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Abstract  A magnetic angle sensor is a matched combination of a permanent magnet, affixed to a rotating 

shaft, and a magnetic field sensor. The magnet part of the angle sensors is configured so as to create either 

a magnetic field with an angle-dependent component perpendicular to the chip surface; or two angle-

dependent components parallel with the chip surface. The magnetic field component perpendicular to the 

sensor dice is measured by planar Hall devices. The two in-plane magnetic field components are measured 

either by a combination of planar Hall devices and an integrated magnetic flux concentrator (IMC-Hall), 

or by vertical Hall devices. The IMC-Hall is the most used technology for implementing a compass in 

mobile telephones. The circular vertical Hall device is most suitable for high-speed rotation angle sensing. 

The major performance-limiting factors of magnetic angle sensors are non-uniformity of magnets, non-

uniformities in the integrated magnetic sensor IC, and thermal drift. The magnetic sensing part of 

contemporary magnetic angle sensors is a CMOS IC, incorporating Hall devices, biasing circuit, 

amplifiers and other analog signal conditioning circuits, analog-to-digital convertors, and digital circuits 

for angle retrieval and correction of errors.  

 

1 INTRODUCTION 

An angle sensor converts the angular position of a 

rotating mechanical part into a corresponding 

electronic signal. The oldest known angle sensors were 

based on the sliding-contact resistor potentiometer. 

Modern angle sensors are contactless and consequently 

much more reliable. Contactless angle sensors may be 

based on various operating principles, including 

optical, capacitive, inductive, and magnetic. Optical 

angle sensors, better known as optical (angle) 

encoders, have the best performance, but they are also 

the most expensive. In a large application area 

requiring accuracy up to 0.1°, magnetic angle sensors 

have by far the best performance – price ratio. By 

analogy with optical encoders, magnetic angle sensors 

are also called magnetic angle encoders, particularly if 

they have a digital output signal. 

   A magnetic angle sensor consists of a combination 

of a permanent magnet and an adequate magnetic 

sensor, as shown in Figure 1. The magnet is typically 

mounted on a rotating shaft so that the magnetic field 

sensed by the magnetic sensor also rotates. The 

angular position of the magnet, and so also of the 

shaft, can be then retrieved from the output signals of 

the magnetic sensor. The structure shown in Figure 1 

is called end-of-shaft configuration. If the end of a 

shaft is not available, then the shaft may be inserted 

into a hole in the magnet, and the magnetic sensor is 

positioned off-axis, near the magnet. This 

configuration is known as trough-shaft or side-shaft 

magnetic angle sensor.   

   The notion of angle is closely related with the notion 

of direction. Since direction is the basic property of a 

vector, a magnetic vector sensor can be readily used as 

an angle sensor. But in most cases, the form of the 

magnetic field in the magnetic angle sensor is such 

that the associated magnetic sensor needs to measure 

only two, and in some cases even only one component 

of the magnetic field.  

   A compass can be also considered as a kind of 

magnetic angle sensor, in which the role of the magnet 

plays Earth. But a good electronic compass has to 

measure all three components of the Earth’s magnetic 

field, that is, it should be a magnetic vector sensor.  

   Magnetic angle sensors provide contactless 

measurement, can work in harsh environments, and are 

inexpensive. Good magnetic angle sensors have 

measurement range from 0° to 360°, without a dead 

angle, and absolute accuracy up to 0.1°. 

   Magnetic angle sensors are typically applied as 

contactless potentiometers, valve position sensors, 

single- and two-axis joysticks, motor shaft angle 

sensors, compasses, etc. They are widely used in 

industrial, automotive, and consumer products. 

   The maximum rotation velocity in most magnetic 

sensor applications do not exceed a few thousands 

rotations per minute (rpm). But in order to insure a low 

delay between an instantaneous angular position and 

the related output signal of the angle sensor, it is often 

necessary that the angle sensor’s bandwidth is several 

tens of kHz. Moreover, there are applications where a 

much higher sensor’s bandwidth is required, for 

example: 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, to mention but a few.   

   The magnetic sensors applied in magnetic angle 

sensors may be Hall devices [1] or ferromagnetic 

magneto-resistors, i.e., AMRs [2] and GMRs [3], [4]. 

Hall devices have a great advantage of being fully 
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compatible with IC technologies, which allows for 

making a Hall magnetic sensor as an application-

specific integrated circuit (ASIC). Accordingly, a 

modern magnetic sensor typically incorporates a single 

Hall magnetic sensor IC chip, containing Hall 

elements, biasing and signal conditional electronics, 

and means for angle retrieval.  

    In this paper I will review the most successful 

contemporary concepts of magnetic angle sensors 

based on integrated Hall magnetic sensors. This is an 

updated version of an earlier review [5]. In the present 

paper I will also briefly discuss the magnets for 

magnetic angle sensors. 

2 ANGLE SENSORS BASED ON CLASSICAL 

HALL DEVICES 

A classical Hall device is a plate-like structure with 4 

contacts, also called a Hall plate [1]. When 

implemented by using integrated circuit technology, a 

Hall plate is positioned “horizontally” (in parallel) 

with respect to the surface of the IC dice. For this 

reason, a classical Hall device is sometimes referred to 

as a horizontal Hall device. A Hall plate responds to a 

magnetic field that is perpendicular to its plane. 

Therefore, the magnets of the first Hall magnetic angle 

sensors were designed so as to provide a convenient 

angular dependence of the component of the magnet’s 

field perpendicular to the Hall sensor chip. One 

concept of such magnetic angle sensors, which is still 

much used, is illustrated in Figure 1. 

 

 
 

Figure 1: A magnetic angle sensor based on an 

integrated array of Hall plates. 

 

    Figure 1 illustrates a magnetic angle sensor based on 

an integrated array of Hall plates [6], [7]. In this 

concept, several “horizontal” Hall plates measure the 

local vertical components of the magnetic field carried 

by a radially polarized magnet, which is fixed on the 

end of a shaft. In the Hall sensor chip, the difference of 

the magnetic fields “seen” by the diametrically 

positioned Hall plates (for example, +Bz – (–Bz) in 

Figure 1) is built. As the magnet turns, this difference 

varies as the sinus or cosine of the rotation angle. The 

rotation angle can be retrieved from the output signals 

of at least two pairs of the Hall devices in several ways 

– see Section 6. 

   A sensor like that in Figure 1 can measure angles at 

end-of-shaft over the whole range 0° to 360°. Thanks 

to the differential measurement, several parasitic 

effects are cancelled, including the matched parts of 

the offsets of the diametrically positioned Hall plates 

and the external magnetic fields. An unpleasant feature 

of this concept is that for good performance at a 

reasonable distance magnet – chip, it requires the Hall 

elements to be positioned on a circle of a relatively 

large diameter, typically ≥ 2mm. Therefore, the IC-

chip of such an angle sensor can be neither very small 

nor very inexpensive. Moreover, this concept is not 

convenient for trough-shaft angle sensors. 

 

3 ANGLE SENSORS BASED ON HALL 

SENSORS WITH MAGNETOCONCENTRATOR 

 

If combined with a “soft” ferromagnetic plate, in the 

way illustrated in Figure 2, a group of horizontal Hall 

device can be converted into a magnetic sensor that 

responds to all tree components of magnetic field [8]. 

The ferromagnetic plate functions as a magnetic flux 

concentrator. An integrated combination Hall plates – 

magnetic flux concentrator (in short: magneto-

concentrator or IMC) can be used to build a two-axis 

or three-axis Hall magnetic field sensor. 

 

 
 

Figure 2: The principle of the IMC-Hall two-axis or 

three-axis magnetic field sensor (figure from [9]). 

 

In Figure 2, the IMC has the form of a thin disk. The 

Hall elements are positioned under the periphery of the 

disk. For each horizontal sensing axis (X and Y) there 

are two Hall elements placed at the two opposite ends 

of the disk diameter parallel with the corresponding 

axis. The concentration of the magnetic flux lines by 

IMC produces (locally, near the Hall plates) the 

perpendicular components of a magnetic field B. The 

difference of the output signals of the Hall plates X1 

and X2 is proportional to the parallel field component 

Bx. The By component is measured in the analogous 

way. The Bz component is the sum of all Hall signals.  
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A two-axis (X and Y) version of an IMC-Hall 

magnetic sensor, combined with a permanent magnet 

like that in Figure 1, gives a magnetic angle sensor. As 

the in-chip-plane component of the magnetic field of 

the magnet rotates for an angle α, the difference of the 

Hall voltages of the two non-neighboring Hall 

elements vary as cosα and sinα. The angular position 

of the magnet can be found from these two signals - 

see Section 6. This device provides, without any 

calibration, accuracy better that 0.5° over the 

measurement range of 360◦ [8]. 

   The main advantages of an angle sensor based on the 

IMC-Hall combination are robustness and scalability. 

For the in-chip-plane component of the magnetic field, 

the IMC provides a magnetic gain, which is illustrated 

by the high density of the magnetic flux lines 

penetrating the Hall plates in Figure 2. This leads to a 

good signal to noise ratio of the sensor, even when the 

magnet is small or is placed at a relatively large 

distance from the IMC-Hall chip. For these reasons, an 

IMC-Hall angle sensor is very immune to the 

variations of the shape, strength, and the position of 

the applied permanent magnet. The magnetic field 

sensing area of an IMC-Hall sensor typically occupies 

very small portion of the sensor IC chip area, and does 

not hamper a miniaturization of the chip. The IMC-

Hall technology enabled development and successful 

commercialization of a number of IC for magnetic 

angle sensors and some other products [10]. An IMC-

Hall IC for magnetic angle sensors is suitable also for 

the implementation of through-shaft angle sensors [11] 

   But the IMC-Hall technology brings about also some 

secondary effects that limit the range of the magnetic 

fields in which an IMC-Hall angle sensor functions 

well. At high magnetic fields the magnetic saturation 

of the magnetic flux concentrator produces 

nonlinearity error [12]. In some commercially-

available IMC-Hall angle sensor ICs, the saturation 

starts when the external flux density reaches 60mT. At 

low magnetic fields, two other effects may deteriorate 

angle measurement accuracy. One is perming – a 

remnant magnetization of the IMC, which may 

produce in the Hall elements an unpredictable offset 

field of some micro-tesla. The other is the influence of 

external magnetic field, which is also amplified by 

IMC, and cannot be distinguished from the local field 

carried by the rotating magnet.    

   The deposition and structuring of the IMC requires 

post-processing of the Hall IC wafers. Therefore, at the 

same other circumstances, an IMC-Hall sensor has to 

be more expensive than a “bare” Hall sensor.  

 

4 ANGLE SENSORS BASED ON VERTICAL 

HALL DEVICES 

 

In a vertical Hall device [13] the region that plays the 

role of the Hall plate is made to be perpendicular to the 

chip plane (therefore the attribute “vertical”). A 

merged combination of two mutually orthogonal 

vertical Hall devices gives a good magnetic sensor for 

the simultaneous sensing of the two in-plane 

components of a magnetic field. Based on this device a 

magnetic angle sensor was demonstrated [14]. But this 

first two-axis vertical Hall device was fabricated in a 

specific process, which is not compatible with modern 

IC technologies. Later, we developed also integrated 

vertical Hall devices: we applied a high-voltage 

CMOS technology, and used the deep n-well for the 

active region of the vertical Hall device. An integrated 

magnetic angle sensor based on such integrated 

vertical Hall devices [15] has similar performance as 

the one based on the IMC-Hall technology. 

   The most recently developed magnetic angle sensors 

are based on the circular vertical Hall device (CVHD) 

[16], [17]. The CVHD is illustrated in Figure 3. The 

active region of this device is a deep N-well ring, on 

whose surface the several equally spaced N
+
 contacts 

are positioned. Any adjacent 5 contacts and the 

corresponding segment of the N-well make a vertical 

Hall device. The contacts can be connected to a current 

source and/or to an amplifier via an array of CMOS 

switches. By activating the appropriate switches, the 

active 5-contact-portion of the ring can be moved, step 

by step, around the ring. This is equivalent with 

moving a vertical Hall device around the ring. At each 

instant, the magnetic sensitivity vector of the device is 

collinear with the radius vector of the central contact 

of the currently active vertical Hall device. That means 

that the magnetic sensitivity vector of the CVHD 

rotates. The Hall voltage of a Hall device is given by 

the scalar product  

Vh ≈ S * B  (1) 

where S denotes the magnetic sensitivity vector of the 

Hall device and B denotes the magnetic flux density 

vector. If the S - vector rotates so fast that B could be 

considered stationary, then the output voltage of a 

CVHD is given by  

    Vh ≈ S  B|| cos(ωt +α)  (2) 

where S denotes the magnitude of the magnetic 

sensitivity vector of the Hall device, B|| - the in-chip-

plane component of the magnetic flux density vector, 

ω – the angular velocity of the magnetic sensitivity 

vector of the CVHD, t – the time, and α – the 

instantaneous in-plain angle (azimuth) of the B|| - 

vector with respect to a reference axis. Therefore, the 

phase shift of the CVHD output signal directly gives 

the angle α of the in-plane magnetic field. This means 

that a CVHD-based magnetic angle sensor does not 

need any additional angle-retrieving calculation or 

other procedure, which makes it very suitable for high-

speed rotation angle sensing. 

   Another version of such magnetic angle sensor is 

based on two miniaturized 8-contact CVHDs 

(8CVHD) whose sensitivity vectors rotate in opposite 
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directions, Figure 4 [18], [19]. The output voltages of 

the two 8CVHDs are separately processed in two 

channels and act as a reference one to another. 

Therefore there is no need for the reference signal as in 

[17]. The output of the sensor is a pulse-width 

modulated signal whose width is proportional to twice 

the angle enclosed between the in-plane magnetic field 

vector and the reference axis. The use of two devices 

doubles the sensitivity of the sensor, though at the 

expense of reduced angular measurement range. Logic 

circuit, driven by an on-chip clock controls the 

switches. The dimensions of the chip are about 2 x 2 

mm. 

 

 
 

Figure 3: Principle of the circular vertical Hall device 

(CVHD). The ring represents a narrow n-well region, 

and the radial bars are the N
+
 contacts. An array of 

integrated CMOS switches (not shown) connects 

sequentially a set of 5 contacts, so that the 5-contact 

vertical Hall device virtually moves along the ring. 

 

 
 

Figure 4: Biasing and sensing of the Hall voltages of 

the two 8CVHDs. Low-middle figure: clockwise 

(dashed line), counter clockwise (full line) and the 

band-pass filtered signals for the DC magnetic field 

enclosing the angle  with the reference axis. 

 

   The angle sensors based on the vertical Hall 

technology are even more robust than those based on 

the IMC-Hall technology. A vertical Hall device 

responds to a strictly in-chip-plane component of a 

magnetic field with negligible non-linearity. In 

particular, in vertical Hall technology the problems of 

perming and magnetic saturation do not exist. On the 

other hand, integrated vertical Hall devices tend to 

have higher equivalent offset field and noise than the 

IMC-Hall devices. Therefore, in angle sensors based 

on the vertical Hall technology it is beneficial to 

apply stronger magnets.   

 

5 COMPAS AND OTHER MAGNETIC 

DIRECTION SENSORS 

 

The magnitude of the magnetic field at the Earth's 

surface ranges from 25 to 65 micro-tesla. This had 

been long considered a too week field to be measured 

by integrated Hall magnetic sensors. Moreover, an 

electronic compass should measure all three 

components of the Earth's magnetic field, whereas a 

classical Hall plate is a single-axis magnetic sensor. 

But the advent of the IMC-Hall technology has 

changed the circumstances: an IMC provides a 

magnetic gain for the two in-chip-plane components of 

the measured magnetic field; and the combination 

IMC-Hall allows for sensing all three components of a 

magnetic field on a single chip: see Figure 2. Thanks 

to these facts, the IMC-Hall is currently the dominant 

technology used in electronic compass ICs, 

particularly in mobile telephones [9], [20]. 

   An integrated three-axis magnetic sensor, a magnetic 

vector sensor, can be also realized by combining at 

least two vertical Hall devices, one horizontal Hall 

device, and signal conditioning electronics on a same 

chip [21]. The latest improvement in the magnetic 

resolution of the integrated vertical Hall devices [22] 

opens the way for the realization of the integrated 

magnetic vector sensors with nearly as high resolution 

as that of an IMC-Hall 3-axis magnetic senor, but 

without the shortcomings of the IMC (perming, 

saturation, cost). 

   A high resolution, high magnetic range, and low-cost 

magnetic vector sensor would be a key component of a 

3D position and/or direction sensor [23]. 

 

6 THE MAGNET AND ITS POSITION 

 

The magnetic signal that is measured by any of the 

magnetic sensors described so far is provided by a 

moving magnet, which is a part of an angle or 

direction sensor system. The optimal shape of the 

magnet’s field depends on the type of the employed 

magnetic sensor. Tolerances in the distribution and the 

angular dependence of the magnet’s field with respect 

to the “normal” (assumed) values may deteriorate the 

performance of the magnetic angle sensor. 

   By way of example, consider a magnetic angle 

sensor with a magnetic field sensor that responds to 

the in-plane component of the magnetic field, such as 

that based on IMC-Hall or vertical Hall technology. 

Then the rotation angle of the in-chip-plane 

http://www.dict.cc/englisch-deutsch/circumstances.html
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component of the magnet’s field vector should be the 

same as the rotation angle of the shaft. This is the case 

if the magnetic field is homogeneous.  Since real 

magnets are subject to manufacturing tolerances, it is 

often necessary to measure the homogeneity of its 

magnetic field over an area of interest. Figure 5 [24] 

shows the result of such a measurement. 

 

 
 

Figure 5: Measured distribution of the homogeneity 

error of a ferrite disc-shaped magnet, diameter 10mm. 

The measurement was performed by a precise 3D 

magnetic field mapper [25]. 

 

The quality of the magnet and the accuracy of the 

positioning of the magnet and the magnetic sensor IC 

may be the dominant factors that determine the 

accuracy of a magnetic angle sensor. 

 

6 SIGNAL CONDITIONING  

 

All integrated Hall magnetic sensors described above 

include biasing and signal conditioning electronics. 

The signal conditioning includes amplification, 

reduction of offset, noise, and influence of 

temperature, analog to digital conversion, and retrieval 

of the angle of the magnetic field vector.  

   In contemporary integrated Hall magnetic sensors 

the crud offset is reduced by orthogonally coupling of 

2 or more integrated Hall elements, and the residual 

offset and 1/f noise are further reduced by the spinning 

current method [1].  

   The temperature dependence of the magnetic 

sensitivity per se is not a problem in most of the 

magnetic angle or direction sensors, since the retrieved 

angle depends on the ratio of two signals. However, 

the effective temperature coefficients of apparently 

equal devices may depend on their position on the 

chip. This comes about mostly because of the “co-

operation” of the thermo-mechanical stress in the chip 

and the piezo-resistive, piezo-Hall, and piezo-junction 

effects. These effects are also the origin of offset and 

gain instability and miss-match of different signal 

processing channels. This problem can be alleviated by 

passing all sensor signals as much as possible through 

a same processing channel. 

   After A-D conversion of the Hall signals, the 

rotation angle can be retrieved in several ways, 

including the application of CORDIC algorithm 

(COrdinate Rotation DIgital Computer) [25], 

calculation of tangent and finding arc tangent from a 

look-up table, and by interpolation of the signals from 

an array of several Hall devices positioned around a 

circle. 

   In the CVHDs, the result of angle measurement 

appears as the phase shift between two ac signals, 

which can be measured by a phase detection circuit. 

Then the sensor output signal can be a pulse-width 

modulated signal, or a digital signal – the number of 

the clock periods within the pulse-width. 

   The accuracy of a magnetic angle sensor can be 

much improved by calibration. To this and, the sensor 

system should incorporate a temperature sensor, 

memory, and an adequate information processing. The 

calibration procedure might look like that used in an 

advanced 3-axis teslameter [27]. The efficiency of 

calibration is ultimately limited by noise and 

instability phenomena.  

 

7 CONCLUSIONS 

 

    A magnetic angle sensor incorporates a magnet and 

a magnetic field sensor. The magnetic field sensor is 

usually an integrated sensor based on classical planar 

Hall devices, an integrated combination of Hall plates 

and magnetic flux concentrators (IMC-Hall), or 

vertical Hall devices.  

    The IMC-Hall technology provides magnetic gain 

and 3-axis magnetic sensing. The majority of compass 

chips in contemporary mobile telephones are based on 

the IMC-Hall. A magnetic angle sensor based on the 

IMC-Hall can work with smaller or more distant 

magnets. However, an IMC-Hall saturates at about 

60mT; and at low magnetic fields, it suffers from 

perming and external disturbances.   

    In the sensors based on the vertical Hall technology 

the problems of perming and magnetic saturation do 

not exist; but the vertical Hall sensors have higher 

offset and noise than IMC-Hall sensors, and therefore 

require stronger magnets.   

   The magnetic angle sensor based on the circular 

vertical Hall device provides the measured angle very 

quickly; therefore they are very suitable for high-speed 

rotation angle sensing. 

    The dominant sources of errors in a magnetic angle 

sensor are related to the inhomogeneity of the magnet 

and the temperature drifts. Most of the errors can be 

corrected by calibration, but the ultimate limit of 

accuracy comes from noise and instability phenomena.  
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