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• Why current measurement?

• Indirect current measurement

• Direct current measurement with digital output

• Direct current measurement with analog output

• Low Side vs. High Side

• Shunt Considerations

• Sources of measurement error

• Common Mode Considerations

• Zero Drift current measurement ICs

• Delta Sigma Modulators isolated / non isolated and Digital Filters

• DRV401 - Driver for Magnetic sensors

Topics



Measurement

(Open Loop)

-Power meter

Protection

(Close Loop)

-Short Circuit

-Overload

Control

(Close Loop)

-Battery charger

-Motor Control

Why measure Current?
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Hall Effect VAC Sensor

Indirect Measurement
Magnetic Flux
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Indirect Current Measurements



Direct Measurement
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Direct Current Measurement - Digital Output



Diff Amp
INA146

Inst Amp
INA326

Op Amp
OPA333
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Direct Current Measurement - Analog Output



Low Side vs. High Side

High side measurement

Advantages

- Detects downstream failure

- Won’t create GND disturbance

Disadvantages

- Requires resistor matching

- Must withstand high common-

mode voltage

Low side measurement

Advantages

- Straightforward

- Inexpensive and precise

Disadvantages

- Resistance in the ground path

- May need additional wire to the 

load
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Shunt Power Considerations

Shunt Power Losses (W) - I (A) vs. R (Ohms)

0.0005 0.001 0.002 0.005 0.01 0.02 0.05

5 0.01 0.03 0.05 0.13 0.25 0.50 1.25

10 0.05 0.10 0.20 0.50 1.00 2.00 5.00

15 0.11 0.23 0.45 1.13 2.25 4.50 11.25

20 0.20 0.40 0.80 2.00 4.00 8.00 20.00

25 0.31 0.63 1.25 3.13 6.25 12.50 31.25

30 0.45 0.90 1.80 4.50 9.00 18.00 45.00

35 0.61 1.23 2.45 6.13 12.25 24.50 61.25

40 0.80 1.60 3.20 8.00 16.00 32.00 80.00

45 1.01 2.03 4.05 10.13 20.25 40.50 101.25

50 1.25 2.50 5.00 12.50 25.00 50.00 125.00

Table1: shunt power losses (W)



Shunt Usable Full Scale Voltages

Shunt Full Scale Voltages (V) - I (A) vs. R (Ohms)

0.0005 0.001 0.002 0.005 0.01 0.02 0.05

5 0.0025 0.0050 0.0100 0.0250 0.0500 0.1000 0.2500

10 0.0050 0.0100 0.0200 0.0500 0.1000 0.2000 0.5000

15 0.0075 0.0150 0.0300 0.0750 0.1500 0.3000 0.7500

20 0.0100 0.0200 0.0400 0.1000 0.2000 0.4000 1.0000

25 0.0125 0.0250 0.0500 0.1250 0.2500 0.5000 1.2500

30 0.0150 0.0300 0.0600 0.1500 0.3000 0.6000 1.5000

35 0.0175 0.0350 0.0700 0.1750 0.3500 0.7000 1.7500

40 0.0200 0.0400 0.0800 0.2000 0.4000 0.8000 2.0000

45 0.0225 0.0450 0.0900 0.2250 0.4500 0.9000 2.2500

50 0.0250 0.0500 0.1000 0.2500 0.5000 1.0000 2.5000

Table2: shunt full scale voltages (V)
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Differential measurement eliminates error caused by RPar . 

Differential Current Measurement
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Op Amps for Low Side

OPA320 OPA340 OPA335 OPA333

20 5.5 2 0.35 MHz

10 6 1.6 0.16 V/µs

±25 ±500 ±5 ±10 µV

±10 ±2.5 ±0.05 ±0.05 µV/°C

-0.1 -0.3 -0.1 -0.1 V

GBW

SR

VOS

?VOS/?T

VCM_LOW

VCM_HIGH 5.1 5.3 3.5 5.1 V

OPA365

50

25

±100

±10

-0.1

5.1

OPA350

38

22

±500

±4

-0.1

5.1

75 75 75 75 °C

750 188 3.8 3.8 µV

775 688 8.8 13.8 µV

45.0 45.0 45.0 45.0 mV

?T

?VOS(?T)

VOS_TOTAL

FSR

Error 1.72 1.5 0.02 0.03 %
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Performances refer to single +5V supply.

INA132 INA145 INA146 INA148 INA152 INA326

Diff Diff Diff Diff Diff Inst

GAIN 1 1-1k 0.1-100 1 1 0.1-10k V/V

GBW 0.3 0.05 0.55 0.1 0.8 0.001 MHz

SR 0.1 0.45 0.45 1 0.4 V/µs

VOS ±500 ±1000 ±10 ±5 ±1500 ±100 µV

ΔVOS/ΔT ±2 ±2 ±2 ±10 ±3 ±0.1 µV/°C

VCM_LOW 0 -2.5 -25 -4 -2.5 -0.02 V

VCM_HIGH 8 5.5 19 75 5.5 5.1 V

VS_LOW 2.7 2.7 4.5 2.7 2.7 2.7 V

VS_HIGH 36 36 36 36 20 5.5 V

Integrated Difference and Instrumentation 
Amplifiers
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Resistor Tolerance Considerations

-

+ IOP1
R3 1k

R4 1k

R1 1k

R2 1k

VF1 

+

VCM 40

differential amp test circuit for common mode output variation vs. common mode – all R 1%



CMRR due to Resistor Tolerance

Gain V/V all R 1% all R 0.1%

100 28dB 48dB

50 28.2dB 48.2dB

20 28.4dB 48.4dB

10 28.8dB 48.8dB

5 29.6dB 49.6dB

2 31.5dB 51.5dB

1 34dB 54dB

CMRR for differential amplifier



Example : Differential Amp on High Side

S
h
u
n
t 
2
m

IG1 25
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+ IOP1
R3 1k

R4 50k

R1 1k

R2 50k

VF1 +

VCM 40

VREF 2.5

differential amp on high side

Output Variation – 40VCM – all R 1% - gain 50V/V 

Error = (+/- 1.47V Offset) + (+/- 2% Gain Error)

Output Variation – 40VCM – all R 0.1% - gain 50V/V 

Error = (+/- 147mV Offset) + (+/- 0.2% Gain Error)

2mOhm shunt with no tolerance

ideal OpAmp 

I = 25A (resulting in a shunt full scale voltage = 50mV)

VCM = 0V  to 40V

diff amp gain = 50V/V

VREF = 2.5V



Example : Differential Amp on Low Side
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+ IOP1
R3 1k

R4 50k

R1 1k

R2 50k

VF1 +

VCM 40

VREF 2.5

differential amp on low side

2mOhm shunt with no tolerance

ideal OpAmp. 

I = 25A (resulting in a shunt full scale voltage = 50mV)

VCM = 0V  to 40V

diff amp gain = 50V/V

VREF = 2.5V

Output Variation – all R 1% - gain 50V/V 

Error = (+/- 50mV Offset) + (+/- 2% Gain Error)

Output Variation – all R 0.1% - gain 50V/V 

Error = (+/- 5mV Offset) + (+/- 0.2% Gain Error)



Total Error Examples of Discrete Circuits

Example : discrete High Side Differential Amplifier Current Measurement  

Error (24VCM) = Shunt + TCR    + Error OP + Gain Error R(0.1%) + CM Error R(0.1%)

Error (24VCM) =    1%  + 0.12% +     1%      +           0.2%              +         3.7%             = 6.02%

Error (12VCM) = Shunt + TCR    + Error OP + Gain Error R(0.1%) + CM Error R(0.1%)

Error (12VCM) =    1%  + 0.12% +     1%      +           0.2%              +       1.85%             = 4.17%

Example : discrete Low Side (0VCM) Differential Amplifier Current Measurement

Error (1%) = Shunt + TCR    + Error OPA350 + Gain Error R(1%) + Offset Error R(1%))

Error (1%) =    1%  + 0.12% +        1.48%       +            2%            +            1%              = 5.6%

Error (0.1%) = Shunt + TCR    + Error OPA335 + Gain Error R(0.1%) + Offset Error R(0.1%)

Error (0.1%) =  1%    + 0.12% +     0.016%        +           0.2%             +      0.1%           = 1.436%
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(1) Bidirectional current measurement

(2) Contains one comparator

(3) Contains dual comparator

INA138 INA139 INA170
(1)

INA193 INA194 INA195

INA168 INA169 INA196 INA197 INA198

INA200
(2)

INA201
(2)

INA202
(2)

INA206
(3)

INA207
(3)

INA208
(3)

GAIN 1-100 1-100 1-100 20 50 100 V/V

GBW 0.8 0.44 0.4 0.5 0.3 0.2 MHz

SR 1 1 1 V/µs

VOS ±1000 ±1000 ±1000 ±2000 ±2000 ±2000 µV

ΔVOS/ΔT ±1 ±1 ±1 ±2.5 ±2.5 ±2.5 µV/°C

VCM_LOW 2.7 2.7 2.7 -16 -16 -16 V

VCM_HIGH 36/60 40/60 60 80 80 80 V

VS_LOW 2.7 2.7 2.7 2.7 2.7 2.7 V

VS_HIGH 36/60 40/60 40 18 18 18 V

Overview Current Shunt Monitor ICs 



INA270 INA271

GAIN 14 20 V/V

GBW 0.13 0.13 MHz

SR 1 1 V/µs

VOS ±500 ±500 µV

ΔVOS/ΔT ±2.5 ±2.5 µV/°C

VCM_LOW -16 -16 V

VCM_HIGH 80 80 V

VS_LOW 2.7 2.7 V

VS_HIGH 18 18 V

Buffered Current Shunt Monitors
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Zerø-Drift Current Shunt Monitors

– Initial offset  +/-10 µV (max)

– Temperature drift 0.05 µV/ C

– Input full scale range 10mV

– 1% accuracy: Best in market!!!

Introducing Zero Drift Current Shunt Monitors



Zerø-Drift Current Shunt Monitors

INA209 INA210 INA211 INA212 INA282

GAIN - 200 500 1,000 50 V/V

GBW 1 40 40 40 40 kHz

VSENSE ±40/±320 ±10 ±10 ±10 10 mV

VOS ±100 ±10 ±10 ±10 ±10 µV

?VOS/?T ±0.4 ±0.05 ±0.05 ±0.05 ±0.05 µV/°C

VCM_LOW 0 0 0 0 -14 V

VCM_HIGH 32 26 26 26 80 V

VS_LOW 3 2.7 2.7 2.7 2.7 V

VS_HIGH 5.5 18 18 18 18 V



INA282 to INA286
High Accuracy -14V to 80V CMR Bi-directional Current Shunt Monitor

● Wide Common Mode & Noise Rejection

• Vcm = -14V to 80V 

• CMRR: 120dB (min)

● High Accuracy

• Voltage offset: 20µV (typ), 70µV (max)

• Offset Drift: 1μV/°C (max)

• Gain Error:  1.4 % (max)

● Integrated reference voltage divider

• Industrial Power Supplies

• Solar Inverters

• Servers

• Motor Control

• Telecom Power Supply Modules

 Maintains accuracy in high voltage applications with high 

degrees of common mode noise

 Saves system power by allowing for smaller shunt resistors to be 

used without affecting accuracy

 Simplifies setup of output bias for interfacing to ADC

Package: SOIC-8

Part # Gain

INA282 50 V/V

INA286 100 V/V

INA283 200 V/V

INA284 500 V/V

INA285 1000 V/V



INA209
Zerø-Drift - Monitors I, V, and P on I2C Bus

• Monitors Current AND Voltage AND calculates Power

• Bi-directional

• Full scale current sense (Input) voltage range

• +/- 40mV FSR input range

• 1% error (max over temp)

• CMR: 0V to 26V with +3.0V to +5.5V Supply

• Triple watchdog limits

• Underlimit warning – with delay

• Overlimit warning – no delay

• Separate FAST analog critical path for shutdown

• Power supplies

• Battery management

• Computers

• Servers

• Desktop

• Notebook

• Complete power management solution

• Permits measurement of bidirectional shunt currents

• ACCURATE at LOW voltage drops - compared to 20mV low 

limit of other CS Monitors in portfolio

• High CM inputs using a low single supply

• Sophisticatedly monitors and protects application circuitry



INA219
Bidirectional Current & Power Monitorwith Zero-Drift

• Monitors Current , Voltage, & Calculates Power

• Offset Voltage: 50uV (max)

• Current: 0.5% error (max over temp)

• Voltage: 1% error (max over temp)

• Ease of design

• Integrated PGA

• Programmable Filtering and Calibration register

• CMR: -0.3V to 26V with +3.0V to +5.5V Supply

• Computers

• Servers

• Desktop

• Notebook

• Power supplies

• Battery management

• Allows for easy predictive thermal management , preemptively 

initiate cooling before overheating

• Low offset enables for smaller shunt resistors to be used, 

reducing IR loss 

• Low voltage and current error allows for highly accurate 

system control

• Optimize gain to the shunt resistance and power draw

• Customize data acquisitions to balance  noise & speed.    

Package: SOT23-8 or SO-8

I-Sense Error 

(max)

Sense Type

INA219A +/- 0.5% High Side

INA219B +/- 0.3% High Side

INA220A +/- 0.5% High  / Low Side

INA220B +/- 0.3% High / Low Side



Current Shunt Monitor Family Overview

Voltage Output Current Output

INA138/INA139

(+2.7V to +36V CMR)

INA219

(0V to 26V CMR)

INA193 – INA198

(-16V to +80V CMR)

INA209

(0V to 26V CMR)

• Gains: 20, 50 100

• 3 watchdogs

• Bi-directional

• SOT-23

• Bi-directional

INA270 – INA271

(-16V to +80V CMR)

INA200 – INA208

(-16V to +80V CMR)

INA168/INA169

(+2.7V to +60V CMR)

INA170

(+2.7 to +60V CMR)

Digital I2C Output

INA210 – INA214

(-0.3V to +26V CMR)

• Gains: 20, 50 100

• Extra pin for filtering

• Gains: 20, 50, 100

• Comparator(s) + Vref

INA282 – INA285

(-14V to +80V CMR)

• Low Power

• INA139: High Speed

• Low Power

• INA169: High Speed

•Bi-directional

•1% accuracy over temp

•Offset Voltage: 35 μV

•Gains: 50, 100, 200, 500, 1000

•Offset Voltage: 150μV

•Gains: 50, 100, 200

Current Shunt Monitors

INA220

(0V to 26V CMR)

• Dedicated VBUS Pin

• 10 pin MSOP

• Bi-directional

INA199A1-A3

(-0.3V to +26V CMR)

INA216

(2.2V to 5.5V CMR)

•Offset Voltage: 10μV

NEW

NEW

TMP512 – TMP513

•Integrated local & 

remote temp sensors

NEW

https://sps04.itg.ti.com/sites/WW-HPA/PAM/Shared Documents/Signal Chain Updates for ESP/Operational Amplifiers.ppt
https://sps04.itg.ti.com/sites/WW-HPA/PAM/Shared Documents/Signal Chain Updates for ESP/Operational Amplifiers.ppt
https://sps04.itg.ti.com/sites/WW-HPA/PAM/Shared Documents/Signal Chain Updates for ESP/Operational Amplifiers.ppt


Modulators for Current Measurement

- Robust noise behavior

- Robust design

- Because of high oversampling ratio, simple anti-aliasing filter at input

- Digital Scalable performance: Speed  Resolution

- Single bit output data stream allows easy isolation



Splitting a ΔΣ-Converter System

Only single data lines route across the board!

Sensing section Processing Section



Delta Sigma Modulator structure

2nd Order Modulator with single bit feedback

- Converts the analog input signal into a single bit data stream

- Moves the quantization noise to higher frequencies (Noise Shaping)



Delta Sigma Modulator – Bit Stream

Simplified digital output data stream of the modulator

- The pulse width is proportional to the input voltage
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Device noise level

Example ADS1203
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Decimation Filter

MK
K

N
V

V
SNR

K

RMSQe

P
ideal log1020

12
log2076.102.6

2
log20

,

- The modulator output data stream x(n) must be processed by an decimation filter

- The decimation filter sets speed and resolution of the output signal y(m)

- The low pass characteristic cuts off the noise at high frequencies

- Ideal SNR of modulator increases with decimation ratio and modulator order

Modulator Decimation 

Filter

x(t) y(m)x(n)
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Decimation Filter - Sinc
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Data rate is M times smaller 

than sampling frequency, 

10MHz.

Sinc2 filter –3dB response 

point is 0.318 times the data 

rate.

Sinc3 filter –3dB response 

point is 0.262  times the data 

rate. 

This point is very dependant 

of the filter order and less of 

the decimation ratio.

Example results with ADS1203

Decimation Data rate [kHz] ENOB [Bit] f-3dB [kHz]

Sinc
1

16 625 3 276.9

32 312.5 4 138.3

64 156.2 5 69.1

128 78.1 6 34.6

Sinc
2

16 625 6 199.4

32 312.5 7.8 99.5

64 156.2 9.8 49.8

128 78.1 11.7 12.9

Sinc
3

16 625 7.5 163.7

32 312.5 9.9 81.8

64 156.2 12.1 40.9

128 78.1 13.6 20.4

Performance after Decimation
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A value for OSR must be chosen 

to achieve the desired resolution 

from the modulator. Figure shows 

the effective number of bits 

(ENOB) versus OSR for the 

ADS1205.

From the Figure, it makes sense to choose a Sinc3 filter with a high OSR to achieve the 

maximum possible ENOB. Note that the increase in ENOB drops off after an OSR of 120, 

therefore making an OSR = 128 is a good option.

OSR for desired resolution
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ADS1203 
1-bit, 10MHz, 2nd Order Modulator

•Current Measurement

• Closed-Loop Servo Control

• Power Converters

• 3-Phase Power Monitor

VIN+
VIN-

AGND

AVDD

MDAT
MCLK

Second-Order

-Modulator

M0
M1

Interface
Circuit

Reference
Voltage

2.5V

RC Oscilator
20MHzBuff

BGND

BVDD

CLKOUT

REFIO

(Pins High-lighted in RED are Available Only in QFN Package)

• Highest Performance in the Industry

• Implemented Manchester Coding

• On Board Oscillator

• Improved Performance ADS1202

•16-Bit Effective Resolution

• ±250 mV Input Range 

• 3 LSB INL Max 

• 1% Internal Voltage Reference

• 83 dB SNR Min

• -95 dB THD Typ

• 8-pin TSSOP and QFN 3x3 Packages

• Direct Shunt Resistor Connections



ADS1208
Modulator with Excitation for Hall Sensors

 16-Bit Resolution

 ±100mV Input Range 

 Adjustable Current Output 

 6LSB INL Max 

 2% Internal Voltage Reference

 80dB SNR Min

 -80dB THD Typ

 Flexible Differential Serial Interface

 16-lead TSSOP Package

 -40 C to +85 C Buff

Buff

REFIN

BuffREFOUT

IOUT

IADJ

MDAT

MCLK

AVDD

VIN+

VIN-

AGND

AVDD

MDAT

MCLK

2nd-Order
- Modulator

M0
M1

Interface
Circuit

Reference
Voltage

2.5V

RC Oscilator
20MHz

Buff

BGND

BVDD

• Hall Effect Sensors

• Current Measurement

• Bridge Sensors

• Motor Control

• Instrumentation



ADS1209
Dual, 10MHz, 2nd-Order Modulator with extended input voltage range

• Motor Control

• Resolver based positioning systems

• Photovoltaic Inverters

• 10MHz 2nd Order Delta-Sigma Modulator

• Dual ±2.3V Inputs

• ±8 LSB Max INL (max)

• ±1 LSB Max DNL (max)

• 90db SNR (typ)

• Excellent DC and Drift Performance

• ±3mV Offset Error (max)

•±0.5% Gain Error (max)

•±8µV/°C Offset Error Drift (max)

•±1.3 ppm/°C Gain Error Drift (typ)

• Extended Temp Range (-40 to 105 °C)

• Widest input voltage range solution on 

the market supports usage in systems with 

extended current range

• Stand alone Modulator allows for flexible 

designs using custom digital filter or TI’s 

AMC1210 IC solution

• Guaranteed system performance over 

the extended industrial temperature range



• Current Measurement

• Process Control

• Chromatography

• Portable Instrumentation

AMC1203
16-Bit, Isolated 10MHz Delta-Sigma Modulator

• 10Mhz 2nd Order Delta-Sigma Modulator 

• +/- 6 LSB Max INL (B-grade)

• +/- 1 LSB Max DNL

• 85db SNR

• Integrated Capacitive Digital Isolation

• 560V Maximum Working Isolation Voltage

• 4000V Maximum Transient Over Voltage

• 15kV/uS Transient Immunity 

• Available In Several Standard Package Options

• DUB-8 

• SOIC-16 & SOP-8 Under Development

• Stand Alone Modulator Allows For 

Flexible Designs Using Custom Digital 

Filter or TI’s AMC1210 IC Solution

• Single Chip Solution Simplifies System 

Design And Has Excellent Magnetic 

Immunity

• Simple Drop-In Upgrade For Competing 

Isolated Modulators

•AD7400

•HPCL7860



AMC1204
1- Bit, 20MHz, 2nd-Order, Isolated Delta-Sigma Modulator



TI’s Integrated Capacitive Isolation

Input
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Filter
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insulation barrier
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Output Buffer
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PWD

Carrier Detect

Transmit chip Receive chip

On Chip, High-Voltage 

Capacitors 



• Glueless interface to ADS1202/03, 

ADS1204/05/09, AMC1203/04

• Two programmable digital filters per 

channel

• One of them for over current protection 

• One high resolution filter (Sinc + 

Integrator)

• Including a demodulator for resolver 

evaluation

• Flexible Interface (SPI, multiplexed 8 bit 

parallel interface)

AMC1210

(6x6 QFN)
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4-Channel Sync Digital Filter with Programmable Parameters



DRV401 Magnetic Probe Sensor Amplifier

RS

IP

Timing, Error Detection,

Power Control,

Clock

DRV401

H-Bridge
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• High bandwidth (typ. 100 kHz)

• Wide temperature range (typ. -40 … +85 °C)

• Active sensors with integrated 

DRV 401 electronics

• Passive sensors for external

DRV 401 electronics, offering additional features

• Drives  +5V single supply current sensors with only 5 external components 

(3 resistors, 2 capacitors) 

• Over current detection

• Error Detections

DR401 and magnetic probe sensors 
superior solutions for current capturing



• Owing to the high signal output (gain) of the probe, a separation of the magnetic module 

and the DRV401 IC is possible. This allows the integration of the DRV401 into the control 

electronics. 

• Distance up to 1 meter possible

• No calibration or pairing of DRV401 with magnetic module is needed.

• Access to additional functionality of the DRV401 for 

• improved accuracy (reference voltage out / in, degaussing function)

• fail-safe operation (error signaling, over current detection)

Separation of DRV401 and magnetic module

Passive 

magnetic module

DRV401 

electronics



DRV401 Compensation Results
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The loop BW with DRV401 is higher than 5kHz; therefore the resulting transfer 

characteristic is very smooth.

Sensor Response with DRV401 Compensation

Sensor Response without DRV401 Compensation
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