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Why HALL MAGNETIC SENSORS?

• High measurement range: from <10µT to >20T

• High spatial resolution: <1µm

• Broad bandwidth: DC to >1MHz

• Vector sensitivity

• Compatible with IC technologies

• Good performance – cost ratio
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Outline

• The Hall Effect
• Magnetic Sensitivity
• Technology and Geometry
• Horizontal and Vertical Hall Devices
• 3-Axis Hall Magnetic Sensor
• Parasitic Effects
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The Hall Effect

Edwin Hall: 

“On a new action of 

the magnet on electric

current” Am.J.Math.

2 (1879) pp.287-92

VH ∝ I ⋅ B



The Hall Electric Field 

Lorentz Force:

Electron Drift:

Force || z = 0:

Hall Electric Field:

Hall Coefficient:
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Hall Voltage &
Magnetic Sensitivity  

Hall Voltage:
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𝑉𝑉𝐻𝐻 = �
𝑆𝑆𝑆

𝑆𝑆𝑆
𝑬𝑬𝐻𝐻 d𝒘𝒘

𝑉𝑉𝐻𝐻 = 𝜇𝜇𝑛𝑛
𝑉𝑉
𝑙𝑙

𝑤𝑤 𝐵𝐵⊥

𝑉𝑉𝐻𝐻 = 𝐸𝐸𝐻𝐻𝑤𝑤

𝑉𝑉𝐻𝐻 = 𝑆𝑆𝑉𝑉 V 𝐵𝐵⊥

Voltage-Related Sensitivity:

𝑆𝑆𝑉𝑉 ≈ 𝜇𝜇𝑛𝑛
𝑤𝑤
𝑙𝑙

𝑉𝑉 = 𝑅𝑅𝐼𝐼 =
1

𝑞𝑞𝜇𝜇𝑛𝑛𝑛𝑛
𝑙𝑙

𝑤𝑤𝑡𝑡
𝐼𝐼

𝑉𝑉𝐻𝐻 = 𝑆𝑆𝐼𝐼 𝐼𝐼 𝐵𝐵⊥
Current-Related Sensitivity:

𝑆𝑆𝐼𝐼 ≈
1

𝑞𝑞 𝑛𝑛 𝑡𝑡
≈

𝑅𝑅𝐻𝐻

𝑡𝑡



Geometrical Factor of Hall Voltage

GH = VH / V H∞ →
Typically, GH ≈ 0.3 …. 0.7   

Short – circuiting effects by the electrodes!
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Magnetic Sensitivity 
• Absolut Sensitivity:

• Relative Sensitivity
Current-related: Voltage-related:

SI [V/AT]: 10 … 1000

SV [V/VT]: 0.01 … 0.05 (Si CMOS); 0.3 (GaAs); 1 ... 5 (InSb)



Shapes of 
Hall Devices
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Positions of Hall Devices

Horizontal

Vertical



GaAs Hall Device

1 : GaAs – active area
2 : Metalized region
3 : Contact region

Desired features of (1):
• High mobility 

( EH = µ [E × B] )
• Low carrier density

( EH = (1/qn) [J × B] )
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High-mobility 2DEG Hall plate
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Silicon (Horizontal)
conventional planar in
Hall Device

• Sensitive to the perpendicular
field component B

• CMOS Technology:
N-Well  

• Depletion layer isolation 
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• Sensitive to in-plane
field component B

• CMOS Technology:
N-Well  

• Depletion Layer
Isolation 

I
I/2 I/2

VH

Silicon integrated Vertical Hall Device
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GENESIS OF THE VERTICAL HALL DEVICE
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Multi-axis Hall magnetic sensors

• difficult alignment of axes

• pure spatial resolution

• many wires

Conventional:
3 Hall plates

• perfect alignment

• high resolution

• shared wires

Integrated:
Single Chip

> VH + HH

> IMC - Hall

Popovic Hall Devices 2017



SENIS 3-axis Hall Probe S
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SENIS 3-Axis Integrated Hall Sensor

Magnetic field sensitive volume: 
100µm x 100µm x 10µm
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Integrated 3-Axis Hall Probe

Sensing part composed of two types of micro-Hall sensors
• 4 planar Hall sensor – the perpendicular B-component
• 8 vertical Hall sensors – the in-plane B-components
• Mutual orthogonality: 0.1°
3D spatial resolution: 150 µm
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SENIS fully integrated 3D Hall sensor

Front-end 
electronics

Sensing partDriving part

Read-out electronics and buffers

Bonding connections

200µm

Precise 3D magnetic field measurements
• from militeslas up to tens of tesla
• in the frequency range from DC to 30 kHz
• spatial resolution of about 150 µm
• die dimensions: 4300 µm x 640 µm x 550 µm

Sensing part composed of two types of micro-Hall sensors
• a planar Hall sensor – the perpendicular B-component
• 8 vertical Hall sensors – the in-plane B-components

Popovic Hall Devices 2017



SENIS fully integrated 3D Hall probe
in a ceramic package 

Popovic Hall Devices 2017
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SENIS fully integrated 
3D Hall probes 
in ceramic packages 
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SENIS Very Thin 
fully integrated 3D Hall probes
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Probe Holders 
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Parasitic Effects in Hall Devices

• Offset
• Noise
• Planar Hall effect
• Non-linearity
• Temperature dependence
• Stress dependence 
• Inductive effects
• …

Popovic Hall Devices 2017
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Offset 
in a Hall Device
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OEMF: 
Offset-Equivalent Magnetic Field 

OEMF = Voff / SA

Voff: Output offset voltage [V]
SA : Absolute magnetic sensitivity [V/T]

Basic OEMF:
- Si integrated Hall elements: 5mT – 50mT
- High-mobility Hall elements: ca. 1mT
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Offset Fluctuations and Noise

σ2: Variance
σ: Standard deviation 
vnRMS: Root Mean Square noise voltage
vnP-P: Peak-to-Peak noise voltage

vnRMS = σ 
vnP-P ≈ 6 vnRMS
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Noise Voltage Spectral Density 
of a Hall Device

1/f

thermal

corner frequency

SVα ∝ (I 2 / N) / f

SVT ∝ kTR

fc ~ 1 …100 kHz
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Noise voltage spectral density of the SENIS 
silicon integrated horizontal Hall device 1HH01  
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Noise Spectral Density and 
Noise Voltage 

v S f fN NVf

f
= 



∫ ( )∂

1

2

1
2

RMS noise voltage:

Bandwidth

• White-noise region:
vn ∝ BW = f2 – f1

• 1/f noise region:  
vn ∝ ln (f2 / f1)
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NEMF: 
Noise-Equivalent Magnetic Field 

NEMF = Vn / SA or   NEMF SD = VnSD / SA 

Vn: Output noise voltage [V]
Vn SD: Noise voltage spectral density [V/√Hz]
SA : Absolute magnetic sensitivity [V/T]

NEMF[T] – depends on the frequency bandwidth
NEMF Spectral Density [T/√Hz] – a detailed spec.
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Typical values of NEMF SD 

Thermal noise region, at room temperature: 

• integrated silicon Hall elements: about 100nT/√Hz;

• GaAs epitaxial or 2DEG Hall elements: about 20nT/√Hz;

• high-mobility thin-film InSb Hall elements: about 1.5nT/√Hz.
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Parasitic Effects in Hall Devices

• Offset
• Noise
• Planar Hall effect
• Non-linearity
• Temperature dependence
• Stress dependence 
• Inductive effects
• …

Popovic Hall Devices 2017



Bn

I

Planar Hall Effect

B

Bp
α

Vp∞ I Bp sin2α2
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MR Model of the Planar Hall effect

I R R
R R

B

ΔR
ΔR

MR long.
MR trans.

“Voff” ≡ ∞B2Vp
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Summary

• Hall Plate:
4 Contacts, B ⊥ Plate

• Hall Voltage:

• Errors: Offset, Noise, Planar Hall Effect, …

𝑉𝑉𝐻𝐻 = V 𝐵𝐵⊥
= 𝑆𝑆𝐼𝐼 𝐼𝐼 𝐵𝐵⊥
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Where to get more information

R S Popovic:
“Hall Effect Devices”
2nd Edition, 2004
Institute of Physics Publishing, IOP, Bristol and Philadelphia
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HALL MAGNETIC SENSORS
- SIGNAL PROCESSING
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Integrated 
Horizontal Hall 

Device 

Integrated 
Vertical Hall 

Device 

I
I/2 I/2

VH

GaAs Hall Device

Hall Devices



Popovic Hall Signal Processing 2017 44

Outline

• Amplification of the Hall voltage
• Reducing offset, low-frequency noise, 

planar Hall effect, inductive effects, …
• Reducing angular errors
• Amplification of the magnetic signal
• Experimental Results
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Amplifying the Hall voltage

S: absolute magnetic 
sensitivity of the transducer 

Va: total artifact signal 
(noise voltage, offset, …)

Resolution limit: 
when S · B ≈ Va, i.e.

Bres ≈ Va / S 

V = S · B + Va 

Hall 
Device Electronics

B
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Magnetic Resolution Limit

The magnetic resolution limit – when Signal to Artifact Ratio ≈ 1
Bres ≈ Artifact-Equivalent Magnetic Field, AEMF = Va / S

Va: artifact signal (noise voltage, offset drift, …)
S: absolute magnetic sensitivity

• DC resolution: limited by  
- offset (if can not be zeroed) 
- offset drift (thermal, aging, … )
- offset fluctuations (BW: ~ 0.1Hz to 10Hz)

• AC resolution: limited by noise
- noise (thermal and 1/f)
- bandwidth 



Amplifying the signal of a bridge-type sensor
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Noise model of a transducer
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The Complex Model is Simplified

Vout

Vn_in

Vn_out
in_out

Output 
gain = 1

Input 
gain = G

Input Stage Output Stage

Vout

Vn_RTI

in_out
Total

gain = G

Vn_out Vn_out( )2 Vn_in G⋅( )2+

Vn_RTI
Vn_out

G









2

Vn_in( )2+

(vn_in)2 = (vn_s)2 +(vn_ai)2

vn_s

vn_s

Sensor



Example:
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&

vn_s <<  vn_ai
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MR Model of the Planar Hall effect

I R R
R R

B

ΔR
ΔR

MR long.
MR trans.

“Voff” ≡ ∞B2Vp
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Reducing Offset and Noise:
Orthogonal-Parallel Coupling of Hall Elements

Popovic Hall Signal Processing 2017 53

R- R∆ R+ R∆

R+ R∆ R- R∆

VH

V = -off1 Voff2I0

Voff2Voff1

R- R∆ R+ R∆

R+ R∆ R- R∆

VH
I0

1 2
VH1 = VH2

1 ⨯ Hall: 𝑉𝑉𝑛𝑛𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 = 4𝑘𝑘𝑘𝑘𝑅𝑅Δf ; 2 ⨯ Hall: 𝑉𝑉𝑛𝑛𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜2 = Vn𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 / 2 ; ....

𝐍𝐍 ⨯ 𝐇𝐇𝐇𝐇𝐇𝐇𝐇𝐇: 𝑽𝑽𝑽𝑽𝑽𝑽𝑽𝑽𝑽𝑽𝑽𝑽𝑽𝑽 = 𝑽𝑽𝑽𝑽𝑽𝑽𝑽𝑽𝑽𝑽𝑽𝑽𝟏𝟏 / 𝑽𝑽



SENIS integrated 
orthogonally coupled 

Hall elements

Popovic Hall Signal Processing 2017 54



Popovic Hall Signal Processing 2017 55

« Switched Hall »
or

« Spinning Current »
Technique 

Reducing Offset and 1/f Noise
by Current Spinning
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Spinning-Current Hall Sensor System

LPF

VH VOSHVOSA

Offsetless 
amplifier

Vclk

Ibias

Hall plate

Vout
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Spinning Current 
Hall System
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Comparing Chopping with 
Spinning Current Technique

LPF

VH VOSHVOSA

Offsetless 
amplifier

Vclk

Ibias

Hall plate

Vout

Chopper-stabilized amplifier

Spinning-current Hall system
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1/f noise reduction in a Hall device 
by the spinning-current 



SENIS integrated vertical Hall device:
Noise voltage spectral density with spinning current  
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Gain: 200
Fspin = 16kHz 
Sensitivity: 12.6V/T
BW = 1kHz

NEMFsd = 

Popovic Hall Signal Processing 2017



Reducing inductive effects

- Biasing by a constant current

- Spinning current
- Minimizing

inductive loops

LPF

VH VOSHVOSA

Offsetless 
amplifier

Vclk

Ibias

Hall plate

Vout

- Compensating
inductive loops

Popovic Hall Signal Processing 2017 63
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Fully integrated 3D Hall probe

Front-end 
electronics

Sensing partDriving part

Read-out electronics and buffers

Bonding connections

200µm

Precise 3D magnetic field measurements
• from militeslas up to tens of tesla
• in the frequency range from DC to 30 kHz
• spatial resolution of about 150 µm
• die dimensions: 4300 µm x 640 µm x 550 µm

Sensing part composed of two types of micro-Hall sensors
• a planar Hall sensor – the perpendicular B-component
• 8 vertical Hall sensors – the in-plane B-components

Popovic Hall Signal Processing 2017



1ppm 2T Two-Axis Hall Transducer 

Key Features
▪ Measurement range ± 2T
▪ Frequency response DC to 100Hz
▪ Broad-band Noise BRMS< 0.5μT
▪ Offset Drift BOF,RMS< 0.4μT
▪ Calibration Accuracy 10ppm
▪ Probe dimensions 1.5 x 3 x 30 mm3

Resolution: NEMF < 0.25 10-6 B-range
Popovic Hall Signal Processing 2017 65
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Magnetic Flux 
Concentration 

Gain:
GMC = BHall / Bext
GMC = 1 …. 10

Amplifying the magnetic signal:
the concept of 2 IMC - Hall
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Measured NEMFsd
CSA-1V (Sentron)



Application: Low Cost Current Sensor
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PHYSICAL LIMIT OF RESOLUTION



Electromagnet for calibrating Hall probes
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Hall Voltage &
Magnetic Sensitivity  

Hall Voltage: 𝑉𝑉𝐻𝐻 = �
𝑆𝑆𝑆

𝑆𝑆𝑆
𝑬𝑬𝐻𝐻 d𝒘𝒘

𝑉𝑉𝐻𝐻 = 𝜇𝜇𝑛𝑛
𝑉𝑉
𝑙𝑙

𝑤𝑤 𝐵𝐵⊥

𝑉𝑉𝐻𝐻 = 𝐸𝐸𝐻𝐻𝑤𝑤

𝑉𝑉𝐻𝐻 = 𝑆𝑆𝑉𝑉 V 𝐵𝐵⊥

Voltage-Related Sensitivity:

𝑆𝑆𝑉𝑉 ≈ 𝜇𝜇𝑛𝑛
𝑤𝑤
𝑙𝑙

𝑉𝑉 = 𝑅𝑅𝐼𝐼 =
1

𝑞𝑞𝜇𝜇𝑛𝑛𝑛𝑛
𝑙𝑙

𝑤𝑤𝑡𝑡
𝐼𝐼

𝑉𝑉𝐻𝐻 = 𝑆𝑆𝐼𝐼 𝐼𝐼 𝐵𝐵⊥
Current-Related Sensitivity:

𝑆𝑆𝐼𝐼 ≈
1

𝑞𝑞 𝑛𝑛 𝑡𝑡
≈

𝑅𝑅𝐻𝐻

𝑡𝑡Popovic Hall Signal Processing 2017
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Magnetic Sensitivity 
Vector  

Since
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𝑉𝑉𝐻𝐻 = 𝑺𝑺 · B    ( the scalar product of S and B )

𝑉𝑉𝐻𝐻 = 𝑆𝑆𝑉𝑉 V 𝐵𝐵⊥

𝑉𝑉𝐻𝐻 = 𝑆𝑆𝐼𝐼 𝐼𝐼 𝐵𝐵⊥

and 

S : Magnetic Sensitivity Vector of a Hall device 

S
𝑩𝑩⊥ B



Magnetic Sensitivity Tensor  

Popovic Hall Signal Processing 2017

(𝑺𝑺3): Magnetic Sensitivity Tensor of a 3-Axis Hall Probe 

1 - axis Hall magnetic sensor:

3 - axis Hall magnetic sensor:

𝑉𝑉𝑆
𝑉𝑉𝑆
𝑉𝑉3

=
𝑆𝑆𝑆𝑋𝑋 𝑆𝑆𝑆𝑌𝑌 𝑆𝑆𝑆𝑍𝑍
𝑆𝑆𝑆𝑋𝑋 𝑆𝑆𝑆𝑌𝑌 𝑆𝑆𝑆𝑍𝑍
𝑆𝑆𝑆𝑋𝑋 𝑆𝑆3𝑌𝑌 𝑆𝑆3𝑍𝑍

𝐵𝐵𝑋𝑋
𝐵𝐵𝑌𝑌
𝐵𝐵𝑍𝑍

V3 = (𝑺𝑺3) B   B = (𝑺𝑺3)-1 V3

𝑉𝑉𝑆 = 𝑺𝑺𝑆 · B   𝑉𝑉𝑆 = 𝑆𝑆𝑆𝑋𝑋 𝑆𝑆𝑆𝑌𝑌 𝑆𝑆𝑆𝑍𝑍

𝐵𝐵𝑋𝑋
𝐵𝐵𝑌𝑌
𝐵𝐵𝑍𝑍

z

x

y

Sx
Sy

Sz

S

B



Calibrating the magnetic sensitivity tensor
in an electromagnet
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A tool for calibrating 
the magnetic sensitivity tensor
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SENIS Magnetic Field Mapper
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Calibration of the magnetic sensitivity tensor 
of a 3D Hall probe in the mapper
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Calibration of the Magnetic Sensitivity Tensor 
- an example  

Before… 

… and after 
Calibration 



Definition of the angular errors of a probe
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Measurement of the angular errors of a 3D probe
- an example  

…

…
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Up-dated classification of magnetic measurement 
technologies*

*Luca Bottura of CERN; Revised by SENIS 2011  

SENIS’s 
Teslameter

Popovic Hall Signal Processing 2017 81


	Slide Number 1
	Why HALL MAGNETIC SENSORS?
	Slide Number 3
	Outline
	The Hall Effect
	The Hall Electric Field 
	Hall Voltage &�Magnetic Sensitivity  
	Geometrical Factor of Hall Voltage
	Magnetic Sensitivity 
	Slide Number 10
	Slide Number 11
	GaAs Hall Device
	High-mobility 2DEG Hall plate
	Slide Number 14
	Slide Number 15
	GENESIS OF THE VERTICAL HALL DEVICE
	Multi-axis Hall magnetic sensors
	Slide Number 18
	Slide Number 19
	SENIS 3-Axis Integrated Hall Sensor
	Integrated 3-Axis Hall Probe
	SENIS fully integrated 3D Hall sensor
	Slide Number 23
	Slide Number 24
	Slide Number 25
	Slide Number 26
	Slide Number 27
	Parasitic Effects in Hall Devices
	Slide Number 29
	OEMF: �Offset-Equivalent Magnetic Field 
	�Offset Fluctuations and Noise�
	Noise Voltage Spectral Density �of a Hall Device
	Slide Number 33
	Noise Spectral Density and �Noise Voltage 
	NEMF: �Noise-Equivalent Magnetic Field 
	�Typical values of NEMF SD �
	Parasitic Effects in Hall Devices
	Slide Number 38
	Slide Number 39
	Summary
	Slide Number 41
	Slide Number 42
	Slide Number 43
	Outline
	Amplifying the Hall voltage
	Magnetic Resolution Limit
	Amplifying the signal of a bridge-type sensor
	Noise model of a transducer
	Slide Number 49
	Example:
	Slide Number 51
	Slide Number 52
	Reducing Offset and Noise:�Orthogonal-Parallel Coupling of Hall Elements
	SENIS integrated �orthogonally coupled Hall elements
	Reducing Offset and 1/f Noise�by Current Spinning
	Spinning-Current Hall Sensor System
	Spinning Current Hall System
	Comparing Chopping with �Spinning Current Technique
	Slide Number 59
	Slide Number 60
	Slide Number 61
	SENIS integrated vertical Hall device:�Noise voltage spectral density with spinning current  
	Slide Number 63
	Fully integrated 3D Hall probe
	1ppm 2T Two-Axis Hall Transducer 
	Slide Number 66
	Measured NEMFsd�CSA-1V (Sentron)
	Slide Number 68
	Physical Limit of Resolution 
	Electromagnet for calibrating Hall probes
	Hall Voltage &�Magnetic Sensitivity  
	Magnetic Sensitivity Vector  
	Magnetic Sensitivity Tensor  
	Calibrating the magnetic sensitivity tensor�in an electromagnet
	A tool for calibrating �the magnetic sensitivity tensor
	SENIS Magnetic Field Mapper
	Calibration of the magnetic sensitivity tensor of a 3D Hall probe in the mapper
	Slide Number 78
	Definition of the angular errors of a probe
	Measurement of the angular errors of a 3D probe�- an example  
	Up-dated classification of magnetic measurement technologies*

