vector

varies strongly along the active part of the sensor which leads to drop in sensitivity. The sensitivity
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Figure 2.13: The 8CVHD- left: cross-section, right: microphotograph

of one n-curved 5C cell (i.e., contacts 1, 2, 3, 7 and 8 in Fig. 2.14, where 1, 3 and 7 are biasing
contacts) can be roughly assessed by noting that sensing contacts 2 and 8 see on average 2 smaller
magnitude of the in plane magnetic induction vector. Thus the sensitivity of the n-curved 5C cell is
Y2 smaller than that of the straight 5C VHD, or equivalently about 30% less.

The accurate analytical expression for sensitivity of the m-curved device is difficult to obtain.
The conformal mapping method used extensively to analytically find sensitivity of a Hall device [3]
can not be applied in this case. Neither the active region of the device, nor the vector of magnetic
induction satisfy the criteria for application of the conformal mapping method. This is why the finite
element calculation was carried out to obtain sensitivity of the t -curved device. The active region of
the device was “straighten”. It was approximated by the plane whose length is a bit larger than the
half circumference of the circle of the medium radius, rpeqium- The depth was approximated by the
junction depth of the n-well — p-substrate, and the distance between the contacts by their medium
distance, Pyedium- 1he in-plane vector of magnetic induction rotates along the active region of the
device and its magnitude is given by a cosine function, Fig. 2.14.

Fig. 2.15 shows the measured sensitivity of the straight 5C cell, and the measured and calculated
sensitivities of the n-curved 5C cell. The finite element calculation shows a loss of sensitivity of 33
% compared with the straight 5C device. The maximum sensitivity is 45 V/AT. The measured and
calculated sensitivities of the n-curved 5C device differ by 10%.

2.4.3 Device biasing and Hall voltage retrieval

As mentioned above, the 64CVHD is operated by biasing one 5C cell at a time and sensing its Hall
voltage. This is repeated until a full turn around the device has been completed. Unlike the CVHDs
with greater number of contacts, the SCVHD can be biased such that the contacts 1 and 5 are at
the high biasing potential, while contacts 3 and 7 are at the low biasing potential, Fig. 2.16. This is
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Figure 2.14: Approximate model of the n-curved 5C cell for numerical calculations
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referred to as the first sensing step. In this way, each biasing contact sources or sinks equal current,
i.e., the current density at each contact is identical. This is not the case in a standard 5C VHD, as
discussed above.

The initial topology, given in Fig. 2.16 top left, is rotated by one contact, Fig. 2.16 top right,
until a full turn has been completed. It takes eight sensing steps to obtain the Hall voltage from the
8CVHD. In this way an eight step sine wave is obtained, as shown in Fig. 2.16 bottom. The equality
of current densities is kept throughout all biasing and sensing phases. This is why we termed this
type of biasing as symmetric.

It should be noted here that the output signal of a CVHD is a step sine wave whose resolution is
determined by the number of contacts. The output of a CVHD is filtered out in order to obtain the
first harmonic of the step sine wave. The amplitude of the first harmonic is directly related to the
number of the CVHD’s contacts. Supposing the same sensitivity of the 8CVHD and the 64CVHD,
the first harmonic of the 8CVHD is by 9% smaller than that of the 64CVHD.

In addition to the sensing of two orthogonal Hall voltages, as shown in Fig. 2.16, this biasing
topology also allows for summing the Hall voltages at the opposite pairs of contacts due to their
same polarity. For example, the Hall voltage between the pair of contacts 8 and 2, and 6 and 4 is of

the same polarity and can be summed by means of electronics.

2.4.4 Residual offset of the SCVHD

It was shown in [5] that the two parameters to characterize the offset behavior of a CVHD are:

1) DC offset - the sum of offset voltages in all sensing steps over one full turn. The DC offset
cancels out for the ohmic modeling of offset voltage in the ideal case. In the real case, there is a
finite DC value that can be filtered out by a high pass filter. after the preamplifier.

2) the first harmonic of the offset voltage hereafter also referred to as the residual offset by
analogy with a standard Hall cell. Any discrete function can be decomposed into sum of harmonics.
The offset component at the scanning frequency adds to the useful Hall voltage of a CVHD altering
its magnitude and phase. It can not be filtered out as the DC offset and it causes an error.

It was also shown in [5] that the first harmonic of offset voltage is inversely proportional to the
number of contacts (at the power 3/2) for an ohmic model of the CVHD. Consequently, the reduction
in the number of contacts while keeping the same biasing and sensing topology invariably leads to
an increase in the residual offset. However, due to its compactness and symmetry, the SCVHD offers
the possibility of symmetric biasing which may compensate for this increase. The 8C devices from
two runs in AMS 0.35 pm high voltage technology were tested for DC offset and residual offset for
the two biasing topologies. The average offset per one sensing step was about 50 mT. The symmetric
biasing topology, where the whole device was biased, was compared with the 5C unit cell shifting,

Fig. 2.17. The biasing of the 8CVHD was performed manually.
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Figure 2.17: Symmetric biasing compared with the 5C unit cell shifting in the SCVHD
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Figure 2.18: Comparison of the DC offset (left) and the first harmonic of the offset (right) between
the symmetric biasing of the whole device and the 5C cell shifting

The DC offset is substantially larger for higher biasing currents in the case of the 5C cell shifting.
The amplitude of the first harmonic of the offset, or equivalently the residual offset, is about an order

of magnitude lower for the symmetric biasing topology, Fig. 2.18.

2.4.5 Device optimization

The 8CVHD analyzed above was extremely miniaturized. We went beyond the safe distances defined
in the design rules of the technology. The extreme miniaturization leads to touching of the DNTUB
diffusions, as illustrated in the cross section of the 8CVHD in Fig 2.19.

The consequence of the extreme miniaturization is the sensitivity of the SCVHD to the per-
pendicular component of the magnetic field. Namely, there is a conductive path between the two
diametrically opposed contacts on the N-well ring due to the overlapping DNTUB diffusions. This
conductive path is a high resistive one due to a lower doping concentration at the depth where the

two diffusions touch. However, the two diametrically opposed contacts are at the same potential
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Figure 2.19: FEM simulations of the cross section of the miniaturized 8CVHD where the distance
between DNTUB diffusions is smaller than prescribed by the technology design rules. The extreme
miniaturization leads to touching of the DNTUB diffusions

when the 8CVHD is biased as shown in Fig. 2.16. Consequently, there is no current path between
them. Nevertheless, the current lines between any two contacts (e.g., contacts 1 and 3) are not con-
fined to the drawn width of the DNTUB. There is a current leakage through the inside of the ring
connecting the two contacts. This current leakage is small due to a high resistive path. In addition,
the current density in the active region is uneven due to the curvature of the active region. These
two phenomena lead to a different potential distribution on the two sensing contacts of the n-curved
5C cell. This is why the Hall voltage arises in the presence of the perpendicular magnetic field.
Further investigation and modelling of the SCVHD’s sensitivity to the perpendicular component of
the magnetic field is left out as the future work.

Nevertheless, the Hall voltage proportional to the in-plane component can be easily distinguished
from the Hall voltage proportional to the perpendicular component of the magnetic field. The former
has half-circular symmetry, while the later has circular symmetry. In other words, if the Hall voltages
from the opposite pairs of contacts are summed, the sum is proportional to the in-plane component
of the magnetic field. In contrast, if the Hall voltages from the opposite pairs of contacts are
subtracted, the difference is proportional to the perpendicular component of the magnetic field.

The optimization of the 8CVHD can be performed by either altering the process (or choosing
another one) and by geometry optimization. The deep N-well (DNTUB) was chosen as the active
region of the device because of its high junction depth. The junction depth is crucial to the sensitivity
of vertical Hall devices, as discussed in Section 2.2. If we were able to alter the technology process,
we would have opted for the increase in the implantation energy of the N-well. The increased

implantation energy would push down the junction depth of the DNTUB - p-substrate. This in turn
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Figure 2.20: Comparison of sensitivities to the perpendicular and the in-plane components of the
magnetic field between the miniaturized (P= 2.8 pm, WN= 0.8 ym) and optimized (P= 4.5 pm,
WN= 0.7 ym) devices. The DNTUBs diffusions touch in the miniaturized device, which is not the
case for the optimized device .

would increase the sensitivity of the device.

Speaking of geometry optimization, it is the medium pitch of the contacts Pedium and the width
of the DNTUB that can serve as design parameters.

For a given medium pitch, the current-related sensitivity S; can be increased by reducing the
width of the DNTUB region. The thinner the device, the greater is influence of the junction field
effect on the active region, or equivalently, nonlinearity is greater. This leads to worse offset voltage
suppression by the spinning current method. The voltage-related sensitivity Sy remains more or
less the same.

For a given DNTUB width, the increase of pitch leads to higher current-related sensitivity Sy
with a slight drop in voltage-related sensitivity Sy. The DNTUB ring of a greater diameter prevents
touching of DNTUB diffusions. Fig. 2.20 shows the comparison between the two devices: the
extremely miniaturized one (the width of the DNTUB 3 pm, the inner radius of the DNTUB ring
5.4 pm, Ppedium® 2.8 nm, and the contact width WN= 0.8 ym) and the optimized one with a larger
radius of the DNTUB ring (the width of DNTUB 3 pm, the inner radius of the DNTUB ring 13
nm, Predium® 4.5 nm, and the contact width WN= 0.7 pm ). The optimized device features higher

ratio of the sensitivity to the in-plane component vs. sensitivity to the perpendicular component.
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2.5 Conclusions

This chapter gave an overview of vertical Hall devices, with the emphasis on means to increase
voltage-to-residual offset and voltage-to-noise ratios. To this end, the series-input series-output
topology of an array of vertical Hall devices was studied.

The chapter then dealt with the circular vertical Hall device (CVHD). We have designed and
tested the 8-contact circular vertical Hall device (8CVHD) as an ultimate miniaturization of the
64-contact circular vertical Hall device. We have shown that the sensitivity of a n-curved 5-contact
vertical Hall device, which is a unit cell of the SCVHD, is about 30 % less than the sensitivity of a
straight 5-contact vertical Hall device. The offset components, the DC offset and the first harmonics
of offset, increase with reduction of the number of contacts. Nevertheless, it was shown that this is
not the case for the 8CVHD if the symmetric biasing is employed. The symmetric biasing, where
the whole device is biased in all sensing phases, offers better offset reduction as compared with the

biasing of one 5-contact cell at a time.
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Chapter 3

Bandwidth increase in Hall sensors
based on the SCVHD

This chapter addresses limitations of bandwidth increase while keeping satisfying accuracy in Hall
sensors employing spinning current method for offset reduction. It will be shown that in CMOS
integrated Hall sensors both the design of a Hall device and the interface electronics determine the
contribution of voltage spikes to the overall sensor’s accuracy. The model of the ideal Hall device and
the interface electronics containing spinning switches and preamplifier is presented. The nonidealities
of the device and electronics are then added to the ideal model and discussed. Finally, three solutions
to tackling the challenge of increasing the spinning frequency while maintaining the accuracy in the
sensors based on the 8CVHD are presented. The first one is a novel solution relying on the high
input capacitance of the preamplifier which together with the sensing switch on-resistance filters
out the voltage spikes. The second solution examines the partial guard band to remove a part of
the spikes’ energy without compromising the high spinning frequency. The third solution is based
on the cancellation of the voltage spikes by the clockwise and counterclockwise spinning current
method on two devices. The novelty with respect to previous solutions lies in the additional pair
of the clockwise and counterclockwise devices. The spinning current method is applied with a time
shift on the additional pair of devices. The outcome is that due to mismatches, the residual spikes
of arbitrary amplitude are distributed over the spinning phase (sensing phase for the 8CVHD) and

behave like noise.

3.1 Spinning current method as a limitation to bandwidth in-
crease

The spinning current method leads to parasitic voltage spikes due to commutation of the biasing
and sensing contacts, as mentioned in Chapter 1.
It was first pointed out in [11] that each commutation of contacts requires the transient time

before the Hall voltage settles on the sense contacts. The transient time is needed for the parasitic
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capacitances associated with the device’s contacts to change state from one spinning current phase
to another. The voltage sensed by the preamplifier during the transient time is transition of voltage
from either the biasing high or low levels to the common mode voltage of the sensing contacts. Thus
the preamplifier “sees” voltage spikes of positive or negative polarity with respect to the common
mode voltage. The voltage spikes are characterized by their polarity, amplitude and settling time.

In [11] the spike settling time was determined by the output resistance and the contact’s capac-
itance of a Hall device. In the same paper, it was noted that the settling time limits the maximum
spinning frequency, and consequently the bandwidth of a Hall sensor. The settling time of spikes is
a negligible part of the spinning phase for low spinning frequencies. In contrast, when increasing the
spinning frequency it can consume the whole spinning phase and severely affect the measurement
accuracy.

Several solutions to eliminate or reduce the spinning spikes were reported in literature. The so
called guard-band solution was adapted from the chopper-amplifier design [50]. The idea behind the
guard band is to delay the demodulation switch control signals with respect to the modulation switch
control signals. The delay time equals spikes’ settling time. In this way, the output Hall voltage of
the traditional spinning current Hall sensor is free of spikes. In [51] was proposed the solution based
on the clockwise and counterclockwise spinning. Namely, the spinning on a Hall device is performed
alternatively in the clockwise and counterclockwise directions. The sign of the Hall voltage remains
the same, while the voltage spikes reverse polarity and can be averaged out. These two solutions
remove the spikes but they limit the bandwidth of the sensor. In order to remove the bandwith
constraint in[52] was proposed the clockwise and counterclockwise spinning on the two matched Hall
devices. The spinning current is performed clockwise for the first device, and counterclockwise for
the second one. The output voltages of the two devices with spikes of reversed polarity are brought
to a chopper amplifier via a multiplexer.

In all solutions stated above the analysis of voltage spikes took into account only the charac-
teristics of a Hall device: its output resistance and the contacts’ capacitances. To our knowledge,
the influence of the interface electronics containing the spinning switches and a preamplifier was not
analyzed in literature so far. Nevertheless, it is both the design of a Hall device and the interface
electronics that determine the contribution of voltage spikes to the overall sensor’s accuracy. The
focus on the interface electronics is all the more important when trying to push up the limits of the

maximum spinning frequency while keeping satisfying accuracy.

3.1.1 Ideal model of the horizontal Hall device and interface electronics

In Fig. 3.1 are sketched two phases of the four-phase spinning current method applied to a horizontal

Hall cell. The cell is biased at a constant current Ip;,s. The spinning current method is performed
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Figure 3.1: First two phases of the four-phase spinning current method applied to a horizontal Hall
device: left - the first spinning phase, right - the second spinning phase (the on-resistance of the
switches is left out for simplicity)

such that the Hall voltage is taken as a DC signal. For the time being, the offset voltage will be left
out. The switching on of the biasing and sensing switches is assumed instantaneous and synchronous.

The simplified equivalent model of the complementary switch in the on-state [18] is given in Fig.
3.2a). Fig. 3.2b) shows the equivalent schematics of the Hall device, switches and the preamplifier
at the beginning of the second spinning current phase. The half of the output resistance of the Hall
device RoutHan is associated with one contact and denoted by R;. Each contact of a Hall device is
connected to the four switches, two biasing and two sensing switches, one of which is in the on-state
at any time. The switches in the off-state also contribute to the overall contact capacitance [18].
The sum of the capacitances of the Hall contact and the switches is labeled as C;. The on-resistance
of the switch is labeled as Rs. The sum of the capacitance of the sensing switch and the input
capacitance of the preamplifier is denoted by Cs .

The voltage drop on the Hall device is denoted as 2Vp,. It is determined by the input resistance

of the Hall device and the biasing current:

2Veum = RinIpias (3.1)

In the case of a symmetric Hall device such as the horizontal Hall device, the input resistance is
equal to the output resistance.
The voltage drop on the biasing switch connected to ground is disregarded without the loss of

generality.
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Figure 3.2: Model of the sensing contacts of the horizontal Hall device, switches and preamplifier
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According to Fig. 3.2 b) the current charging the input capacitance Cy is given by:

0%y (t) Dia(t)
io(t) =0 3.2
gz TR thkei2(t) =0, (3.2)
where
(R1 + Rg) Cy+ R1Cy
k1= 3.3
1 Rl Cl R202 ) ( )
and
1
ko = ——————. 3.4
> RiC1R:Cy (3.4)
The Eqn 3.2 is a homogeneous ordinary differential equation whose solution is:
’LQ(t) = Aleplt + A2€p2t, (35)

where A; and A, are constants, p; and po are the roots of the characteristic equation and are as

follows:

2
_ R
—[(R1 + Ry) Cy + R1C1] = (R1 + Ry) C’z\/l + 212%(113&1253) % + (R1+112%2)2 (%)
2R1C1R>Cy

p1/2 = (36)

The initial conditions for the current at the positive and negative preamplifier’s inputs are given

by, respectively:

. Vou +Va
if (0) =~ 7ot T (37)
2
- Vor +Va
2
The voltage at the inputs of the preamplifier is as follows:
1 (A A
v3 () = Ver + Vi + = <1eplt - zepzt) : (3.9)
Co \ ;1 D2
1 (A A
vy (1) = Vorr — Vir + = <1eplt + erﬁ) : (3.10)
Ca \ p1 P2
with the conditions:
vy (00) = Ve + Vi, (3.11)
vy (00) =Veu — Va. (3.12)
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Due to its complexity, Eqn 3.6 will be solved for the three distinct realistic cases:

1) the capacitance associated with the preamplifier’s input is much greater (at least one order
of magnitude) than the capacitance associated with a Hall contact: Co >> Cy. The surface of the
transistors in the differential pair of the preamplifier can be significant in order to increase their
transconductance to design for low input-referred noise [18]. Another motivation for large input
transistors is low input-referred offset by device matching. On the other hand, miniaturization of
Hall devices in the last decade has led to decrease in the contact’s capacitance;

2) the capacitance associated with the preamplifier’s input is about the same as the capacitance
associated with a Hall contact: Cy ~ Cf;

3) the capacitance associated with a Hall contact is much greater than the capacitance associated
with the preamplifier’s input Cy >> Cs.

In the first case, assuming Cy >> (4, from Eqn 3.6 to Eqn 3.12 one obtains for the voltage at

the inputs of the preamplifier:

C R _ _ RifR
U; (t) =Veu +Vy — Flﬁ (VCM + VH) (6 (R1+}%2)02t —e€ Y ioTen t) , (3.13)
2 B 2
C R _ _ Ri1+Ro
vy (t) =Vom — Vi + Flﬁ (Vem + Vi) (6 et e Rlﬂzclt) . (3.14)
2 1 2
The differential voltage at the preamplifier’s input is given by:
C R _ _ Ry +R
vy () — vy (t) = 2Vi — 261ﬁ (Vour + Va) (6 T — e RllR?Cth) . (3.15)
2 I 2

In the second case, assuming Co ~ (4, from Eqn 3.6 to Eqn 3.12 one obtains the differential

voltage at the preamplifier’s input:

+ —(+) ~ —macyt —smioyt
vy (t) =y (t) = 2V + (Vou + Vi) (e =" — e 7men’ ). (3.16)

In the third case, assuming C; >> C5 , Eqn 3.6 to Eqn 3.12 yield the differential voltage at the

preamplifier’s input:

vF (1) — vy () ~ 2V + 2 (Vers + Vir) <67731101 P e t) . (3.17)

The voltage spikes due to the spinning current method are characterized by their polarity, am-
plitude and settling time, as mentioned above. The voltage spike given by Eqn 3.15 is sketched in
Fig. 3.3.

The differential amplitude of the voltage spike, assuming Cy >> (1, is:

C R ___RiRyC C’ R
Qém (Ver +Vi)e rtmies ~ 2 2L —— (Vou + Vi), (3.18)

A ~ _
x> Cs R1 + Ry
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Figure 3.3: Voltage spike in the case of Cy >> C}

whereas its settling time is approximated by the greater time constant, and equals seven time

constants for 0.1 % accuracy [17]:

tsettling |Co>c, = TT1 = T(R1 + R3) Cs. (3.19)

In the second case, Cy =~ (', the greater time constant is defined by the Hall output resistance.
The switch on-resistance should be designed smaller than the Hall output resistance in order to avoid
adding the noise at the input (see Chapter 4). In the case Ry << Ry, the differential amplitude of

the voltage spike can be approximated by:

Ry
Alcymoy= (Vo + Va)e” ™1 = Vou + Vi, (3.20)

while its settling time is given by:

tsettling ‘Cnglz 77—2 - 7(2R101) (321)

For the third case C; >> Cs, the differential amplitude of the spike and its settling time are as

follows:

Ro C
Alesser=2Vor + Vi) e M =2 (Vour + Var) s (3.22)

tsettling |C2>>C'1: 7T3 - 7R101- (323)

The evolution of the spike’s time constant and amplitude with respect to the ratio of the capac-

itances Cy and C1, according to Eqn 3.15, Eqn 3.16 and Eqn 3.17, is given in Fig. 3.4.
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Figure 3.4: Voltage spike’s time constant (top) and amplitude (bottom) as a function of Cy/C

The greater the ratio C2/Cq, the smaller is the voltage spike’s amplitude. In this case, the
resistance Ry together with the capacitance Cs behaves as a low pass filter that greatly attenuates
the amplitude of the spikes. These two design parameters can be increased by reducing aspect ratio
of the transistors in the complementary switch, and increasing that of the input stage’s transistors.
Nevertheless, the settling time of the spikes is increased in this case. This requires longer spinning
phases, or, equivalently, a lower spinning frequency.

For example, for Co= 10 pF, Ro= 1 kQ, Ri=Rixn= 1 kQ, C1= 0.5 pF, and Ipj,s= 0.1 mA, the
voltage drop on the Hall device is 2Voy= 200 mV, according to Eqn. 3.1. According to Eqn 3.18
the spike’s differential amplitude is 5 mV, or only 2.5 % of the voltage drop on the Hall device.

According to Eqn 3.19 the settling time is 140 ns, which is equivalent to the maximum spinning
frequency of about 7 MHz. This is more than enough for a four-contact horizontal Hall device but
not enough for a high bandwidth sensor based on the SCVHD (see also 3.1.2).

The expected amplitude of the spikes sets design specifications for the gain of the preamplifier.
The gain of the preamplifier should be low in order to avoid saturation of the output stage. The
saturation of the output stage of the preamplifier introduces nonlinearity, i.e., unwanted spectral
components in the signal.

The influence of the spikes on the measurement accuracy is best illustrated in the frequency do-

main. The spikes were approximated by their greater time constant, or equivalently, their discharge
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Figure 3.5: The sketch of the amplitude-frequency spectrum of the spikes waveform for the three
cases analyzed above. The DC component is approximately equal in all three cases, under the
assumptions on the ratio of capacitances.

time. The frequency spectrum of the spikes waveform having the same polarity and amplitude, Fig.
3.5 top, is sketched in Fig. 3.5 bottom.
The frequency spectrum consists of the components at the multiples of the spinning frequency

under the low pass filter envelope:
Ag = AT fs, (3.24)

| Ay, |= ATfS;, (3.25)
1+ 2nwfor)?
where A is the amplitude of spikes, T is the time constant and f; is the spinning frequency.

The voltage spike’s DC component is proportional to the spinning frequency. The upper har-
monics are also proportional to the spinning frequency, but they are attenuated by the low pass
filter transfer function. The larger the time constant of the low pass filter formed by Ro and Cy, the
lower are the spike’s spectral components. The maximum frequency of the Hall signal, denoted in
Fig. 3.5 by fuau, should be at least an order of magnitude smaller than the 3dB frequency of the
low pass filter formed by Rs and C5 . This must be ensured in order to avoid the attenuation of the
Hall signal, as well as the unwanted phase shift!

The DC component for the three cases above is approximately the same under the assumptions

concerning the ratio of the capacitances C'y and Cs, and the resistances R; and Rs:
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Figure 3.6: Low-pass filtered spikes add up to the useful Hall voltage in the traditional spinning
current-demodulation Hall sensor

Ao = C1R1 RN Ipias- (3.26)

In order to better filter out the spike’s spectral components, it is recommended to choose the
spinning frequency at least several times higher than the highest frequency of interest in the measured
signal. However, there is a trade-off between this frequency separation and the increase of the spike’s
DC component. In Hall sensors topologies employing low pass filter this DC component can not be
filtered out.

The above analysis was performed for the spinning current method where Hall voltage is taken
as a DC signal. In the traditional topology shown in Fig. 3.6 the chopper principle is employed. The
Hall voltage is taken as an AC signal in order to remove the offset voltage of the preamplifier. The
voltage spikes are of reverse polarity in the two subsequent spinning phases. Their spectral content
is similar to the one shown in Fig 3.5, except that the spectral components are at the odd multiples
of the spinning frequency. For the DC magnetic field, the spectral components of the spikes add to
the spectral components of the modulated Hall signal. They can not be distinguished from the useful
Hall voltage. After demodulation, the spikes waveform contains spikes of the same polarity. Thus
the analysis shown above can be applied to estimate the error caused by the spikes after low-pass

filtering, Fig. 3.6.

3.1.2 Realistic model of the horizontal Hall device and preamplifier

The equations in the section 3.1.1 were obtained under the ideal conditions: a symmetric Hall device
without offset, instantaneous switching on/off of the switches, matched switches with synchronous
control signals, constant on-resistance of the switch and no charge-injection [2], and symmetric inputs
of the preamplifier. The Hall voltage was also considered equal in all spinning current phases.

The offset voltage in one phase of the spinning current method can be modelled by the different

output resistance R;, and the different common mode voltage Vioy due to different input resistance
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Rin. This is in agreement with the ohmic modelling of the offset voltage [3]. In this way, the offset
voltage in one spinning phase affects the amplitude and the settling time of the spike.

The switching on/off of the switches was considered synchronous. This implies synchronous
control signals for the sensing switches. If this is not the case, the shifted switching leads to the
different amplitudes of the spikes. This is due to the partial discharging/charging of the capacitance
C1 through the output resistance R; while “waiting” for the sensing switch to close.

The on-resistance of the complementary switch depends on the aspect ratio of the transistors
in the switch, as well as on the input voltage to the switch. Assuming the quadratic model of the

transistor, the on-resistance of the switch is given by [2]:

1
Ron = Ron Ron = y 3.27
P05 | NMOS = B Vbp — Veun) — By — Bp) Vin — Bp | Vrmp | (3:27)
where the gain factors of the transistors are:
w
Bn,p = uN,PCos <L) ; (3.28)
N,P

where pn p is the electron/hole mobility, Cox is the oxide capacitance, (W/L)n p is the aspect ratio
of the transistors, Vpp is the supply voltage, Viy is the input voltage to the switch, Vrgy and Vrgp
are the threshold voltages of the NMOS and PMOS transistor, respectively. Thus, the on-resistance
depends on the input voltage to the switch, or equivalently on the common mode voltage Voy. This
in turn, leads to different settling times of the spikes if the common mode is different in the spinning
phases.

Each input of the preamplifier “sees” one switch switching on and one switch switching off at the
transitions between the spinning phases. The voltage spikes of the input modulator due to charge-
injection were extensively studied in chopper-amplifers [17]. The switching off of the switches leads
to charge-injection of the accumulated charge in the switch. The complementary switch with the p-
and n- transistors having the same surface reduces the charge injection to a certain extent. This is
why the complementary switch is a preferred choice for the sensing switches.

We focus here on the steady-state error due to charge injection. Namely, the steady-state error
due to the charge injection of the complementary switch leads to the change in the voltage gain and
additional offset voltage [2]. The charge accumulated in the complementary switch exits the channel
during switching off on the source and drain sides. The ratio of the two is a complex function of the
source and drain impedances [53]. If the ideal case is assumed, where all the uncompensated charge
of the complementary switch is deposited on the input preamplifier’s capacitance, the inputs to the

preamplifier after switching off can be written as [2]:

vt (t) = (Veum + Vi) (1 + 2Cox (WL)N,P> ~ Cox WL)y p

_ 2
CL CL (VDD VTHN+ | VTHP |)a (3 9)
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v (t) = Vou — Vi) (1 + c c

(Vop = Vrun+ | Vrar |), (3.30)

where Vo + Vi and Vou — Vg are the input voltages to the switches, v1(t) and v~ (¢) are the
output voltages of the switches, Cox is the oxide capacitance, CY, is the load capacitance, (W L) p
is the surface of the transistors, Vpp is the supply voltage, Vrgn and Vygp are threshold voltages
of the NMOS and PMOS transistors, respectively. In a rigorous model these values should be taken
as an initial condition for the second spinning phase in the calculations in 3.1.1.

However, the voltage spikes at the preamplifier’s inputs and the steady-state error due to the
charge injection have the same polarity and almost equal amplitudes (except for the difference in
the Hall voltage). Thus, they behave as the common mode disturbance and are almost cancelled
out. The residual term of the steady-state error is proportional to the Hall voltage. It behaves as
the offset voltage and can be filtered out:

(3.31)

vt () — v (1) = 2V (1 + ”(W”NP)

Cr

In the real case, the charge is not distributed equally between source and drain. In the case
of a Hall device, this means that if both sensing switches see the same source impedance then the
charge deposited on the input capacitance will be the same. In the ideal case, this is satisfied for the
symmetric 4C horizontal Hall device. Nevertheless, the same does not hold even in the ideal case
for the 5C vertical Hall device due to its two-fold symmetry, as discussed in Chapter 2.

The input stage of the preamplifier should be implemented either as a differential pair with
symmetric active load or the folded-cascode topology in order to ensure equal input capacitances.

The different Hall voltages in the spinning phases also lead to different amplitude of the spikes.
This is the case for the spinning current method where the Hall voltage is modulated to be an AC
signal (traditional topology). This is also the case in 8CVHD where the Hall voltage amplitude is
different in each main sensing step (see Chapter 2). The influence of the different Hall voltages is
small, since the common mode voltage is much larger.

The nonidealities described above act simultaneously and give rise to the spikes waveform con-
taining spikes of different amplitudes and settling times. Consequently, there are more spectral

components than sketched in Fig. 3.5 for the ideal spikes waveform.

3.2 Design for high bandwidth in the Hall sensors based on
the SCVHD

Three solutions to spikes cancellation will be illustrated on three CMOS Hall sensors based on the

8CVHD. The sensors discussed are: the 2 dimensional (2D) magnetometer, the high speed angular
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sensor and the open-loop current transducer. The limitations to the sensor’s bandwidth imposed
by the device and the preamplifier will be discussed. The limitations to the sensor’s bandwidth
stemming from the system topology will be discused in the respective chapters: Chapter 4 for the
2D magnetometer, Chapter 5 for the high speed angular sensor, and Chapter 6 for the open-loop

current transducer.

3.2.1 Lumped model of the SCVHD

The lumped model of the 8CVHD was developed for CAD simulators. The model relies on the
lumped model of the horizontal Hall device presented in [3] and[54], as well as on the extension of
this model for the vertical Hall devices [55] The capacitance between two contacts of the SCVHD
was calculated based on its dimensions and the characteristics of the technology. This capacitance
was associated to a contact of the SCVHD. The active region between the contacts of the SCVHD
was approximated by the measured resistance of the miniaturized SCVHD. A more refined model
would contain a junction-field effect transistor instead of a resistor. The purpose of the model was
to estimate the amplitude and polarity of the voltage spikes and their influence on accuracy. To this
end a simple resistance was sufficient. The simulated results based on this model were found to be

in good agreement with the measurement results.

3.2.2 Hall voltage retrieval from the SCVHD

The Hall voltage retrieval described below was used in all sensors based on the SCVHD.

The retrieval of the Hall voltage from the SCVHD is done in the eight main sensing steps, as
discussed in Chapter 2. The geometry of the device and small number of contacts offer the possibility
of the symmetric biasing, as discussed in Chapter 2.

The device is biased by the biasing current [I};,s. In the first main sensing step, Fig. 3.7 left,
the 8C device is biased such that the contacts 1 and 5 are at the high biasing potential, while the
contacts 3 and 7 are at the low biasing potential. The remaining four contacts are used as the sensing
contacts and the retrieved voltages vgg=vs4 are equal for the in-plane magnetic field. These two
Hall voltages, being of the same polarity, can be summed on the electronics level, as shown below.
In this way, for a given Hall voltage level we can bias the device at half the current, thus reducing
nonlinearities of the 5C unit cell, and consequently its residual offset. The Hall voltage is obtained
by rotating the biasing topology given in Fig. 3.7 by one contact clockwise until a full turn has been
completed.

The Hall voltage retrieval in the eight main sensing steps proved efficient with the off-chip
spinning. However, once implemented with the CMOS integrated signal retrieval and conditioning
electronics it yielded a rather high value for the first harmonic (residual offset), on the order of

several mTs. In order to reduce the residual offset, the four-phase spinning current method was

49



Ro1

Rsh1s _@I + : ' +|Rsh1s

V75=Vas

Vis=Va4

-

Res Rssz

Rss1

Figure 3.7: Hall voltage retrieval from the SCVHD: left - the first main sensing step, right - the
second sensing phase of the first main sensing step

added within each main sensing step [5]. Now each main sensing step contains four sensing phases
that correspond to the four-phase spinning phases. The four-phase spinning current method is
applied synchronously to the two n-curved 5C vertical Hall devices. The pair of the diametrically
opposite contacts is connected through a low resistance switch, i.e., contacts 1 and 5 for the first
and fifth main sensing steps, and so forth.

The addition of the low resistance shunt switch reduces the symmetry of the SCVHD. Neverthe-
less, the symmetry of the spinning phases is much better for the n-curved 5C vertical Hall device
than for any 5C vertical Hall device within an N-contact circular vertical Hall device. Namely, the
difference in input (output) resistances between the spinning phases is smaller. The reason for this
is again the biasing of the whole 8CVHD in all sensing phases. In an N-contact device there is
an unwanted low current leakage in the two of the four phases of spinning. The shunt switch also
increases the capacitances associated with the contacts it connects.

The second sensing phase of the first sensing step is shown in Fig. 3.7 right. The other two
phases of the four-phase spinning current method are obtained by reversing the polarity of the
biasing current as well as the polarity of the sensed voltages. The four-phase spinning is performed
such that the Hall voltage is taken as a DC signal in subsequent sensing phases of the main sensing
step. The offset consequently alternates sign and is an AC signal.

In total, there are 32 sensing phases whose duration is dictated by the clock frequency. The clock
frequency is referred to as the sensing frequency. The frequency of one full turn around the device is
referred to as the scanning frequency. The scanning frequency is 32 times smaller than the sensing
frequency.

The scanning frequency of the CVHDs is equivalent to the spinning frequency in terms of its

relation to the maximum sensor’s bandwidth.
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3.2.3 Solution 1: high capacitance of the input amplifier in the 2D Hall
magnetometer

The first case Cy >> Cq, depicted in 3.1, was implemented in the 2D magnetometer. The 8CVHD
utilized in the 2D magnetometer has output resistance R;= 1.8 k) and an estimated capacitance
C1= 0.5 pF. The complementary switches were designed small in order to minimize charge injection
with W/L= 2/0.35 pm/um. This in turn leads to a rather high switch on-resistance of Ry= 0.8
kQ that increases the input referred noise, as described in Chapter 4. The input capacitance of the
preamplifier is Co= 15 pF. According to Eqn 3.18 the spikes’ differential amplitude is reduced to
about 4.6 % of the voltage drop on the Hall device. According to Eqn 3.19 the settling time of the
spikes limits the maximum sensing frequency to 3.66 MHz, which in turn means that the maximum
scanning frequency is 114 kHz. This allows the sensor’s bandwidth up to around 60 kHz.

In Fig. 3.8 is given the simulated comparison of the spike’s amplitude at the contacts of the
8CVHD and the preamplifier’s inputs. Simulation results show reduction of the differential ampli-
tude down to about 3 %. The small difference with respect to the calculations is due to slightly
overestimated capacitance C1.

In Fig. 3.9 is shown the simulated output of the SCVHD amplified by the preamplifier. The
polarity of the Hall voltage is reversed after half a period, while the polarity of the spikes remains
unchanged over the scanning period. The spikes have the same polarity because the biasing of the
device from the first half of the scanning period is repeated in the second half. The retrieval of
the sensed Hall voltage is reversed. After demodulation of the 8CVHD’s output voltage, the spike
waveform is an odd function with zero DC value. In this way, there is ideally no contribution of the
spinning spikes to the residual offset of the magnetometer even for a DC magnetic field. In addition,
the spikes are at the sensing frequency while the useful Hall voltage is at the scanning frequency.
Thus, there is frequency separation of the spectral components of the useful Hall signal and the
spikes for both DC and AC magnetic fields (see also Fig. 3.11). This is the main distinguishing
feature of the 8CVHD as compared to the Hall device and the traditional topology, as Fig. 3.6
shows. It is precisely this feature that allowed us to increase bandwidth while keeping satisfying
accuracy.

However, due to the nonidealities discussed in 3.1.2, the DC value of the spikes waveform is
nonzero. In Fig. 3.9 the spike’s different amplitudes are attributed to the non-synchronized control
clock signals. No care was taken either during the digital electronics design or on the layout level to

synchronize the control signals for the switches.

3.2.4 Solution 2: partial guard band in the high speed angular sensor

The second solution to spikes cancellation relying on the partial guard band was implemented in

the high speed angular sensor. The control signals for the sensing switches are delayed with respect
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Figure 3.8: Simulated voltage spikes for Ipjas= 0.5 mA | fscan= 125 kHz and the input capacitance
Cy =15 pF >> C; = 0.5 pF
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Figure 3.9: Simulated output of the preamplifier (gain 10) for Ipjas= 0.5 mA | fican= 125 kHz and
the offsetless SCVHD. The spikes have the same polarity over one period. Their amplitudes vary
due to non-synchronized switch control signals

to the biasing switches. In this way, the sensing contacts of the 8CVHD are connected to the
preamplifier only after some time has elapsed from the beginning of the transient processes. During
this time the accumulated charge is discharged through the Hall impedance, as discussed in 3.1.2.
The end result is that the spikes in the output voltage of the 8CVHD “seen” by the input of the
preamplifier have smaller amplitude.

During the delay time the inputs of the preamplifiers are left floating. In the ideal case, during
this delay time the voltage at the preamplifier’s inputs remains the same as in the previous phase.
Nevertheless, there is an error voltage due to charge injection, as shown in Eqn 3.31. In addition to
the offset voltage given by Eqn 3.31, there is an additional offset voltage due to the mild asymmetry
of the contact capacitances of the n-curved 5C vertical Hall device.

The input capacitance of the preamplifier in this sensor is C3=0.5 pF. According to Eqn 3.21 the
approximate settling time of the spikes is about 13 ns. The delay time was chosen about a half of
the settling time tqclay = 6 ns. The maximum sensing frequency set only by the front end is about
64 MHz. This would correspond to the scanning frequency of 2 MHz. It will be shown in Chapter
5 that the scanning frequency is limited to 1 MHz by the signal conditioning electronics. This is
equivalent to about 500 kHz sensor’s bandwidth.

The delay digital blocks were placed in front of each battery of switches as an additional digital

module. This digital module was distributed around the device next to the sensing switches in the
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Figure 3.10: Measured voltage spikes waveform at the output of the preamplifier for two SCVHDs.
The scanning frequency is 100 kHz (sensing frequency 3.2 MHz), the magnetic field 50 mT and the
biasing current 0.6 mA. The voltage spikes have the same polarity over the scanning period and
their amplitudes are greatly reduced due to the partial guard band.

layout of the sensor. In this way the switch control signals are synchronized next to the sensing
switches.

The measured spikes waveform at the output of the preamplifier is given in Fig. 3.10. Since
the digital electronics was synchronized, the amplitudes of the spikes are more uniform as compared
to those in Solution 1. The preamplifer was overdesign to allow for amplification of the spikes and
their fast settling times. The average amplitude of spikes is 1.2 V at the output of the preamplifier.
This is equivalent to about 30 mV amplitude of the voltage spike at one differential input of the
preamplifier. The voltage drop on the device for R;,=0.9 kQ and I;,s=0.6 mA is 540 mV. The
expected voltage spike’s amplitude at the input without the partial guard band is 270 mV according
to Eqn 3.20. The partial guard band allowed for an order of magnitude reduction of the spike’s
amplitudes.

It can be seen in Fig. 3.10 that there is no voltage spike at the transitions from one main sensing
phase to the next one. This is due to the fact that the sensing contacts remain unchanged for the
last spinning phase of the n-1-th main sensing step and the first spinning phase of the n-th spinning
phase. This leads to the spikes spectral components at the frequency eight times lower than the
sensing frequency. The sketch of the frequency spectrum of the SCVHD’s signal and the voltage
spikes is given in Fig. 3.11.
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Figure 3.11: Sketch of the frequency spectrum of the voltage spikes and the SCVHD'’s signal in the
high speed magnetometer. The band pass filter is used to extract the first harmonic of the SCVHD’s

signal

The first harmonic of the 8CVHD’s signal at the scanning frequency and the voltage spikes at
the sensing frequency are separated in the frequency domain. This enables good filtering of the
spikes by the third or higher order bandpass filters, as sketched in Fig. 3.11. The high order filters
should be used in order to ensure that the filtered amplitude of the voltage spikes is not greater than
the useful Hall voltage. This is especially critical for low magnetic fields when the amplitude of the

voltage spikes can be an order of magnitude greater than that of the Hall voltage.

3.2.5 Solution 3: two time shifted pairs of a clockwise and a counter-
clockwise spun devices in the current transducer

The clockwise spinning is performed such that the biasing current is consecutively supplied to the
contacts 1, 2, 3 and 4 in Fig. 3.1. The “plus” Hall voltage is taken from 2, 3, 4 and 1 contacts,
respectively. The counterclockwise spinning is performed by supplying the biasing current to the
contacts 1, 4, 3 and 2 in Fig. 3.1. The “plus” Hall voltage is taken from 2, 1, 4 and 3 contacts. The
two voltages feature the Hall voltage of the same polarity but the spikes of the reversed polarity.
The sum of these two voltages is free of spikes in the ideal case. In reality, the spikes cancellation
with clockwise and counterclockwise spinning current method on the two devices is limited by the
nonidealities described in 3.1.2.

The summing of the Hall voltages from the clockwise and counterclockwise devices can be done
passively as in [52]. Another possibility is to use a differential difference amplifier [46]. The DDA has
at least one differential signal input and one feedback input to define the gain. The main concern
when designing a DDA is to ensure that the spike’s amplitude is smaller than the linear input range

of differential pairs. This concern applies to all cases treated in this chapter. This is important
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in order to avoid saturation of the differential pairs. The saturation of the differential pair causes
additional low frequency components and affects accuracy.

The front end of the current transducer consists of an array of four SCVHDs divided in two pairs.
Each pair consists of two 8CVHDs. The spinning current method is performed clockwise on the first
device and counterclockwise on the second device. The novelty with respect to the previous solutions
lies in time shifted spinning current on the two pairs. Namely, the first main sensing phase of the
second pair is shifted by half the main sensing step with respect to the first main sensing step of the
first pair. The cancellation by clockwise and counterclockwise spinning always yields a residual spike
due to the nonidealities discussed above. These residual spikes are at least one order of magnitude
smaller than the voltage spikes of one device. More importantly, their polarity is arbitrary. By the
addition of the second pair, there are two residual spikes of the arbitrary polarity per one sensing
phase. Thus, the influence on the useful signal becomes similar to that of noise. In the frequency
domain these residual spikes can be approximated by the white noise.

On the other hand, the additional pair allows for lower biasing current of the 8CVHD. This in
turn leads to higher signal-to-residual offset ratio for the array of the four devices. The outputs of the
two pairs are summed by means of an eight-input DDA serving as a preamplifier. The preamplifier’s
input capacitance is Co= 0.1 pF. According to Eqn 3.22 the approximate settling time is about 6
ns, which poses the theoretical limit to the maximum sensing frequency of around 160 MHz. This
would correspond to 5 MHz scanning frequency of the SCVHD, or the maximum bandwidth of 2.5
MHz.

The so-called cross-spinning was performed on the 8CVHDs instead of the standard spinning
described above. The cross-spinning keeps the same sensing contacts in the two spinning phases,
i.e., the biasing current is consecutively supplied to the contacts 1, 3, 2 and 4 in Fig. 3.1. The “plus”
Hall voltage is taken from 2, 4, 3, and 1 contacts, respectively. In this way, the number of voltage
spikes is reduced from four to two per period. The clockwise and counterclockwise cross-spinning
for the two main sensing steps of the 8CVHD are illustrated in Fig. 3.12. Similarly to the Solution
2, the switch control signals were synchronized in the additional digital block placed next to the
switches in the layout.

The simulated output of the eight-input DDA is shown in Fig 3.13.

3.3 Conclusions

In this chapter was given the general study of the voltage spikes for the horizontal Hall device due
to the spinning current method. Three solutions to tackling the challenge of increasing the spinning
frequency while maintaining the accuracy in the sensors based on the 8CVHD were presented.

The first one is a novel solution relying on the high input capacitance of the preamplifier which

together with the sensing switch on-resistance filters out the voltage spikes. It is based on only
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Figure 3.12: Illustration of the first two main sensing steps of the clockwise and counterclockwise
spinning on the two 8CVHDs
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Figure 3.13: Simulated output of the DDA (gain 10) for the clockwise and counterclockwise SCVHDs
(Ibias= 0.5 mA, fscan= 500 kHz and B= 10 mT in the ideal case of the offsetless SCVHD and
synchronized control signals). The maximum amplitude of the amplified spikes is 10 mV.
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one Hall device. It does not require either device matching or big chip surface. However, it limits
the scanning frequency to several hundreds of kHz at best, supposing the input capacitance were
reduced to about ten times less than the capacitance of a Hall device. This enables the sensor’s
bandwidth of about 100 kHz, which is the state-of-the-art of majority of Hall effect sensors available
on the market today.

The second solution examines the partial guard band to remove a part of the spike’s energy
without compromising a high spinning frequency. This solution allows for the bandwidth increase
while still utilizing only one device. The achievable bandwidth determined only by the front end is
about 500 kHz. The frequency separation of the useful Hall voltage and the spectral components of
the voltage spikes allows for efficient filtering of the voltage spikes. Nevertheless, it requires at least
3rd order bandpass filtering to remove the voltage spikes.

In both the first and second solutions the voltage spike’s waveform shows strong temperature
cross sensitivity. This is due to the drift of the Hall and switch on-resistance.

The third solution is based on the cancellation of the voltage spikes by the clockwise and counter-
clockwise spinning current method on two devices. The novelty with respect to previous solutions lies
in the additional pair of the clockwise and counterclockwise devices. The spinning current method
is applied with a time shift on the second pair of the devices. The outcome is that the residual
spikes are of arbitrary amplitude due to mismatches. They are distributed over the sensing phase
and behave like noise. The theoretical limit for the maximum sensor’s bandwidth set only by the
characteristics of the front end is 2.5 MHz.

This solution, like all differential solutions, offers immunity against temperature cross sensitivity
and other disturbances providing the devices are matched. It consumes more chip surface and
requires careful layout to match the devices. More importantly, as any array, it offers the best
signal-to-residual offset ratio of all the three solutions for the same power consumed.

The ratio of the Hall signal-voltage spikes stays the same for the first two solutions when increas-
ing the biasing current of the SCVHD. This is due to the linear dependence of the Hall signal and
the voltage spikes on the biasing current. This is not the case for the third solution where the ratio

of the Hall voltage and the residual spikes increases with the increase of the biasing current.
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Chapter 4

Two-dimensional magnetometer
based on the SCVHD

This chapter depicts a two-dimensional (2D) CMOS magnetometer based on the SCVHD. The
8CVHD'’s features enable a novel system level topology for a 2D magnetometer. The novel system
level concept allows for the common biasing, Hall voltage retrieval, offset cancellation, and front
end signal conditioning electronics for the two in-plane components of the magnetic field. This
leads to good matching of the output signals proportional to two dimensions of the magnetic field.
The explanation of the novel concept is followed by the measured characteristics of the CMOS

implementation.

4.1 Principle of operation

Two-axis magnetometers for measuring in-plane magnetic field in CMOS technology usually have
two vertical Hall devices placed orthogonally, with or without a common central contact [56], [23].
The retrieval of the Hall voltages together with dynamic offset cancellation techniques is done in-
dependently for the two devices. The same holds for the subsequent signal conditioning electronics.
This approach poses stringent requirements on matching of both signal retrieval and conditioning
electronics for the two axes. There is a possibility to have only one signal conditioning chain but
this requires time multiplexing of the two signals, which reduces system’s bandwidth.

The use of the 8CVHD as a sensing device opens up the way to an alternative system level
topology for the 2D magnetometer [57]. The output voltage of the 8CVHD is an eight step sine
wave whose period is determined by the scanning time and number of contacts, and the amplitude
is proportional to the magnitude of the applied in-plane magnetic field. The output of the SCVHD
can be bandpass filtered to obtain a smooth sinusoid whose phase is proportional to the angle of the
magnetic field with respect to a reference axis. An alternative to bandpass filtering would be signal

conditioning so as to obtain the orthogonal components of the applied magnetic field. This can be
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Figure 4.1: 8CVHD output for the in-plane magnetic field vector. The 8CVHD’s output can be seen
as the sampled cosine wave (left) and sine wave (right) in eight time intervals

done by applying the 8CVHD’s output to two phase sensitive detectors controlled by orthogonal
clock signals, or equivalently to a quadrature demodulator.

It should be noted that in this system topology the two magnetic field components have in
common: 1) biasing, 2) signal retrieval, 3) application of spinning current method for dynamic can-
cellation of the offset and low frequency noise of the Hall device, and 4) front-end signal conditioning
electronics. The separation of the two channels is postponed to the point where signal levels are

high and less susceptible to nonidealities and mismatches of signal conditioning electronics.

4.1.1 8CVHD in the 2D magnetometer

The magnetic field sensing device is the miniaturized 8CVHD depicted in Chapter 2. The retrieval
of the Hall voltage was described in Chapter 3. The first case where the input capacitance of the
preamplifier is much larger than the input capacitance of the Hall device, Cy >> C7, was utilized
in the 2D magnetometer. The 8CVHD has the output resistance R1= 1.8 k{2 and an estimated
capacitance C1= 0.5 pF. The complementary switches were designed small in order to minimize
charge injection (W/L= 2/0.35 pm/ym). This in turn leads to a rather high switch on-resistance
of Ro= 0.8 k(2 that increases the input referred noise. The input capacitance of the preamplifier is
Cs= 15 pF. According to Eqn 3.18 the spike’s differential amplitude is reduced to about 4.6 % of
the voltage drop on the Hall device. According to Eqn 3.19 the settling time of the spikes limits
the maximum sensing frequency to 3.66 MHz, which in turn means that the maximum scanning
frequency is 114 kHz. This allows the sensor’s bandwidth up to around 60 kHz.

The output of the SCVHD for the magnetic field rotating in the chip plane is a step cosine wave
shown in Fig. 4.1.

As can be seen in Fig. 4.1, the response of the device to the applied magnetic field in the

direction of the x-axis is a step cosine wave. Similarly, the response of the device to an applied
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magnetic field in the direction of the y-axis is a step sine wave. Finally, the response of the device
to an in-plane magnetic field vector is a linear combination of a step sine and a step cosine wave
containing information on respective orthogonal components. In the case of an infinite number of

contacts the output of a CVHD is given by:

VCVHD = SIIbiasBCOS<27Tfscant - a) =

= S11pias B cos a cos(27 fscant) + Srlpias B sin asin(27 fseant) =

= S1lpias Bz co8(27 fscant) + S1lpias By sin(27 fscant). (4.1)

where St is the current-related sensitivity of the 5C unit cell, I}, is the biasing current of the 5C unit
cell, B is the magnitude of the in-plane magnetic induction vector, Bx = Bcosa and By = Bsina
are orthogonal projections of the magnetic induction vector, fgscan is the scanning frequency, and
the angle « is the angle included between the magnetic induction vector and the reference axis of
the device.

To measure the angle between an in-plane magnetic field and a reference axis, we would band-
pass filter the output of the SCVHD to obtain a smooth sine wave with a precisely defined phase.
However, we are interested in the magnitude of the orthogonal components. To this end, the step
sine wave contains the necessary and sufficient information. As Eqn 4.1 shows, the components of
the magnetic field, By and By, can be obtained by the phase-sensitive detection, or equivalently

quadrature demodulation, of the CVHD’s output voltage Voyup, respectively:

Ve = Vevap cos (27Tfscant) , (42)

Vy = VCVHD sin (27Tfscant> . (43)

After low pass filtering, the outputs of the magnetometer are given by:

Ve = 0.551 Iias B, (4.4)

V, = 0.55Ipiqs By (4.5)
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Figure 4.2: Block diagram of the 2D magnetometer

4.1.2 Block-diagram of the 2D magnetometer

The block-diagram of the 2D magnetometer is shown in Fig. 4.2. The two Hall voltages from the
opposite sides of the device have the same polarity. They are summed by means of the two-input
differential difference amplifier (DDA) serving as the preamplifier of the system. Special care was
taken to optimize the DDA for low offset voltage and input referred noise. The integrated digital
electronics module, with off-chip clock signal, delivers control signals for switches for Hall voltage
retrieval. Each contact of the SCVHD is through switches connected to a biasing current source,
ground or one of the two inputs of the DDA. The two preamplifiers deliver a differential signal to
the input of the demodulation blocks. The demodulation blocks together with the buffers and low
pass filters form simple phase detectors. The demodulation blocks are realized as simple switches.

Due to the limited resolution of the Hall voltage sensing, or equivalently to a finite number of
contacts, there is an intrinsic phase shift of the output signal with respect to the beginning of the
first main sensing step. This intrinsic phase shift should not be mistaken for the phase shift that
corresponds to the angle between the in-plane field and the reference coordinate axis. The intrinsic
phase shift was found to be n/N for the contact topologies including contacts aligned with the
coordinate axes, as is the case with the miniaturized CVHD. For the 8CVHD, the intrinsic phase
shift is /8, or equivalently half of the main sensing step. This is why the “in-phase” signal for phase
detection is shifted by half of the main sensing step.

The demodulation switches are controlled by the “in phase” signal shifted by half the main sensing
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Input CM range 06 V-17V
DC gain 60 dB
Common-mode rejection ratio (CMRR) 60 dB
Feedback resistors R1= 500 ©, R2= 4500 Q
Closed-loop gain 9.9
GBW (two differential inputs) 50 MHz
Input-referred white noise 7.6 nV//Hz
Input referred offset (+ 30) + 1.5 mV
Current consumption 1.38 mA

Table 4.1: Simulated characteristics of the preamplifier

step with respect to the SCVHD’s output signal, and the signal orthogonal to the “in-phase” signal.
The two control signals are also supplied by the integrated digital electronics module. The channel
controlled by the “in-phase” (orthogonal) control signal delivers the component in the direction of
the x-axis (y-axis).

The outputs of the demodulation blocks are brought to the buffers which transform the differential
signal into a single ended one. Low-pass filtering of the demodulated signals was done by off-chip

filters.

4.2 Signal conditioning electronics

The biasing current of the Hall device was set by a variable resistor connected in series with a diode
connected PMOS of an on-chip current mirror. The contacts of the SCVHD are through a battery
of six complementary switches connected to: biasing current source, ground (two biasing switches),
and to positive or negative inputs of the two signal inputs of the DDA (four sensing switches).
The diametrically opposite contacts are connected through a low resistance switch to perform the
four-phase spinning current method, as described in Chapter 3.

The digital electronics module with off-chip clock generator controls switches. Both schematics
and layout of the digital module were automatically synthesized after a VHDL code in the com-
mercially available software. No care was taken during the design to synchronize the switch control
signals at the output of the digital module. This is reflected in the different height of the spikes as
was shown in Fig. 3.9 for a high biasing current.

The two Hall voltages taken from the SCVHD in each sensing phase are summed by means of
the two-input DDA. It contains two signal inputs and one feedback input. The schematics of the
two-input DDA is given in Fig. 4.3 a).

The block diagram of the DDA in the closed loop is given in Fig. 4.3 b). Its output is given by:

R+ Ry

Vore = Vrer + (Va1 + Vo) i

(4.6)

The simulated characteristics of the preamplifier are given in Table 4.1.

The buffer was realized as one-input DDA. Its simulated characteristics are given in Table 4.2.
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Figure 4.3: Preamplifier of the 2D magnetometer
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Output swing (Vrgr= 1.2-1.3 V) + 0.8V
DC gain 77 dB
Feedback resistors R1= 4500 2, R2= 4500 Q2
Closed loop gain 1.99
GBW 16 MHz
Phase margin for 100 k) in parallel to 25 pF 52 @
Input-referred white noise 19 nV//Hz
Input referred offset (+ 3o) +5mV
Current consumption 1.58 mA

Table 4.2: Simulated characteristics of the buffer
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Figure 4.4: Microphotograph of the 2D magnetometer

4.3 Measurement results

The 2D magnetometer was realized in 0.35 um high voltage CMOS technology. The high voltage

technology was chosen because of the deep N-well that used as an active region enhances performance

of the 8CVHD. The microphotograph is given in Fig. 4.4.

In Fig. 4.5 are given demodulated signals at the output of the buffers before low pass filtering

by the off-chip filters. The cut off frequency of the off-chip low pass filters used in measurements

was 3 Hz, except for the noise measurements where it was 50 kHz.

The average magnetic sensitivity of the 8CVHD is 30 V/(AT) (the average of the waveform

shown in Fig. 3), while the amplification of the preamplifiers and buffers is about 40. The current-

related sensitivity of the magnetometer is 1100 V/(AT). The average absolute sensitivity of the

magnetometer is 0.22 V/T for the Hall biasing current Ipj.s= 0.2 mA. The sensitivities of the
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Figure 4.5: Demodulated signals at outputs of the 2D magnetometer (Ipjas= 0.5 mA, By= 400 mT,
and fgeqn= 3.125 kHz). Front end design discussed above yields the measured signal without voltage
spikes

channels are almost identical. The channels’ linearity was recorded for the magnetic field swept in
the range 0-1.5 T. It was found to be 1.3 % full scale (FS) on average.

The offset voltage of the preamplifiers is removed on the system level by the chopper principle as
explained in Chapter 1. This does not hold for the offset voltage of the buffers. Consequently, the
offset voltage of the buffers dominates in the offset voltage of the magnetometer. In order to examine
the influence of the 8SCVHD’s residual offset voltage, the buffer’s offset was externally compensated.

The residual offset of the channels was measured for Hall biasing currents in the range 0.1-0.3
mA and fseqn = 33 kHz. The average value of the input referred residual offset was found to be 200
pT.

Similarly to the offset of the 8CVHD, 1/f noise is averaged out both over one main sensing step
and over the period of the output waveform. The measured input referred noise of the magnetometer
is 23 nV /{/Hz at 10 Hz, 18 nV /y/Hz at 100 Hz, and 15 nV /yHz in the white noise region. The calculated
white noise of the 8CVHD’s output resistance is about 7 nV/yHz. The input referred noise of the
preamplifier is 7.6 nV /yHz, while the noise of the two sensing switches is about 5.6 nV//Hz. The
input referred noise voltage spectral density for fscan = 33 kHz and Ip;qs= 0.2 mA is given in Fig.
4.7.

The input referred magnetic field equivalent noise was obtained by dividing the input referred
noise by the biasing current and sensitivity of the Hall device. The spectral density of this noise
is 2.6 uT /yHz. The RMS integrated noise, which is a figure of merit for measuring AC magnetic
fields, is about 300 pT in the frequency range 1 Hz—30 kHz.

In Fig. 4.8 are given the magnetometer’s outputs, By = B cosa and By, = Bsin«, after low-pass

filtering as a function of the angle between the magnetic field and the reference axis.
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Figure 4.7: Input referred noise voltage spectral density of the magnetometer: top curve - after
preamplifier, bottom curve - at the output of the magnetometer after phase sensitive detection. 1/f
noise of both Hall device and preamplifier is suppressed on the system level.
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Figure 4.8: By and B, after low pass filtering as a function of the angle between the magnetic field
and the reference axis (B= 400 mT, I;qs= 0.2 mA, the angle span 0-90°, and fscqn, = 31.25 kHz)

The temperature coefficient of the magnetometer’s offset drift in the temperature range -20 — 85
"Cis 27 nV/ " Cfor fscan = 31.25 kHz and Ip;qs= 0.2 mA. The offset drift of the buffers dominates
in the offset drift of the magnetometer. The characteristics of the 2D magnetometer are summarized

in Table 4.3.

4.4 Conclusions

The novel system level concept for the 2D CMOS integrated magnetometer based on the SCVHD
enables common biasing, signal retrieval, dynamic cancellation of offset and low frequency noise, and

front-end signal conditioning electronics for both components of the measured in-plane magnetic field

Technology AMS 0.35 ym
Current related sensitivity 1100 V/(AT)
Average channels nonlinearity 0-1.5 T 1.3 %

Input referred noise (Ipjqs= 0.2 mA, fscan = 33 kHz) | (15 nV/y/Hz ) 2.6 pT//Hz
Average residual offset Ip;s= 0.1 — 0.3 mA

buffer’s offset compensated 200 uT

buffer’s offset noncompensated 10 mV
Offset drift ( -20 — 85 °C, Iyies= 0.2 mA) 27 pv/°C

Bandwidth 60 kHz

Power consumption 20 mW

Table 4.3: Summary of characteristics of 2D magnetometer
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vector. The separation of two channels is postponed to the point where signal levels are high and
less susceptible to nonidealities and mismatches of signal conditioning electronics. The Hall voltage
retrieval from the SCVHD and the design of the front end allowed efficient removal of the voltage
spikes. The magnetometer features bandwidth of around 60 kHz, wide dynamic range 0-1.5 T, high
spatial resolution, and a high measurement resolution of 300 uT over wide frequency range 0-30 kHz.

The 2D magnetometer can also be used as an angular sensor with full measurement range.
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Chapter 5

High speed magnetic angle sensor
based on the SCVHD

In this chapter we describe a CMOS integrated magnetic angle sensor based on the SCVHD. The
novel concept of the sensor is based on two eight contact circular vertical Hall devices (3CVHD).
The small number of contacts allows for faster Hall voltage retrieval from the device. The outputs
of the 8SCVHDs are separately processed in two channels and act as mutual references. The Hall
voltage retrieval is done in the clockwise direction for the first device, and in the counterclockwise
direction for the second one. In this way there is no need for the reference signal as in [31, 32].
The output of the sensor is a pulse width modulated (PWM) signal whose width is proportional
to twice the angle enclosed between the in-plane magnetic induction vector and the reference axis.
The information on the angle is directly present in the pulse width modulated signal. The use of
two devices doubles the angular sensitivity of the sensor. The devices, the interface electronics, and
the signal conditioning electronics were designed and optimized to allow detection of high speed
in-plane rotating vectors. Due to the system level concept of the sensor, the angle measurement is
insensitive to temperature drift of the sensitivity of the SCVHDs to the first approximation. The
system level concept of the sensor also greatly reduces the influence of the temperature drift of the

signal conditioning electronics on the measured angle.

5.1 State-of-the-art in magnetic angular sensors

Existing angular position sensors were developed for use in mechanical systems for angular position
sensing. A magnetic angular position sensor consists of a magnetic direction sensor integrated on a
chip and a rotating magnet mounted on a shaft. The magnetic sensors applied in magnetic angular
sensors can be Hall devices: horizontal Hall devices [58], combination of horizontal Hall devices with
integrated magnetic concentrators (IMCs) [25, 59] or vertical Hall devices [56, 60, 61, 62]. Beside
Hall devices, ferromagnetic magneto-resistors, i.e., anisotropic magneto-resistors (AMRs) [63] and

giant magneto-resistors (GMRs) [64] are used in magnetic angular sensors. The magnetic angular
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sensors based on magnetic field effect transistors (MAGFETSs) [65, 66] and recently investigated
magnetic tunnel junctions [67] were also reported. Hall devices and MAGFETs are compatible
with low cost CMOS technologies. In all above mentioned angular sensors based on Hall devices,
the angle is determined by measuring the orthogonal components of the magnetic induction vector
and then computing the arctg function. In [31] was first reported a magnetic angular position
sensor based on the novel circular vertical Hall device (CVHD). The output of the sensor contains
the information on the angle without either need for the arctg function or complicated detection
algorithms. The above mentioned sensors feature a full measurement range. The best performances
have the sensors based on the combination of horizontal Hall devices and IMC, though IMC requires
a post- CMOS fabrication step, as well as the sensors based on vertical Hall devices. They provide
absolute accuracy 0.12 over the full measurement range. The magnetic angular position sensors based
on ferromagnetic resistors [63, 64] are very accurate but they cannot be fully integrated in low cost
CMOS technologies. Magnetic angular position sensors based on MAGFETSs are great candidates for
low power magnetic angular position sensors in sub-micron CMOS technologies [65]. The MAGFETs
are sensitive to perpendicular component of the rotating magnet’s field. The extraction of the
measured angle requires dedicated algorithms as in [66]. Typical applications of angular position
sensors are: contactless potentiometer, valve position sensor, single- and two-axis joysticks, motor
shaft encoder, etc. The maximum rotation speeds in these applications do not exceed a few thousands
rad/s. As a consequence, the required sensor’s bandwidth is low. However, there are applications
where a high sensor’s bandwidth is or will be required such as: high performance hard disc drives
rotate at 15 000 rpm, the fastest gas turbine engines reach 165 000 rpm, electromechanical batteries
can reach 200 000 rpm [68], to mention but a few. Furthermore, a need for high-speed angular
position sensors has arisen in current transducers [69]. Recently, high speed angular position sensing
was needed in micro-rheometers dedicated to glucose sensing applications [70]. A low power CMOS
angular position sensor based on sixty-four contact CVHD was developed for this purpose [32]. The
maximum rotation speed for 8-bit accuracy tracked by the sensor is around 11 000 rpm. The highest
bandwidth of the magnetic angle sensors mentioned above was reported in [61]. However, the sensor

is not fully CMOS integrated.

5.2 High speed magnetic angle sensor with one SCVHD per
channel

5.2.1 Sensor’s concept

The sensing device employed in the sensor is the miniaturized 8CVHD described in Chapter 2. The
Hall voltage retrieval described in Chapters 2 and 3 involves rotation of the sensing and biasing
contacts by one contact in the clockwise direction. It can be interpreted as the rotation of the

sensitivity axis of the device by the angle between the contacts, as illustrated in Fig. 5.1.
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Figure 5.1: Sensitivity axis of the device rotates in main sensing steps: left - first main sensing step,
right - second main sensing step

The angular velocity of the sensitivity axis is proportional to the scanning frequency. In the case
of large number of contacts the sensitivity vector of the CVHD (with respect to the reference axis

in Fig. 5.1) can be approximated by:

S, = Sye~ 92 fscant, (5.1)

where Sy is the maximum sensitivity of the device when the sensitivity axis and the magnetic field
B are aligned, and fscan is the scanning frequency. If the vector of the magnetic field is expressed

in polar coordinates with respect to the reference axis, the CVHD’s output voltage is as follows:

Voevape = Re (IbmsBejaSoe*j%f““"t) = SolpiasB cos (27 fscant — @), (5.2)

where Sy is the maximum sensitivity of the device, fscan is the scanning frequency, B is the magnitude
of the total in-plane magnetic field, o is the angle enclosed between the reference axis and the total
in-plane magnetic field, and Ij;,s is the biasing current of the Hall device.

If the rotation of the biasing and sensing contacts is done in the counterclockwise direction, Fig.

5.2, then the sensitivity vector of the CVHD can be approximated by:

See = Soed?Tscant, (5.3)

The CVHD'’s output voltage is in this case:
Vevapee = Re (IbiasBejaSOGj27rfsmnt) = SolbiasB cos (27 fscant + ) . (5.4)
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Figure 5.2: Biasing and sensing of Hall voltage from the 8CVHDs: clockwise (dashed line), counter-
clockwise (full line) and the band-pass filtered signals for the in-plane DC magnetic field enclosing
the angle o with the reference axis (biasing and the second Hall voltage of Fig. 5.1 are omitted for
simplicity)

In other words, the sensitivity axis is rotated by the positive angular velocity in the clockwise
case. In the counterclockwise case, the sensitivity vector is rotated by negative angular velocity.
For the SCVHD biased in the clockwise direction, the phase shift corresponding to the angle of
the magnetic induction vector is positive, the waveform in full line in Fig. 5.2. In contrast, if the
8CVHD is biased and the Hall voltage sensed in the counterclockwise direction, then the phase shift
corresponding to the angle of the magnetic induction vector is negative, the waveform in dashed line
in Fig. 5.2.

In this way, two signals of the same amplitude but with opposite phase shifts can be obtained.

The block-diagram of the sensor is shown in Fig. 5.3, while the corresponding waveforms are
shown in Fig. 5.2 right. There are two Hall devices and two identical signal processing channels,
respectively. In the first channel the Hall voltage is sensed clockwise from the first SCVHD. In the
second channel the Hall voltage is sensed counterclockwise from the second device.

When biasing the device as shown in Fig. 5.2 all contacts are used and there are two Hall
voltages. These two Hall voltages, being of the same polarity, are summed by means of the two-
input differential difference amplifier (DDA) serving as the preamplifier of the system. The integrated
digital electronics module, with off-chip clock generator, delivers control signals for switches for

biasing the 8CVHDs and sensing the Hall voltage from them. Each contact of the 8CVHD is
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Figure 5.3: a) Block diagram of the sensor, b) signal waveforms along the channels for the in-plane
DC magnetic field including the angle a— 45° with the reference axis. Due to the finite number of
contacts, there is an intrinsic phase shift ©/8 after bandpass filtering, as discussed in Chapter 4
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through switches connected to biasing current source, ground or one of the two inputs of the DDA.
In total, each contact has a battery of six switches. The outputs of the preamplifiers are taken to the
band pass filter. The purpose of the band pass filter is to extract the fundamental harmonic out of
the eight-step sine wave. The filter also reduces noise, eliminates out-of-band spectral components
of offset, and strongly attenuates the voltage spikes (see Chapter 3).

As mentioned in Chapter 4, due to the finite number of contacts there is an intrinsic phase shift
in the bandpass filtered signal. For the eight contacts, the intrinsic phase shift is ©/8 with respect
to the beginning of the first main sensing step. Nevertheless, since both channels are affected in
the same way, the relative phase shift is proportional only to the measured angle, as will be shown
below. The outputs of the band pass filters for the clockwise and counterclockwise devices in the

ideal case are given by, respectively:

VCBP = ASOIbiasB COS (27Tfscant - — 77/8) ; (55)

VccBP = ASOIbiasB Cos (27Tfscant +oa— 7T/8) ) (56)

where A is amplification of the preamplifier and band pass filter, Sy is sensitivity of the SCVHD, I
is the biasing current of the device, B is the magnitude of the total in-plane magnetic field sensed
by the device, fscan is the scanning frequency and o is the angle between the in-plane magnetic
field and the reference axis of the device. The outputs of the band pass filters are fed into the
comparators serving as zero-crossing detectors. Finally, the phase difference between the sine waves
in two channels is measured by the simplest phase detector - an exclusive OR (XOR) gate. The

outputs of the comparators can be modeled by the modified signum function as shown below:

Vecomp = sgn [ASoIpias B cos (27 fscant — o — w/8)] =

_ Vob g+ B fucan L oo T 3 o (5.7)
0 s << T t
Veccomp = sgn [ASOIbmSB cos (27 fscant + . — w/8)] =
_ Voo fﬁ?fiin = Frfpean << 12f8kn T fean (5.8)
0 R T s <SPS T 3
where k=0, 1... , n, and n is an integer.

The exclusive OR gate (XOR) gives a pulse at its output whenever the two inputs have opposite
logic levels. There are two pulses per one period of the scanning frequency because the XOR gate

reacts both on falling and rising edges. The output of the XOR is given by:

—3+4+8k _ «a —348k e 548k o 548k «a

Viop = /PP figy 2o S Tl T Il | Tl Bl LS T ccqr | 2iTzean
0 16f+8k + 5 « <t< 548k a A 548k 4 <t< o

scan T fscan 16 fscan 27Tfscan 16 fscan 27T.fscan 16 fscan 271'(fsca7)t

5.9
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The above expression shows that the output of the XOR gate is a PWM signal whose pulse width
is equal to 2at/27 fscan. The pulses are centered around (—3 + 8k)/(16 fscan) and (54 8k) /(16 fscan)
. This type of PWM signal is known as the double edge symmetrical PWM [71].

In the following analysis we assume perfect matching of the channels. Then the phase shifts
introduced by the signal processing electronics in the two channels are equal. If the phase shift of
the signal processing electronics is denoted by ¢, then the outputs of the band pass filters for the

clockwise and the counterclockwise devices are, respectively:

Vepp = ASolpias B cos (27 fscant — o — /8 + ) , (5.10)

‘/CCBP - ASOIbiasB COS (27Tfscant +a— 71'/8 + QD) . (511)

The absolute phase shift of the signals in the channels is affected by the phase shift ¢. However,
the relative phase shift remains constant. The output of the XOR is again proportional to 2« irre-
spective of the phase shift ¢. The sensor’s system level concept allows for insensitivity of the PWM
signal to temperature drift. The sensitivity drift of the SCVHDs with temperature affects only the
amplitude of the sine waves and not the phase shift. The same is true for the drift with temperature
of the gains of preamplifiers and band pass filters. The signal processing electronics phase shift ¢ is
affected by temperature dependence of the preamplifier, band pass filter and comparator. But due

to the matched channels the phase shift ¢ is cancelled out on the system level.

5.2.2 Error analysis

The dominant sources of angular error stemming from the 8CVHD are: the offset voltage spectral
component at the scanning frequency, or the first harmonic of offset (Chapter 2) and the spectral
component of the voltage spikes at the scanning frequency. In the ideal offsetless case the second
harmonic of the 8CVHD’s voltage is zero and it won’t be considered here.

The spectrum of the offset voltage is distributed, with spectral components at DC, the scanning
frequency and stretching up to the sensing frequency. The offset spectral component at the scanning
frequency is greatly reduced due to the four-phase spinning in main sensing steps, as discussed in
Chapter 2. In the case of the SCVHD, the four-phase spinning enabled its reduction down to 200
wT [57]. Similarly to the offset voltage, the low frequency 1/f noise of the 8CVHD is greatly reduced
by the four-phase spinning within one main sensing step. A band pass filter with center frequency
at the scanning frequency filters out signal conditioning’s 1/f noise, DC spectral component of the
offset and its higher harmonics. The offset spectral component at the scanning frequency cannot be
filtered out. Neither can be filtered out the 1/f noise remaining after the four-phase spinning. The
sketch of the offset voltage, for the Hall voltage retrieval described in Chapter 3, is given in Fig 5.4.
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Figure 5.4: Sketch of the magnitudes of the spectral components of the SCVHD’s offset voltage.
The offset voltage is an odd function due to the repeated biasing scheme in the second half period
and reversed sensing of the Hall voltage

The influence of the amplitude and polarity of the voltage spikes due to the spinning current
method is given in Chapter 3. The second solution to spikes cancellation relying on the partial
guard band was implemented here. The control signals for the sensing switches are delayed with
respect to the biasing switches. In this way, the sensing contacts of the SCVHD are connected to the
preamplifier only after some time has elapsed from the beginning of the transient processes. During
this time the accumulated charge is discharged through the Hall impedance, as discussed in 3.1.2.
The end result is that the spikes in the output voltage of the 8SCVHD “seen” by the input of the
preamplifier have smaller amplitude.

The Hall voltage retrieval features the same polarity of the voltage spikes in all sensing phases, as
illustrated in Fig. 5.5. This means that in the ideal case the spectral component of the spikes at the
scanning frequency is zero. In the real case, the amplitude of spikes depends also on the offset and
Hall voltages in a given sensing phase, as discussed in Chapter 2. The remaining of the spikes after
filtering adds to the unfiltered offset spectral component at the scanning frequency. Together they
give rise to the first harmonic that superimposes on the useful signal. This first harmonic cannot
be filtered out and it causes an error. This error is angle dependent. The output of the bandpass

filters is in the real case:

Veep = ASOIbiasB Ccos (27Tfscant - — 77/8) + AVOffc Ccos (27Tfscant + Oz(,ffc) s (512)
‘/CCBP - ASOIbiasB Ccos (27Tfscant +a— 7T/8) + Avoffcc Ccos (27Tfscant + aoffcc) ) (513)

where V,¢¢. and V,¢¢c. denote the amplitude, while aog. and coge. denote the phase of the residual

offset voltage and voltage spikes at the scanning frequency, in the clockwise and counterclockwise
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Figure 5.5: Measured signal at the outputs of the preamplifiers in the clockwise and counterclockwise
channels for 100 kHz scanning frequency, 50 mT magnetic field and f.jock= 3.2 MHz. The polarity
of the voltage spikes remains constant over the scanning period. Due to the same biasing sequence
in the clockwise and counterclockwise channels the voltage spikes waveforms are almost identical

channels, respectively. The residual offset voltage can be represented as a stationary vector super-
imposing on the vector of the magnetic field and causing an error. The smaller the ratio of the
amplitudes of the offset and magnetic field vectors, the smaller is the angular error.

It should be noted here that the sensor’s system level concept eliminates nonlinearities caused by
higher harmonics of the voltage spikes. Namely, the sequence of the potential changes of the contacts
for the clockwise and counterclockwise devices is the same. Then the spikes waveform can be seen
as identical for both channels to the first approximation, Fig. 5.5. The 3rd order filter greatly
attenuates the higher harmonics of the voltage spikes, but does not eliminate them completely. The
magnitudes of higher harmonics are equal in two channels to the first approximation. They affect the
useful signal similarly to the phase shifts introduced by the signal processing electronics, as shown
above. The absolute phase shifts of the signals in two channels are affected, but the relative phase
shift remains invariant.

The mismatches in the signal conditioning electronics in two channels also lead to an error. This

error is much smaller than the error caused by the nonidealities of the SCVHD.

5.2.3 Signal conditioning electronics

The biasing current of the Hall device was set by a variable resistor connected in series with the
diode-connected PMOS of an on-chip current mirror.

The contacts of the SCVHD are through a battery of six complementary switches connected to:
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Input CM range 0.5-2V
DC open loop gain 56 dB
Closed loop gain (R1= 500 2, R2= 4500 Q) 20
GBW (capacitive load 2 pF, capacitive load 15pF) 360 MHz, 180 MHz
11.8 nV//Hz @ 100 kHz;

Input-referred noise 7.7nV/J/Hz @ 1 MHz
Input referred offset (+30) +4.1mV
Current consumption 8.5 mA

Table 5.1: Simulated characteristics of the preamplifier

biasing current source, ground (two biasing switches), and to positive or negative inputs of the two
signal inputs of the DDA (four sensing switches). The two opposite contacts are connected through a
low resistance switch in order to perform the four-phase spinning current method for offset reduction
as shown in Chapter 3.

The digital electronics module with off-chip clock generator controls switches. Both schematics
and layout of the digital module were automatically synthesized after a VHDL code in the commer-
cially available software. No care was taken during design to synchronize switch control signals at
the output of the digital module. This was done in order to avoid stringent routing requirements.
Instead, a D-flip flop was placed next to the switches in the layout to synchronize the control signals.
An additional simple logic was placed next to the sensing switches to realize guard band.

The two Hall voltages taken from the SCVHD in each sensing phase are summed by means of
the two-input DDA (see Chapter 4). It contains two signal inputs and one feedback output. Its
simulated characteristics are given in Table 5.1. The low gain and high bandwidth of the DDA were
chosen in order to prevent saturation and nonlinear distortion due to spikes in the Hall voltage.
The outputs of the DDA were connected to pads and served as probe points to study spikes. The
bandwidth of the DDA was overdesigned and current consumption increased to accommodate for
large capacitive loads of the probing instrument while still allowing for settling of the voltage spikes.

The band-pass filter was designed as a cascade consisting of linear RC filters, two low gain
classical two-stage amplifiers (gain 10 and 20, respectively) and a buffer, as shown in Fig. 5.6 .
The distributed configuration was chosen to prevent saturation due to spikes, optimize filtering of
the spectral components of spikes and offset, and avoid nonlinearities. The band-pass filter is a 3rd
order filter and its bandwidth is about 1 MHz (low and high 3dB points are, respectively, 10 kHz
and 1.1 MHz). The bandwidth was intentionally designed high in order to accommodate for large
span of scanning frequencies. The downside of the high bandwidth is increased integrated noise and
reduced angular resolution.

The comparators were realized as open loop two-stage amplifiers. The comparator’s delay times

for the rising and falling edges of the 20 mV pulsed wave are 122ns and 88 ns, respectively.
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test DDA test comparator

Figure 5.6: Distributed filtering and amplification stages in one channel

The total power consumption is 90 mW at the scanning frequency 750 kHz. No effort was made

to optimize the sensor for low power consumption.

5.2.4 Measurement results: DC characterization

The chip was fabricated in 3.3 V. AMS high voltage 0.35 um technology. The high voltage technology
was chosen because of the availability of the deep N-well which enhances CVHD’s sensitivity. The
chip microphotograph is shown in Fig. 5.7. The sensor’s characteristics were measured in two
measurement settings: 1) response to a low speed rotating vector, 2) response to a high speed
oscillating vector.

The sensor’s output for in-plane magnetic induction vector is shown in Fig. 5.8. Due to the
non-ideal matching of the channels, the spacing and widths of the two pulses within one period are
not equal. But, the average of the two subsequent pulses corresponds to the correct value of the
measured angle.

The transfer curve of the sensor for the magnetic induction vector rotated over 360° is shown in
Fig. 5.9. A Newport rotary encoder with 0.01° accuracy was used to rotate a diametrically mag-
netized permanent magnet. The magnetic induction vector at the position of the sensor was 43.2 mT.
The PWM signal was averaged and recorded by a high resolution programmable timer /counter /analyzer
(Fluke PM6681). This reading was then multiplied by the scanning frequency to obtain the angle.
The triangular shape of the transfer characteristic is caused by the phase detection properties of the
XOR gate and the fact that the sensor measures twice the angle. The unambiguous measurement
range is from 0 to 90°.

The absolute angular error for two scanning frequencies for one sample is shown in Fig. 5.10.
The dominant cause of the error for small angles is the mismatch in the first harmonics caused by
both residual offset and spikes, and the channels’ mismatch. The error around 90° is dominantly
caused by the offset voltage and different rise and fall times of the comparators. Several samples of
the magnetic sensor were tested with magnetic fields up to 100 mT at the scanning frequency 750
kHz. Their best angular error was + 3°.

The angle resolution was found by measuring the width of the PWM by a time-to-digital converter
(TDC) and calculating its standard deviation [72]. The resolution is limited by jitter in the PWM

signal which is caused by the signal’s amplitude noise at the comparator’s input. The histogram of
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Figure 5.7: Microphotograph of the high speed angular sensor with one SCVHD per channel
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Figure 5.8: Measured sensor’s output for 60 mT in-plane DC magnetic field including 50° with the
reference axis. The scanning frequency is 750 kHz (the frequency of the PWM signal is twice the
scanning frequency)
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Figure 5.9: Transfer characteristic of the sensor for the scanning frequency 1 MHz, Hall biasing
current 300 A and the rotating 43.2 mT DC magnetic field
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Figure 5.10: Absolute angular error for the Hall biasing current 600 yA, 43.2 mT rotating DC
magnetic field and the scanning frequencies 500 kHz and 750 kHz
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Figure 5.11: Histogram of the PWM signal for the scanning frequency 1 MHz, arbitrary angle and
50 mT magnetic field (dashed line denotes measured values, whereas the full line denotes the fitted
curve)

the PWM is given in Fig. 5.11. The histogram has two peaks due to different pulse widths caused
by non-ideal matching of the channels, as explained above. When changing the scanning frequency
from 500 kHz to 1 MHz, the resolution changes from 0.5° for 500 kHz to 1.3° for 1 MHz. The angle
resolution can be increased by reducing the bandwidth of the band pass filter due to decrease of the
integrated noise at the input of the comparators. For larger magnetic fields the signal to noise ratio
at the input of comparator is higher and resolution is better.

In the ideal case, temperature drift of the 8CVHDs and the signal conditioning electronics is
cancelled up to the XOR gate due to the differential system topology. However, the measured
angle drifts with temperature due to the 8CVHD’s offset voltage drift, channels mismatches and
temperature dependence of the XOR gate and the chip’s output pad. The angle change per degree
OC for the scanning frequencies changed from 500 kHz to 1 MHz changes from 0.030°/ °C to 0.0276°/
oC.

5.2.5 Measurement results: AC characterization

An ideal experiment for characterization of the sensor’s bandwidth would be to expose it to a high
speed rotating motor with a diametrical magnet attached to it. The angular speeds of motors
available to us were modest and much below the sensor’s bandwidth. This is why we generated a

high speed oscillating magnetic vector by superposition of a DC and an AC magnetic fields. The
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Figure 5.12: a) Generation of high speed oscillating magnetic vector, b) sensor rotated by 45° to
distinguish positive from negative angles, where o is the instantaneous angle enclosed between the
total vector and the DC field (right)
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Figure 5.13: Simulated waveforms of the sensor for the magnetic field vector rotating at 2n*100 kHz
and 1 MHz scanning frequency: top - inputs to the comparators, bottom - XOR output (full line),
and low pass filtered XOR output is demodulated sine function (dashed line)

sensor was exposed to a DC magnetic field, aligned with the reference axis, and an AC magnetic
field perpendicular to the reference axis. The fluctuations of the AC field cause change in direction
and magnitude of the total field vector. In this way an in-plane oscillating magnetic vector was
created. Its angular frequency is proportional to the frequency of the AC field, Fig 5.12a).

The response of the SCVHD to the high speed oscillating vector after band-pass filtering is shown
in Fig. 5.13. It is the amplitude and phase modulated signal.

After the bandpass filtering, the signal in the clockwise channel is given by:

Vepp = ASoBreslyias cOS (27Tfscant - a) , (514)

where the intrinsic phase shift is omitted for simplicity. The resultant magnetic field B,es, and the

angle o it encloses with the reference axis are as follows, respectively:
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Brcs =\ B%)C + B%C(t)’ (515)

Bac(t
« = arctan L(), (5.16)
Bpce
and the AC magnetic field is given by:
Bac (t) = Bacman Sin(ZWfACt)v (517)

where Sy is the maximum sensitivity of the device, I;,5 is the biasing current of the Hall device, fscan
is the scanning frequency, Bpc¢ is the magnitude of the DC field, and Bac(¢) is the instantaneous

value of the AC field. If the following condition is satisfied:

BACmam < BDCv (518)

then Eqn 5.14 can be rewritten to be:

BACmax

VPCBP = ASOBresIbias COos (27Tfscant -
Bpc

sin(27rfAct)> ) (5.19)

BACmaa:

chBP ~ ASOBresIbias Ccos (27Tfscant) +
2Bpc

[COS (27T(fscan - fAC)t) — Cos (27T(fscan + fAC)t)} } ’
(5.20)
In the similar manner, the output of the band pass filter in the counterclockwise channel is given

by:

BACmam

V;:cBP = ASOBresIbias COSs (27Tfscant +
Bpc

sin(QﬂfAct)) . (5.21)

The comparators eliminate amplitude modulation of the bandpass filtered signals leaving the
phase modulated signal. If the condition stated in Eqn 5.18 is satisfied, the spectrum of this phase
modulated signal is equivalent to the spectrum of the amplitude modulated signals, Eqn 5.20: it has
a sinusoid at the scanning frequency fscan (the carrier frequency in telecommunications systems) and
two sinusoids at the frequencies fscan — fac and fscan + fac, lower and upper sidebands, respectively.
The maximum scanning and AC field frequencies are limited by the passband of the bandpass filter.
The upper limit is critical; here it is given by: fscan + fac < 1.1 MHz.

The information on the instantaneous value of the angle 2a ~ 231“#;"0‘“ sin(27 fact) is encoded
in the varying width of the PWM signal. The instantaneous value of the angle o enclosed between
the oscillating vector and the reference axis can be found by feeding the XOR signal to the time to

digital converter (TDC) and measuring the duration of pulses.
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Figure 5.14: XOR output signal for the sensor rotated by 45° with respect to the applied DC
reference field (filtered DC and AC values are shown in dashed lines)

The output of the XOR shown in Fig. 5.13 contains the rectified AC signal due to the properties
of the XOR gate. The XOR gate reacts on both falling and rising edges. In other words, the sensor
does not distinguish between the positive and negative angles. Therefore the chip was rotated by
45% in order to make it sensitive to positive and negative angles, Fig. 5.12b). In this case, the width
of the PWM signal is proportional to 90° - 2a, Fig. 5.14. In addition, the “operating point” is placed
in the middle of the transfer curve, where linearity is the best.

The scanning frequency of the sensor can be seen as the sampling frequency in sampled electronic
systems. According to the sampling theorem, the maximum frequency of the oscillating vector should
be at most half the scanning frequency, but oversampling ratios of 7 to 10 are desirable.

The amplitude-frequency characteristic of the sensor was recorded by sweeping the frequency of
the AC field and monitoring the sensor’s output in the frequency domain. The low pass filter was
placed between the XOR output and the input to the spectrum analyzer. The sensor’s output in the
frequency domain consists of the DC component (downconverted scanning frequency) and the first
harmonic at the frequency of the AC field. Higher harmonics are also present due to the properties
of the PWM modulation, but their amplitudes are two orders of magnitude lower than that of the
first harmonic [71]. The magnitude of the first harmonic is proportional to twice the maximum angle

enclosed between the oscillating vector and the reference axis:

BACmaz

5.22
Boc (5.22)

Ay |fACN 2

The measured amplitude-frequency characteristic of the sensor is shown in Fig. 5.15. It was
recorded for the oscillating vector created by 25 mT DC field and an AC field with 2.25mT amplitude.
These values satisfy Eqn 5.18. The maximum AC field frequency for which the sensor outputs correct
value of the maximum angle is 200 kHz, or equivalently 12 000 000 rpm. This corresponds to about
71 000 rad/s for this maximum amplitude of the AC field and this angular measurement range.
For the measurement range (£ 45°) this would correspond to 628 000 rad/s. For higher angular

frequencies aliasing was observed.
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Figure 5.15: Amplitude-frequency characteristic of the sensor for 625 kHz scanning frequency. The
frequency of the AC field generating the oscillating magnetic field was swept up to one third of the
scanning frequency

The response time of the sensor corresponds approximately to the reciprocal value of the sensor’s
bandwidth. The bandwidth was designed very high in order to accommodate for the large span of
scanning frequencies. The sensor’s bandwidth is approximately 1 MHz which gives about 1 ys for

the response time.

5.3 High speed magnetic angle sensor with an array of SCVHDs
per channel

The second version of the high speed magnetic angle sensor contains an array of SCVHDs per channel.
The front end of the current transducer consists of an array of four SCVHDs divided in two pairs,
as was described in Chapter 3. Each pair consists of two 8CVHDs. The spinning current method is
performed clockwise on the first device and counterclockwise on the second device. The novelty with
respect to the previous solutions lies in time shifted spinning current on the two pairs. Namely, the
first main sensing phase of the second pair is shifted by half the main sensing step with respect to the
first main sensing step of the first pair. The cancellation by clockwise and counterclockwise spinning
always yields a residual spike due to the nonidealities discussed above. These residual spikes are
at least one order of magnitude smaller than the voltage spikes of one device. More importantly,

their polarity is arbitrary. By the addition of the second pair, there are two residual spikes of the
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arbitrary polarity per one sensing phase and their influence on the useful signal becomes similar to
that of noise. In the frequency domain these residual spikes can be approximated by the white noise.
The microphotograph of the sensor is shown in Chapter 6, Fig 6.11.

On the other hand, the additional pair allows for lower biasing current of the SCVHD. This in
turn leads to higher signal-to-residual offset ratio for the array of the four devices. The outputs of the
two pairs are summed by means of an eight-input DDA serving as a preamplifier. The preamplifier’s
input capacitance is Co= 0.1 pF. According to Eqn 3.22 the approximate settling time is about 6
ns, which poses the theoretical limit to the maximum sensing frequency of around 160 MHz. This
would correspond to 5 MHz scanning frequency of the SCVHD, or the maximum bandwidth of 2.5
MHz.

The block-diagram of the sensor is similar to that shown in Fig. 5.3. The signal conditioning
electronics was optimized with respect to the first implementation described in section 5.2. The
first preamplifier was redesigned to allow for summing up of the Hall voltages from four SCVHDs.
Instead of the two-input DDA, the first preamplifier has a topology of an eight-input DDA. Instead
of the distributed topology of passive filtering, Fig. 5.6, the bandpass filter was designed as an
active bandpass filter. It was redesigned to accommodate filtering the SCVHD’s signal at two
scanning frequencies: 200 kHz and 1 MHz. The filter’s bandwidth around 200 kHz is 48 kHz, while
its bandwidth around 1 MHz is 350 kHz. The Schmitt trigger added to the comparators leads
to a reduced jitter in the PWM signal. The reduced bandwidth of the bandpass filter led to lower
integrated noise and consequently lower amplitude noise of the signal at the comparator’s input. The

increased signal-to-noise ratio led to the increase of the overall resolution of the Hall magnetometer.

5.3.1 Measurement results: DC characterization

The transfer characteristic of the sensor is shown in Fig. 5.16. The sensor was rotated over 360° in
the constant magnetic field created by an electromagnet.

The absolute angular error for the magnetic field 118 mT is shown in Fig. 5.17. The PWM
signal was recorded by a high resolution programmable timer/counter/analyzer (Fluke PM6681)
without averaging. The recording was then multiplied by the scanning frequency to obtain the angle.
The front end design, as discussed in Chapter 3, together with the optimized signal conditioning
electronics yields better absolute error (compare with Figs. 5.9 and 5.10). The measured resolution
for the scanning frequency 1 MHz and the magnetic field 118 mT is 0.15°. This is an order of
magnitude better than 1.3°2 for 1 MHz in the sensor described in Section 5.2.

In Table 5.2 are summarized results of the two CMOS implementations described above. Version 1
refers to the angular sensor with one SCVHD per channel, while version 2 refers to the angular sensor
with an array of the 8CVHDs per channel. The performance of the angular sensors are compared

with the similar CMOS realizations referred to in the state-of-the-art in 5.1. As mentioned above,

89



80 //\

S 60 /

[ h

=

]

=)

c

©

K]

5 40

7]

©

(4]

=
20 \
o \
0 50 100 150 200 250 300 350

angle (deg)

Figure 5.16: Transfer characteristic of the sensor for 1 MHz scanning frequency and 118 mT DC
magnetic field
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Figure 5.17: Absolute angular error for three samples for 1 MHz scanning frequency and 118 mT
DC magnetic field
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| ‘ [61] | [32] | Version 1 | Version 2 |

Technology VHT + CMOS | CMOS | CMOS CMOS

Bandwidth 1.2 MHz 200 Hz | 300 kHz | 500 kHz
Measurement range (°) 0 - 360 0 - 360 0-90 0-90
Resolution, o (°) / / 1 0.15
Angular error (9) +4 +2 +4 +1.5

Table 5.2: Performance comparison of the high bandwidth CMOS angular sensors based on vertical
Hall devices

the measurement range of the Version 1 and Version 2 can be extended by replacing the XOR phase

detector by a more performant one.

5.4 Comparison of the angular sensor topologies

In Table 5.3 are compared the characteristic performances of the 2D magnetometer used as an angular
sensor with two versions of the high speed magnetic angular sensors described in this Chapter. The
angular sensors are compared with respect to the design of the front end and its limitations to the
sensor’s bandwidth, as well as with respect to the system level topology and its limitations to the
maximum bandwidth.

The 2D magnetometer utilizes the phase sensitive detection to obtain the components of the
in-plane magnetic induction vector, Fig. 4.2. On the front end level, it is the large capacitance
of the input preamplifier that limits the maximum spinning frequency, as described in Solution 1,
Chapter 3. Speaking of the system level topology, the increase of the spinning frequency invariably
leads to the increase of the phase shift introduced by the preamplifier, as in any chopper amplifier
topology (as discussed in Chapter 1). Since the demodulation switches are synchronized with the
spinning switches (modulation blocks), this phase shift is mistaken for the angle and leads to an
angular error. As mentioned in the Section 5.1, this system level topology requires additional arctg
function to obtain the angle of the magnetic induction vector.

In contrast to the 2D magnetometer, the differential system level topology of the high speed
magnetic angular sensors, Version 1 and Version 2, offers cancellation of the phase shift introduced
by the signal conditioning electronics. The improved front end of the Version 2, consisting of the
array of the SCVHDs with clockwise and counterclockwise spinning current method, allows for the

highest spinning frequencies and bandwidth.

5.5 Conclusions and outlook

We demonstrated feasibility of a high speed CMOS integrated magnetic angle sensor based on
the eight contact vertical Hall device (8CVHD) with spinning current method applied. The novel

concept of the sensor features two signal channels with two 8CVHDs carrying the information on
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front-end | system topology device-interface System BW | Main features
electronics (kHz)
phase Co>Ch - phase shift at
8CVHD sensitive fscanmax = 120 kHz 60 high frequencies
detection - limits BW
differential Cy ~ (C; -phase shift at
two angular guard-band 300 high frequencies
8CVHDs sensor fscanmax = 1 MHz cancelled
two differential Cy >0y - best spikes
arrays of angular clkwise and cclkwise 500 cancellation
8CVHDs sensor spinning current -best angular
fscanmax = 5 MHz accuracy

Table 5.3: Comparison of the angular sensor topologies described in this work

the measured angle in the opposite phases. The use of two devices doubles the sensitivity of the
sensor. The quasi-differential structure of the sensor makes it robust to secondary influences. They
are translated into “common-mode” disturbances and cancelled out on the system level. The concept
together with optimized interface and signal conditioning electronics allows for dramatic increase of
the sensor’s bandwidth while retaining absolute accuracy and angle resolution comparable to low
bandwidth sensors.

The average angular error in the first implementation with one 8CVHD per channel is + 4°. The
measurement results have shown that the sensor tracks the angle of the in-plane magnetic vector
oscillating at 200 kHz, or equivalently 12 000 000 rpm.

The absolute angular error was reduced in the second implementation down to an average =+
1.5°. The bandwidth of the sensor was increased to about 500 kHz.

The limited measurement range 0-90° can be extended by using a more performant phase detector
instead of a simple XOR gate. The use of an SR flip-flop [73] with the transfer characteristics
periodical in 2 would extend the measurement range to 0-180°. The use of a sequential logic phase
detector [74] having the transfer characteristics periodical in 4% would give a full range 0-360° angular

Sensor.
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Chapter 6

Open-loop current transducer based
on the SCVHD

In this chapter we investigate feasibility of building a high-bandwidth CMOS integrated magnetic
sensor based on the SCVHD for use in open-loop current transducers. State-of-the-art open-loop
current transducers dominantly contain magnetic sensors based on horizontal Hall devices. We use
a new concept of the current transducer where a magnetic sensor is placed directly on the current
carrying conductor. This is why a vertical Hall device is needed as a sensing device in this design.

In addition, open-loop current transducers require magnetic sensors with low temperature cross-
sensitivity. Different calibration and auto-calibration techniques are implemented to reduce sensitiv-
ity and offset drift of the magnetic sensors with horizontal Hall devices. We examine a novel system
level topology and its efficiency to eliminating sensitivity drift with temperature of the magnetic
sensor based on the 8CVHD.

Lastly, we want to use the features of the SCVHD as well as system level concept to extend

bandwidth and dynamic range of the open-loop current transducer.

6.1 Introduction

Almost all current transducers offered on the market are based on measurement of magnetic field
produced by measured current, also referred to as the primary current. The current transducers
based on Hall devices can be divided in two groups [75] depending on the way the primary current
is measured:

a. Open-loop current transducers, the principle schematics of which is shown in Fig 6.1. The
magnetic flux created by a measured current is concentrated in a magnetic core. The magnetic
core has a gap in which a Hall device is placed. The output of a Hall sensor, proportional to
the measured field, is processed to provide an exact representation of the primary current. These
transducers usually have a bandwidth from DC to several tens of kHz. However, they have low

accuracy and are used in cases when measurement error can be well higher than 1%.
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b. Closed-loop current transducers shown in Fig. 6.2. The magnetic flux of a measured current
is compensated by the magnetic flux produced by a current in the secondary coil. The secondary
coil is wound around a magnetic core. The compensation current is controlled by the resultant flux
sensed by a Hall magnetic sensor, Fig. 6.2. Due to the magnetic negative feedback, the output does
not depend on the characteristics of a Hall sensor, to the first approximation. The vast majority
of current transducers found in practice today belong to closed-loop current transducers. Their
accuracy is usually in the range 0.1 to 1%. Generally, they are low-cost transducers, but at high
currents (above 1000 A), they tend to be much more expensive than the open-loop ones.

The magnetic core, usually of ferromagnetic material, brings about a number of parasitic effects,
such as non-linearity and hysteresis in the transfer curve, Eddy-current losses, etc. The concept
of the current transducers without magnetic core, Fig. 6.3, was patented recently [76]. It can be
used in both open-loop and closed-loop configurations. Magnetic sensor is placed directly onto the
surface of the conductor through which the measured current is passed, usually referred to as the bus
bar. Since the measured magnetic field is horizontal, a Hall device must be a vertical one. Current
density through the bus bar must be high in order to generate substantial field at the position of

the magnetic sensor. A high-resolution magnetic sensor must be placed as close as possible to the
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Figure 6.3: Current transducer without magnetic core

surface of the current conductor where the magnetic field is the highest.

Magnetic sensors suffer from sensitivity drift due to temperature, packaging stress, aging, and
thermal shocks. The sensitivity drift of uncalibrated Hall sensors available on market ranges from
0.05 %/K to 0.1 %/K. Several approaches to tackling the problem of sensitivity drift due to these
influences were reported, among which [77, 29, 78, 30, 15]. It should be noted here that these
approaches are uniquely dedicated to calibration of sensitivity drift in the sensors based on horizontal
Hall devices. They have in common the use of an integrated coil, or integrated coils, supplied by a
reference current in order to create a reference magnetic field. In all solutions the reference magnetic
field was supposed temperature insensitive. However, the reference current is usually created as a
current through a resistor supplied with a voltage reference. The voltage reference is constant, but
the resistance changes with temperature which leads to the change of the reference field.

The Hall device senses both the measured and reference fields. The reference magnetic field is
much lower than the measured field. This is why it is difficult to measure it selectively in the total
signal. In each solution mentioned above different strategies were proposed to distinguish between
the two fields. For instance, frequency separation was employed in [78] where the frequency of the
reference field was outside the sensor’s operating frequency bandwidth. In [15] spatial coding of the
reference and measured fields in a sensor array was introduced. The reference field has opposite
direction on each pair of the sensor array whereas the measured field remains in the same direction.
In all proposed solutions, signal proportional to the reference field is then compared with a reference
voltage in a comparator circuit. The output of a comparator circuit then serves as a feedback signal
to close the loop of conventional automatic gain control. The best solutions report stabilization of
sensitivity drift in the laboratory environment down to 0.003 % /K [16].

As mentioned above, the structure of the current transducer shown in Fig. 6.3 requires a vertical
Hall device and as such is compatible with the SCVHD. This is why we have chosen it to study
the feasibility of using the 8CVHD in current sensing. In addition, we investigate the possibility to
reduce the sensitivity drift of the SCVHD by employing a novel system level concept. We describe

the concept in the following Section.
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6.2 Concept of the current transducer based on the SCVHD

The current transducer consists of the primary conductor in the form of a bus bar, as sketched in
Fig. 6.4a), and the Hall magnetic sensor placed on top of it [69]. The bus bar is a slab with a smaller
cross-section at the position of the sensor in order to increase current density and magnetic field of
the measured current. The magnetic field of the measured current, Byeas, is perpendicular to the
measured current’s flow. An external coil serving as a reference coil to create reference magnetic
field, B, is placed on top of the magnetic sensor. It is supplied by the on-chip reference current
source whose value drifts with temperature. The field B¢t is collinear with the measured current’s

flow. The CMOS integrated magnetic sensor, Fig. 6.4b), consists of:

e A high-speed magnetic angle sensor with the SCVHD as the sensing device. The front end of
the sensor is described in Chapter 3, Solution 3, while its block diagram and measured results
are shown in Chapter 5, Section 5.3.1. An additional digital module for sign detection was
added to extend the measurement range to + 90°. It is based on detection of the leading
or lagging edges of the inputs to the comparators. The function of the angle sensor is to
measure the angle o between the reference magnetic field, B,f, created by an external coil
and the resultant magnetic field Bes. The resultant magnetic field Bies is equal to the vector
sum of the reference and measured current’s fields. The angle enclosed between Byes and Bief
changes with temperature due to temperature cross-sensitivity of the reference current source.
The angular sensor outputs the angle between the total magnetic field Byes and the reference
field Byer- Assuming ideal characteristics of the magnetic angle sensor, the measured angle is

independent of the sensitivity and offset drifts of the 8CVHDs.

e A tangent converter. It is a nonlinear integrator dedicated to conversion of the PWM signal
proportional to the measured angle o into tgo. Thus, the output voltage of the tangent
converter is proportional to the measured magnetic field, B,,cqs, and inversely proportional to
the reference magnetic field B,o;. The tangent converter is designed such that it compensates
the change of the angle o due to temperature sensitivity of the reference magnetic field Bis.
This was achieved by using the same reference voltage and the same type resistors employed
in the design of the reference current source. Finally, the output of the magnetic sensor is a

temperature insensitive voltage proportional to the measured current.

e A reference current source. It was designed as a current delivered by the reference voltage
through an on-chip resistor. Its value drifts with temperature due to the resistor’s drift with
temperature (the resistor has a positive temperature coefficient). Thus, the reference field

decreases with temperature.
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6.2.1 Tangent converter

Tangent converter was designed by [79]. It is essentially a nonlinear integrator acting as a phase
demodulator in the system.

The operation of the tangent converter and approximation of the tangent function is depicted in
Fig. 6.5.

The output of the angle sensor is the PWM pulse proportional to /(7 fscan). In the ideal case
it is not temperature dependent. It is denoted as ¢; in Fig. 6.5, and serves as the control signal for
the beginning and end of the nonlinear integration. The idea here is to approximate function tgo in

the following way:

e the control signal ¢; is divided in intervals of equal duration corresponding to the period of

the clock frequency. The clock frequency for the tangent converter is fclock = 64 fscan;
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e the first derivative of the tangent function is calculated for each interval. The derivative of the
function is implemented as a current through the resistors shown in Fig. 6.5b). The sequential
switching on of the switches ¢1-¢,, , Fig. 6.5 a) and b), reduces the equivalent resistance and

thus increases the first derivative;

e the first derivative over corresponding interval is integrated to obtain a linear function. This
linear function approximates function tga in the interval in question. This method is known as
piecewise linear approximation. The voltage on the capacitor C' is the integral of the current

through it and is proportional to tga, Fig. 6.5 b).

The voltage on the capacitor C' can be expressed as:

T fscan

Ue = / (tgt) dt =

0
1 Wfso:,-an v Wfso:,-an v T fscan v
ref ref ref
= — —dt + / ——dt+ ... + / dt | . 6.1
C 0/ Ry ; Ry || Re ; Ry || Ra... || Rnt1 (6.1)
1 n

The integration starts at the rising edge of the PWM pulse from the angular sensor. The time

intervals ¢1 to t, are determined by the clock frequency and can be written as:

1

t; = , 6.2
’ 64fscan ( )
where =1, ..., n. The resistances Ry to R, can be expressed with respect to a reference resistance
Ry as:
Rn = Cn,Rl7 (63)
where ¢; to ¢, are real numbers.
Substituting Eqns 6.2 and 6.3 in Eqn 6.1 yields:
Vies a c1+e [« 1 cit+cot ... tept1 @ n
Voo Ve (@ LR (E-m)), e
¢ Rlcfscan s + C2 T 64 tet C9...Cpi1 T 64 ( )
where the expression in the bracket is the linear piecewise approximation of the function tga:
‘/ref
Uo = =—1tga, 6.5
Rl Cfscan g ( )

where V. is the reference voltage, R; is the resistance in the branch closed during the whole PWM
pulse, andf.qn is the scanning frequency. The tga depends only on coefficients ¢; to ¢, and is
temperature independent. The product Vier/(R1C fscan) is the temperature dependent scaling factor

of the tangent function.
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The process of tga approximation is not an instantaneous one. The integrator needs to be
followed by a simple sample-and-hold circuit, as shown in Fig. 6.6 a). Initially all switches ¢1-¢,
are open and the capacitor C is discharged. With the rising edge of the incoming PWM pulse ¢
is closed and the integration starts (@empty is open). After maximum one period of the main clock
the switch ¢5 is closed, after the second period of the main clock the switch ¢3 is closed, and so
on. With the falling edge of the PWM pulse all switches ¢1-¢,, are open and the integration stops.
In the pause before the arrival of the next PWM pulse, the switch ¢, is closed and the output
voltage of the integrator is transferred to the hold capacitor C, Fig. 6.6 b). The switch ¢empty is
closed to discharge the integrating capacitor C. The sign detector added to the tangent converter
and angular sensor controls the polarity of the reference voltage in order to enable measurements of
the positive and negative angles in the range + 90°.

The reference current source gives the reference current for the reference coil:

‘/ref
Igref7

where V., s is the reference voltage used in the integrator shown above, and R,.s is the on-chip

Loy = (6.6)

resistance of the same type as Rj.
The tga, Fig. 6.4, is given by:

Bmeas kameas kb Rref
B = i = kf vV Imeas»
ref clref c Vref

tga = (6.7)

where ki, and k. are coefficients depending on vacuum magnetic permittivity and the geometries of
the bus bar and coil, respectively.

Substituting Eqn 6.7 into Eqn 6.5 yields for the output of the tangent converter:
Rref kb

———— —Ieas- 6.8
Rl Cfscan kc ( )

Since the resistances R,.r and R; are the same type, their drift with temperature cancels out.

Vout = UC ~

The drift of the integrating and sampling capacitances with temperature can be neglected. The
temperature drift of the coefficients &, and k. can also be neglected. Assuming the ideal angular
sensor and constant clock frequency, the output voltage V,,+ does not depend on the sensitivity drift
of the SCVHD. As in all other solutions, the buffer’s offset is neglected since it can be compensated

in the laboratory environment.

6.3 Analysis of nonidealities of the magnetic sensor

The above analysis was performed assuming the ideal performance characteristics of the angular
sensor and the tangent converter. We discuss below some nonidealities and maximum bandwidth of

the magnetic sensor.
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6.3.1 Temperature dependence of the angular sensor

According to Eqns. 5.12 and 5.13 the first harmonic of the offset voltage causes an angle dependent
error. The first harmonic of the offset voltage can be expressed by the offset equivalent mangetic

field to be:
Vort = IviasSoBoyy- (6.9)
Then by rearranging Eqn 5.12, the phase shift in the clockwise channel can be expressed as:

p— Bressina + Bogresinogsfe

, 6.10
Bres COSO&+BOffc COS Qof fe ( )

where B, is the magnitude of the total in-plane field, o is the physical angle enclosed between By
and the reference axis, Bog. is the magnitude of the offset equivalent magnetic field vector in the
clockwise channel, g is its phase, and «. is the phase shift in the clockwise channel. Similarly,

the phase shift in the counterclockwise channel can be expressed as:

Bressina + BoffeeSin Qof fee

(6.11)

Qe = —arct .
e g Brescosa+ Boffee COS Qof fec

These equations suggest that the higher the ratio of Byes/Bofic, the smaller is the angular error,
as sketched in Fig. 6.7.
The offset equivalent vectors in the two channels have arbitrary magnitude and phase. As a

result, their influence on the angular reading does not cancel out.
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Figure 6.8: First harmonic of the SCVHD’s offset voltage versus temperature

The first harmonic of the residual offset of the SCVHD drifts with temperature, as shown in Fig.
6.8. The temperature drift of the SCVHD was found to be about 7 uT/ °C. Taking into account the

temperature drift of the offset vector, Eqn 6.10 can be rewritten to be:

Biessina + Boffc(l — TC’OffAT) sin Qof fe
Byescosa + Bofpe(1 = TCopp AT) cOS offe

a. (T) = arctg (6.12)

where T'Cy ¢ is the temperature coefficient of the first harmonic of the SCVHD, and T and AT are
absolute temperature and temperature difference, respectively. If the total field B,s is large enough,
the offset field and its drift with temperature cause a negligible error.

In the ideal case, the signal conditioning electronics in the two channels is assumed matched.
Any mismatch either in gain or phase shift of the analog blocks is temperature dependent and is

only partially cancelled on the system level.

6.3.2 Mismatch equivalent magnetic field of the angular sensor

The mismatch of the first harmonic of the offset voltages in the two channels together with the
channels mismatches can be modeled by the “mismatch” equivalent magnetic field. The field super-
imposes on the applied magnetic field causing an erroneous angle reading, similar to the sketch in
Fig. 6.7. In Fig. 6.9 is shown the measured angle versus applied angle for one sample. The DC
magnetic field was swept from 3.6 mT to 83 mT, the angular sensor was rotated over 90° and its

output was recorded. For smaller fields the increment of the measured angle is nonlinear. The angle
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Figure 6.9: Measured angle of the angular sensor (fscan=1 MHz) versus applied angle for DC
magnetic field swept from 3.6 mT to 115 mT

increment is linear starting from 22.35 mT onwards. The linearity of the angle increment is crucial
for the magnetic sensor.
However, the output of the angular sensor is not proportional to 2o for low magnetic fields. It

can be expressed as having the “gain” dependent on the magnetic field:

2
27Tfscan '

The illustration of the “gain” for 1 MHz and 200 kHz scanning frequencies on the same die is

PWM ~ k(B) (6.13)

given in Fig. 6.10. The gain “1” stands for the angular sensor’s output proportional to 20. The only
difference between these two variants is the bandpass filter. Fig. 6.10 suggests that channels are

better matched at 1 MHz.

6.3.3 Tangent converter

The maximum absolute angle for which the tangent converter operates with a negligible error is 60°.
The tangent converter saturates for all B,.s enclosing an angle greater than 60° with the reference
axis. This means that for a given reference field, Bief, the maximum magnitude of the measured
field must be: Beqsmaz = 1.73Bret.

The switching on of the second switch ¢ depends on the phase shift between the rising edge of
the PWM pulse and the first rising edge of the clock signal. The maximum delay between the two

is one period of the clock signal.

104



17—
scanning frequency 1MHz

*
nning frequency 200 kHz

0.8

0.6

0.4

"Gain" of the angular sensor

0.2

0 20 40 60 80
field (mT)

Figure 6.10: “Gain” of the angular sensor for 1 MHz and 200 kHz scanning frequencies

6.3.4 Maximum bandwidth

For the AC fields, the angular sensor up to the comparators, Fig. 5.3, can be modeled as a system
carrying a phase modulated (PM) signal. The critical feature of these systems is their bandwidth. In
theory, PM signals require an infinite bandwidth to avoid any signal distortion during transmission.
The output of the bandpass filter can be written as (neglecting the intrinsic phase shift for simplicity):
Vegp = ASoBreslpias COS (27Tfscant — arctg (Bgea;m sin(27rfAct)>> , (6.14)
re

where the measured field is assumed sinusoidal Bpeqs = Bmeasm Sin (27 fact).

In order to estimate the minimum required bandwidth for the targeted maximum frequency fac,

the arctg function is approximated by its linear term:

Bmeasm .
Vepp & ASoByesIpias COS (27Tfscant ~~5 . sm(27rfACt)> . (6.15)
ref

The following analysis is only approximate due to the approximation of the arctg function by its
linear term. The phase modulated signal in Eqn 6.15 is characterized by the instantaneous phase

and instantaneous frequency, respectively:

Bmeasm .
¢i = 27 fscant — ———— sin(2w fact), (6.16)
B7'ef
1d i Bmeasm
fi = % (2 = fscan - fACTef COS(2WfACt)~ (617)
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According to the terminology used in analysis of PM systems, the carrier frequency is the scanning

frequency, while the peak frequency deviation and the modulation index are as follows, respectively:

Bricasm
Af = fAciB , (6.18)
ref
Af o Brncasm

m = = maz= 1.73, 6.19
fAC Bref | ( )

where modulation index m is calculated for the angular limitation imposed by the tangent converter.
This is at the same time the greatest modulation index for the system.

The frequency spectrum of the phase modulated signal has spectral components at all frequencies,
fscan £ nfac, where n can be any integer from —oo to +o0o0 . The minimum practical bandwidth

for the signal transmission without distortion is defined by the Carlson’s rule:

BW =2fsc(14+m) =5.46fac. (6.20)

The 3dB bandwidth of the bandpass filter in the angular sensor must satisfy the Carlson’s rule.
The above is the most severe requirement for the angular sensor’s bandwidth. For the modulation
index m =1, which is equivalent to By,eqsm = Bres the required bandwidth is BW = 4f4c. In
Chapter 5 was shown that the required bandwidth is only 2f4¢ for a small modulation index, or
equivalently Bi,eqsm < Brey-

In Chapter 3, Section 3.2.5, were given the limitations to the sensor’s bandwidth imposed by the
front end. The Carlson’s rule together with the designed passband of the bandpass filter is a more
severe criterion. The design of the passband of the bandpass filter is a trade-off between the accuracy
and bandwidth. The smaller the passband, the better the spikes’ residues affecting accuracy will be
filtered out. On the other hand, reduction of the passband leads to a reduced bandwidth.

6.4 Measurement results for the magnetic sensor

The magnetic sensor was fabricated in 3.3 V 0.35 ym AMS high voltage technology. The chip
microphotograph is shown in Fig. 6.11.

The sensor was exposed to a rotating DC magnetic field vector of 80 mT. The output of the
sensor in this case is a tangent function of the angle enclosed between the magnetic vector and the
reference axis. In Fig. 6.12 is shown the normalized difference between the output of the sensor and

the calculated tangent function.
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Figure 6.11: Microphotograph of the magnetic sensor. The angular sensor contains an array of four
8CVHDs in the front end (the Version 2 described in Section 5.3)

107



E Ea&:ulated "
s 04 &
k3]
@
>
f=2)
=
® 02
: 2
Q 3
Q =)
S z
2 0 :
2 ®
3 3
8 =
17} X
s 02 =
©
=
[
k)
2
s -0.4
-

-0.6 -10

-40 -20 0 20 40
angle (deg)

Figure 6.12: Output of the magnetic sensor vs. calculated tangent function for fscan= 1 MHz and
80 mT rotating DC magnetic field

6.5 Measurement results for the current transducer

We show the initial measurements aimed at the characterization of the current transducer.

The die was glued to the non-magnetic PCB and protected by epoxy. The coil was placed on
top of the protection and supplied by the on-chip reference current. Its nominal value is 10 mA. In
some experiments, the reference coil was replaced by the DC magnet.

The PCB was placed on the bus bar. The bus bar was designed by [80]. It has a narrow part
to increase the magnetic field at the position of the sensor. The photograph of the test current
transducer is given in Fig. 6.13. Special care was taken to align the sensor’s axis with the bus bar’s
one, as well as to align the coil’s axis with the sensor’s axis.

As pointed out in Chapter 5, the magnetic sensor was designed for two scanning frequencies: 1
MHz and 200 kHz. The differences on the system level are: the center frequency and the passband
of the bandpass filter, as well as the gain in the tangent converter. The switch from one scanning
frequency to another one on the same die is regulated by a control pin.

The current transducers were tested for linearity, sensitivity drift with temperature, AC behavior
and transient response.

The coefficient ky, of the bus bar, Eqn 6.8, is k, = 2.57 - 107> T/A. The sensitivities of the

magnetic sensor, S in V/T, and the current transducer, St in V/A, are related by this coefficient:
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Figure 6.13: Current transducer in the temperature chamber. Magnetic sensor is placed directly on
the bus bar. The coil for reference field generation is placed on top of the protected die.

Set = kS (6.21)

6.5.1 High bandwidth current transducer

The transfer characteristics of the current transducer with the magnetic sensor operating at 1 MHz
scanning frequency is given in Fig. 6.14. The clock signal for the tangent converter was supplied
from a quartz oscillator running at 64 MHz. This signal is processed on-chip to give 32 MHz clock
frequency, or equivalently the sensing frequency, for the magnetic angular sensor. The offset voltage
of the magnetic sensor was externally compensated. The reference field was generated by the coil
and is about 2.5 mT at the position of the sensor. The measured current was swept from -200 to
200 A. This corresponds to 5.14 mT for the maximum magnetic field of the measured current. This
corresponds to the angle of 63° for 200 A where nonlinearity is the worst 4%. The increase of the
reference field would allow a higher dynamic range.

The sensitivity drift with temperature was tested for the reference field created by the coil Bes=
2.5 mT. The bus bar together with the quartz oscillator was placed in the temperature chamber.
The reference voltage Vier was externally supplied. The temperature was swept from -20 to 80 © C.
The current 200 A was passed through the bus bar and the output voltage was recorded.

The sensitivity drift of the current transducer in the range -20 to 80 © C was found to be about

5 %/K. This high sensitivity drift is primarily due to the substantial drift of the first harmonic of
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Figure 6.14: Transfer characteristics of the current transducer for fican= 1 MHz and Byet= 2.5 mT

the offset voltage with temperature, Fig. 6.8 and Eqn 6.12. The maximum value of the reference
field is limited by the on-chip current source whose maximum current is 10 mA. This current can be
amplified by the off-chip current amplifier and fed into the reference coil to prove the concept. This
is left out for future work.

In order to test the transducer’s behavior for larger reference fields, we placed a permanent
magnet of 60 mT as a reference field. As Eqn 6.12 suggests, the larger the total field, the smaller
will be the influence of the drift with temperature of the first harmonics. As an amendment to the

concept described in 6.2, Eqn 6.8 can be in this case rewritten to read:

Vier ky 7
Rlcfscan Bref meas

Assuming the reference voltage Ve, the scanning frequency fscqan, and the capacitance C' con-

Vour = Uc = (6.22)

stant, the output voltage of the magnetic sensor is:

u'ef ]{}b
Cfscaan (1 + TCR) B,«ef (1 + TCB

where the temperature coefficients of the resistance R; and the permanent magnet are TCg and

Vout = UC =

) Imeasv (623)

ref

TCpres, respectively. The coefficient T'Cr is a positive temperature coefficient of a diffusion re-
sistor. If a permanent magnet with a negative temperature coeflicient is chosen, TCp,.¢< 0, the

temperature drift of the Vj,; can be greatly reduced. In Fig. 6.15 are shown measurement results in
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Figure 6.15: Sensitivity vs. temperature of the current transducer for fs.an= 1 MHz and B,r= 60
mT

which a permanent magnet of 60 mT with a negative temperature coefficient TCprer= - 0.12 %/K
was used. The sensitivity drift was found to be 0.1 %/K.

The scanning frequency of 1 MHz would allow measuring AC fields up to 500 kHz, but in this
case it is the bandpass filter in the angular sensor that limits the bandwidth. The bandpass filter
has a bandwidth of 350 kHz. The magnitude of the measured and reference fields are 5 mT and 20
mT, respectively. According to Eqn 6.20 and the approximate analysis shown in 6.2, the assessed
maximum frequency of the measured field is about 125 kHz.

Fig. 6.16 shows the amplitude-frequency characteristics of the current transducer. It can be
seen that there is an amplitude increase for the frequencies approaching 100 kHz. The causes of
the amplitude increase are still not clear. One possible explanation is the structure of the current
transducer. Namely, a permanent magnet is placed on top of the sensor instead of the coil. It acts
as a magnetic filter for higher frequencies of the measured field. In other words, it concentrates the
lines of the measured field on the position of the sensor. The end result is that the sensor sees a

larger measured field, which leads to somewhat larger “gain” of the angular sensor, Fig. 6.9.

6.5.2 Low bandwidth current transducer

The transfer characteristics of the current transducer with the magnetic sensor operating at 200 kHz
scanning frequency is given in Fig. 6.17. The nonlinearity is smaller than 1.5 % over the range - 200

to 200 A.
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Figure 6.16: Amplitude-frequency characteristics of the current transducer for fscan= 1 MHz and
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Figure 6.17: Transfer characteristics of the current transducer for fican= 200 kHz and Byer= 2.5 mT
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Figure 6.18: Sensitivity vs. temperature of the current transducer for fscan= 200 kHz and Bes= 60
mT

The sensitivity drift with temperature was about 4 % /K for the reference field of 2.5 mT created
by the coil. The clock signal for the tangent converter was supplied from an external function
generator.

The use of a permanent magnet instead of the reference coil reduced the sensitivity drift down to
0.7%/K, Fig. 6.18. It should be noted here that this sensitivity drift is the same order of magnitude
as the sensitivity drift of the magnetic sensors based on horizontal Hall devices.

The scanning frequency of 200 kHz would allow measuring AC fields up to 100 kHz, but the
bandpass filter in the angular sensor limits the bandwidth. The bandwidth of the bandpass filter
is 48 kHz. The magnitude of the measured and reference fields are 5 mT and 20 mT, respectively.
According to Eqn 6.20 and the approximate analysis shown in 6.2, the maximum frequency of the
measured field is approximately about 18 kHz. The amplitude-frequency characteristics is shown in
Fig. 6.19.

The response of the current transducer to the current pulse is shown in Fig. 6.20. The peak
current value is 2.8 kA which corresponds to the slew-rate of 14 MA /s. The current 2.8 kA through
the bus bar corresponds to the measured field of about 80 mT. Since the reference field is 20 mT, the
maximum angle enclosed is 75.9 ©, which leads to saturation of the tangent converter. One positive
feature of this concept is that the increase of the reference field extends the dynamic range of the
current transducer. The dynamic range of this current transducer is the highest dynamic range for

a low cost current transducer available on market.
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Figure 6.19: Amplitude-frequency characteristics of the current transducer for fsc.,= 200 kHz and
Bres= 20 mT

2
input voltage pulse
7 output voltage of the current transducer

1.5
s

o 1
<
[=]
Q.
(]
<
@
(7]

S 05
Q.
E

0 HJ
-0.5
0 1 2 3 4
time (ms)

Figure 6.20: Response of the current transducer to the current pulse for fscan= 200 kHz and Byes=

20 mT . The amplitude of the current pulse corresponds to the 2.8 kA, whereas its slew-rate is 14
MA/s
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6.6 Conclusions and outlook

In this chapter we proved the feasibility of building a current transducer based on a novel concept
with the 8CVHD as the sensing device. The initial measurement results of the current transducer’s
characteristics such as linearity and frequency response are encouraging.

The remaining challenge is the sensitivity drift with temperature. The angular sensors function
well for magnetic fields above 60 mT (this is the order of magnitude of the diametrically magnetized
magnets used in angular measurements). However, there is still room to optimize the magnetic
angular sensor for low magnetic fields. It can be further optimized both on the front end level and
the topology level. On the front end level, the miniaturized SCVHD can be replaced by an optimized
8CVHD described in Chapter 2 having a higher current-related sensitivity. This would increase the
signal-to-offset ratio, without substantial change of the front-end’s bandwidth (Chapter 3). At the
same time, signal-to-offset drift will be increased leading to a lower overall drift of sensitivity. On
the system level, the two signal conditioning chains can be interchanged in order to improve their
matching. This can be done by placing an additional modulation block in front of the preamplifier,

and a demodulation block before comparators.
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Chapter 7

Conclusions and Outlook

In this thesis we investigated the limits of the CVHD in terms of the minimum number of contacts
and maximum operating frequency. We focused on bandwidth increase with satisfying accuracy in
Hall sensors based on the 8CVHD. The optimization of the sensors was done on three structural
levels: device level, device-interface electronics level and the system topology level.

On the device level, we have designed and tested the 8-contact circular vertical Hall device
(8CVHD) as an ultimate miniaturization of the 64-contact circular vertical Hall device. The sen-
sitivity of a m-curved 5-contact vertical Hall device, which is a unit cell of the S8CVHD, is about
30 % less than the sensitivity of a straight 5-contact vertical Hall device. The offset components,
the DC offset and the first harmonic of offset, increase when the number of contacts is reduced.
Nevertheless, it was shown that this is not the case for the SCVHD. Though the geometry of the
device leads to a loss in sensitivity, it offers possibility of biasing the whole device in all sensing
phase. It is this symmetry that leads to a more efficient offset voltage reduction. The end result is
that the residual offset of the 8CVHD is comparable to the offset of the CVHD with a much larger
number of contacts.

The remaining challenge for the SCVHD is further optimization towards higher sensitivity and
lower offset voltage. The valid explanation for the sensitivity to the perpendicular magnetic field
has yet to be found. The SCVHD might be optimized towards a compact three-axis device. A more
viable use of the third sensing axis would be some kind of self-calibration of the device.

On the device-interface electronics level, we studied the standard case of a horizontal Hall device
in a system employing spinning current method. We have shown that both the design of a Hall
device and the interface electronics are crucial to increasing bandwidth. Both the device and inter-
face electronics determine contribution of voltage spikes to the overall sensor’s accuracy in CMOS
integrated Hall sensors. The model of the horizontal Hall device was then extended and applied to
the specific case of the 8SCVHD. It was shown that in the case of the SCVHD the voltage spikes and
the useful Hall signal can be frequency separated by the proposed Hall voltage retrieval. This is not

the case in a traditional Hall sensor topology.
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Three solutions to tackling the challenge of increasing the spinning frequency while maintaining
the accuracy in the sensors based on the 8CVHD were presented. The first one is a novel solution
relying on the high input capacitance of the preamplifier which together with the on-resistance of the
sensing switch filters out the voltage spikes. The second solution examines the partial guard band
to remove a part of the spikes’ energy without compromising the high spinning frequency. The third
solution is based on the cancellation of the voltage spikes by the clockwise and counterclockwise
spinning current method on two devices. The novelty with respect to the previous similar solutions
lies in the additional pair of the clockwise and counterclockwise devices. The spinning current method
is applied with a time shift on the additional pair of devices. The outcome is that the residual spikes
are of arbitrary amplitude due to mismatches. They are distributed over the spinning phase (sensing
phase for the SCVHD) and behave like noise. These three solutions were employed in three sensors
based on the SCVHD. The third solution permits the use of the highest spinning frequency.

The first solution was employed in the 2D magnetometer based on the SCVHD. The Hall voltage
retrieval from the SCVHD and the design of the front end allowed efficient removal of the voltage
spikes. The novel system level concept for the 2D CMOS integrated magnetometer based on the
8CVHD enables common biasing, signal retrieval, dynamic cancellation of offset and low frequency
noise, and front-end signal conditioning electronics for both components of the measured in-plane
magnetic field vector. The separation of two channels is postponed to the point where signal levels
are high and less susceptible to nonidealities and mismatches of signal conditioning electronics.
The magnetometer features bandwidth up to 60 kHz, wide dynamic range 0-1.5 T, high spatial
resolution, and a high measurement resolution of 300 uT over wide frequency range 0-30 kHz. The
2D magnetometer can also be used as an angular sensor with full measurement range.

On the system level, we demonstrated feasibility of a high speed CMOS integrated magnetic
angle sensor based on two 8CVHDs. The novel concept of the sensor features two signal channels
with two 8CVHDs carrying the information on the measured angle in the opposite phases. The use
of two devices doubles the sensitivity of the sensor, though at the expense of a reduced measurement
range (in present implementation). The quasi-differential structure of the sensor makes it robust to
secondary influences. They are translated into “common-mode” disturbances and cancelled out on
the system level. The concept together with optimized interface and signal conditioning electronics
allows for dramatic increase of the sensor’s bandwidth while retaining absolute accuracy and angle
resolution comparable to low bandwidth sensors. The current measurement range 0-90° can be
extended by using a more performant phase detector instead of a simple XOR gate. The use of an
SR flip-flop with the transfer characteristics periodical in 21 would extend the measurement range
to 0-180°. The use of a sequential logic phase detector having the transfer characteristics periodical

in 4x would give a full range 0-360° angular sensor.
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The first implementation of the high-speed magnetic angle sensor has one SCVHD per channel.
It was based on the second solution to voltage spikes reduction stated above. The average angular
error was measured to be & 4°. The sensor’s theoretical bandwidth for this angular error is about
300 kHz. The measurements have shown that the sensor achieves tracking the angle of the in-plane
magnetic vector oscillating at 200 kHz, or equivalently 12 000 000 rpm. The state-of-the art CMOS
integrated magnetic angle sensors are at 11 000 rpm, but covering a full measurement range.

The second implementation of the high-speed magnetic angle sensor has an array of SCVHDs per
channel. It is based on the second solution to voltage spikes reduction. The absolute angular error
was reduced in the second implementation down to an average £ 1.5°. The bandwidth of the sensor
was increased to about 500 kHz. It should be noted here that the spinning frequency, or equivalently
sensing frequency, in this sensor is 32 MHz. This is to our knowledge the highest spinning frequency
used in Hall sensors so far.

Finally, we proved the feasibility of building a magnetic sensor based on the SCVHD for use
in open-loop current transducers. The magnetic sensor relies on a novel concept involving the
angular sensor and the tangent converter. The initial measurement results of the current transducer’s
characteristics such as linearity and frequency response are encouraging. The remaining challenge is
the sensitivity drift with temperature. The angular sensors functions well for magnetic fields above
60 mT (this is the order of magnitude of the diametrically magnetized magnets used in angular
measurements). The dominant cause of the sensitivity drift for low magnetic fields is the offset
voltage drift with temperature. The offset drift and the sensitivity drift are two distinct phenomena
in one-axis devices. In the CVHDs they are intertwined, as shown in Chapter 6. The magnetic
sensor can be further optimized for low fields. On the front end level, the use of a device with a
higher current-related sensitivity would increase the signal-to-offset ratio. On the system level, the
two signal conditioning chains can be interchanged in order to improve their matching. This can
be done by placing an additional modulation block in front of the preamplifier, and a demodulation
block before comparators. In addition, each building block of the signal conditioning electronics can
be temperature compensated on its own and further optimized.

The CMOS Hall sensors designed and verified during the thesis were proof of concepts. They

are in no way the ultimate achievements of the devices or concepts used.
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