MAGOOA

High-Accuracy, <0.6° (<0.1°) INL,

High-Bandwidth, Configurable Digital

Magnetic Angle Sensor

DESCRIPTION

The MAG6O0OA is a precision, high-bandwidth
magnetic angle sensor that detects the absolute
angular position of a permanent magnet,
typically a diametrically magnetized cylinder on
a rotating shaft. With an integrated precision
tunnel magnetoresistance (TMR) sensor, the
MAG60OOA achieves high bandwidth and high
accuracy (INL), making it an ideal solution for
position control and robotics.

The MABGOOA supports a wide range of magnetic
field strengths and mounting configurations:
end-of-shaft (on-axis) and side-shaft (off-axis).

On-chip non-volatile memory (NVM) provides
storage for configuration parameters, including
the reference zero-angle position, ABZ, UVW,
and pulse-width modulation (PWM) settings.

The MABOOA is factory-calibrated to achieve an
error (INL) below 0.6° across its operating
temperature range. Furthermore, a final system
calibration is available through a 32-point, user-
configurable correction table. The resulting error
(INL) after user calibration can be smaller than
0.1°.

Communication with the MABG00A can be
accomplished via the serial peripheral interface
(SPI) and synchronous serial interface (SSI).

The MAG6OOA supports a daisy-chain
configuration. It allows for the sequential SPI
angle readout of multiple sensors, which
minimizes the number of 1/O pins used by the
controller device.

The MAGOOA is available in a small QFN-16
(3mmx3mm) package.

FEATURES

e <0.6° Error (INL)

e <0.1° Error (INL) after User Calibration with
On-Chip 32-Point Lookup Table

o Configurable 12-Bit to 15-Bit Absolute Angle
Encoder

e High Bandwidth (e.g. 12kHz at 12.5-Bit
Resolution)

e No Latency
Wide 10mT to 100mT Magnetic Field Range

e Serial Peripheral Interface (SPI) for Digital
Angle Readout and Chip Configuration

e SPI Angle Readout in Daisy Chain
Configuration Supported

e Synchronous Serial Interface (SSI) for
Digital Angle Readout

e Incremental ABZ Quadrature Encoder
Interface with Configurable Pulses per Turn
(1 to 4096)

e Incremental UVW Encoder Output

Pulse-Width Modulation (PWM) Absolute

Output

Multi-Turn or Speed Output Option

3.3V Supply

7.5mA Quiescent Current (lavop + Ipvop)

-40°C to +125°C Operating Temperature

Available in a Small QFN-16 (3mmx3mm)

Package

APPLICATIONS

Robotics

Multi-Turn Encoders
Position Control
Speed Control

All MPS parts are lead-free, halogen-free, and adhere to the RoHS directive.
For MPS green status, please visit the MPS website under Quality Assurance.
“MPS”, the MPS logo, and “Simple, Easy Solutions” are trademarks of
Monolithic Power Systems, Inc., or its subsidiaries.
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mps MAG0OA — HIGH-ACCURACY, <0.6° (<0.1°) INL, DIGITAL MAGNETIC SENSOR

TYPICAL APPLICATION

Table 1: Configurable Filter Window to Optimize
Resolution vs. Bandwidth (BW)

Supply: 3.3V |_ t
. . . atency
oAuF D'g'Fal Filter| Noise F_ree Cancellation | Bandwidth
I g Window |Resolution at Constant (kHz)
FW (Bits)
Controller cpo  AVDD DVDD A Speed
SPINI|ntelrface COPI MAGOOA B Qgﬁgggs:e 0 12.3 No 17
aster SCLK
1cs 5 (default) 125 Yes 12
~ @ 6 13 Yes 5.8
7 13.5 Yes 2.7
@% onD 8 14 Yes 1.3
'i 7 9 14.3 Yes 0.63
- 10 14.6 Yes 0.31
11 14.8 Yes 0.15
12 15 Yes 0.075
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mps MAG0OA — HIGH-ACCURACY, <0.6° (<0.1°) INL, DIGITAL MAGNETIC SENSOR

ORDERING INFORMATION

Part Number* Package Top Marking MSL Rating
MAG600AGQE-0000
MABOOAGOE-xx0xx™ QFN-16 (3mmx3mm) See Below 1
TBMAGOOA-Q-LT Test board N/A N/A
EVKT-MagAlpha-MagDiff Evaluation kit N/A N/A

* For Tape & Reel, add suffix -Z (e.g. MAGOOAGQE-xxxx-Z).

** “xxxx” is the configuration code identifier for the register settings. The first four digits of the suffix (“xxxx”) can
be a hexadecimal value between 0 and F. Work with an MPS FAE to create this unique number for the non-
default function option. “0000” is the factory default code.

TOP MARKING

CLGY
LLLL
CLG: MPS product code of MAGOOAGQE-xxxx

Y: Year code
LLLL: Lot number

EVALUATION KIT (EVKT-MAGALPHA-MAGDIFF)
EVKT-MagAlpha-MagDiff kit contents (items below cannot be ordered separately):

# Part Number Item Quantity
1 EVKT-MA-RP-PICO-V2 | MagAlpha and MagDiff evaluation board with MCU 1
2 Ribbon cable 8 conductors flat ribbon cable 2
3 USB cable USB cable (A male to Micro-B male) 1
4 Online resources Include GUI, Python library, and supplementary documents -

Order directly from MonolithicPower.com or our distributors.

Test Board
(Not Included)

Ribbon Cable USB Cable

EVKT-MA-RP-
TBMAGBOOA-Q-LT-00A BICO2 M

Figure 1: EVKT-MagAlpha-MagDiff Evaluation Kit Set-Up
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mps MAG0OA — HIGH-ACCURACY, <0.6° (<0.1°) INL, DIGITAL MAGNETIC SENSOR

PACKAGE REFERENCE
TOP VIEW

N/C 106 AVDDDVDD

6! (150 i14f 13

01 |1 ; o {12 | sCLK
....... ! A

o022 ; | {11 CK100
....... | 17 | DY
------- . PAD —

1033 ;| | L10] TEST
_______ | l

CoPl |4 3 l—o———— 4 {9105

'5{ {6 (7! i8]

ICS 104 CIPO GND

QFN-16 (3mmx3mm)
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mps MAG0OA — HIGH-ACCURACY, <0.6° (<0.1°) INL, DIGITAL MAGNETIC SENSOR

PIN FUNCTIONS

Pin # | Name |Description
Digital input/output (1/0) 1. The 101 pin is bidirectional and configured as push-pull by default.

1 101 1) Float 101 if it is not used.

5 102 Digital /0 2. The 102 pin is bidirectional and configured as push-pull by default. @ Float 102 if it
is not used.

3 103 Digital 1/0 3. The 103 pin is bidirectional and configured as push-pull by default. @ Float 103 if it
is not used.

4 COPI Serial peripheral interface (SPI) data in. The COPI pin is pulled down internally. @ Connect

COPI to GND if it is not used.
5 /CS | SPI chip selection. The /CS pin is pulled up internally. @ Connect /CS to DVDD if it is not used.

Digital /0 4. The 104 pin is bidirectional and configured as push-pull by default. @ Float 104 if it
is not used.

SPl data out. The CIPO pin is configured as push-pull when the SPI is active. CIPO is configured
as pull-down when the SPI is idle. Float CIPO if it is not used.

8 GND |[Supply ground.

Digital /0 5. The 105 pin is bidirectional and configured as push-pull by default. @ Float 105 if it
is not used.

10 TEST |Test. Connect the TEST pin to GND.

Clock output reference for speed calculation. Float the CK100 pin if it is not used. The pin is
internally pulled down to GND when the CK100 bit in the IF register is set to 0.

12 SCLK |SPI clock. The SCLK pin is pulled down internally. @ Connect SCLK to GND if it is not used.

Digital supply 3.3V. Bypass the DVDD pin to GND with a 0.1pF, low-ESR capacitor. See the
13 DVDD |Electrical Mounting and Power Supply Decoupling section on page 42 for details on the layout
reference.

Analog supply 3.3V. Bypass the AVDD pin to GND with a 1uF, low-ESR capacitor. See the
14 AVDD | Electrical Mounting and Power Supply Decoupling section on page 42 for details on the layout
reference.

Digital 1/0 6. The 106 pin is bidirectional and configured as push-pull by default. @ Float 106 if it
is not used.

16 NC | Do not connect this pin. This pin is internally pulled down to GND.
17 | E-PAD |E-pad. No connection. Float the E-PAD pin.

6 104

7 CIPO

9 105

11 | CK100

15 106

Notes:

1) Can be configured as open drain with the OD615 and OD243 bits.
2) Can be configured to high impedance via the SPULLIN bit.

MAGOOA Rev. 1.0 MonolithicPower.com 5
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mps MAG00OA — HIGH-ACCURACY, <0.6° (<0.1°) INL, DIGITAL MAGNETIC SENSOR

ABSOLUTE MAXIMUM RATINGS @
Supply voltage (VAVDD, VDVDD) ...... -0.5V to +4.6V

All other pins ... -0.5V to +6V
Continuous power dissipation (Ta = 25°C) ¥
...................................................................... 2W
Lead temperature.........ccccccceeeveeeeeeeeennnnnnnn, 260°C
Operating temperature............. -40°C to +125°C
Maximum magnetic field ...............cceeeee. 200mT
ESD Ratings

Human body model (HBM) ............cceen. +2kV
Charged-device model (CDM).................... +2kV
Recommended Operating Conditions ®
VAVDD, VDUDD +ttnttininieieieeieeeeeensereneenes 3V to 3.6V

Operating junction temp (T;).....-40°C to +125°C

Thermal Resistance ®  0;a  6Oic
QFN-16 (3mmx3mm).............. 50...... 12... °C/W

Notes:

3) Exceeding these ratings may damage the device.

4) The maximum allowable power dissipation is a function of the
maximum junction temperature, T; (MAX), the junction-to-
ambient thermal resistance, 64, and the ambient temperature,
Ta. The maximum allowable continuous power dissipation at
any ambient temperature is calculated by Pp (MAX) = (T,
(MAX) - Ta) / 8;a. Exceeding the maximum allowable power
dissipation can produce an excessive die temperature, which
may cause the regulator to go into thermal shutdown. Internal
thermal shutdown circuitry protects the device from permanent
damage.

5) The device is not guaranteed to function outside of its operating
conditions.

6) Measured on a JESD51-7, 4-layer PCB.

MAGOOA Rev. 1.0
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mps MAG0OA — HIGH-ACCURACY, <0.6° (<0.1°) INL, DIGITAL MAGNETIC SENSOR

ELECTRICAL CHARACTERISTICS
Vavop = Vpvop = 3.3V, Ta =-40°C to +125°C, typical values at Ta = 25°C, unless otherwise noted.

Parameter ‘ Symbol ‘ Conditions ‘ Min ‘ Typ ‘ Max ‘ Units
Power Supply

Supply voltage Vavop 3 3.3 3.6 Vv

Vbvob 3 3.3 3.6 V

VDD voltage (Vop) under-

voltage lockout (UVLO) Vbp_uvio Vop rising, Vavop = Vovop 2.95 \%
threshold

Vpp UVLO hysteresis Vob_uvio_Hys | Vavbp = Vbvop 30 mV
Supply current lavop + Iovop | Ta =25°C 55 7.5 9.5 mA
Supply current drift Ta =-40°C to +125°C 0.006 mA/°C
Digital Input/Output (I/O)

Input high voltage Vi1 2.5 5.5 \Y,
Input low voltage Vi -0.3 +0.8 \Y,
Pull-up resistor Reu Vi=GND 80 kQ
Pull-down resistor Rep Vi = Vbvop 30 kQ
Push-Pull Option

Output low voltage VoL_pp loL = 12mA 0.4 \Y,
Output high voltage VoH_pp lon = 12mA 2.4 \%
Rising edge slew rate tr CrLoap = 50pF 0.7 V/ns
Falling edge slew rate tr Croap = 50pF 0.7 V/ns
Open-Drain Option

Output low voltage VoL_ob loL = 12mA 0.4

. Supplied by external pull-u

Output high voltage VoH_op resFi)sptor y pufi-up 55
Open-drain leakage current 100 nA
MAG00A Rev. 1.0 MonolithicPower.com 7
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GENERAL CHARACTERISTICS

Vavop = Vovop = 3.3V, 20mT < B < 80mT, Ta = -40°C to +125°C, typical values at Ta = 25°C and
B =45mT, unless otherwise noted.

Parameter Symbol |Conditions Min Typ Max Units
Operating temperature Top -40 +125 °C
Applied magnetic field B Optim.al linearity 20 80 mT
Functional 10 150 mT
Absolute Output (Serial)
Resolution +30 noise deviation 12 15 bit
Noise RMS ) 0.002 0.015 | deg
Refresh rate frerresn | Ta = 25°C 780 800 820 kHz
Oscillator drift Ta = -40°C to +85°C 30 ppm/*C
Ta=85°C to 125°C -100 ppm/°C
Data output length 16 bit
Response Time
Start-up time FW bits =0, Ta = 25°C 250 s
Front-end time constant TFE 5 Hs
Digital propagation delay Top 22 ps
Total latency (added time L FW bits = 0 32 Hs
beyond refresh time) FW bits = 5 to 12 -0.5 0.5 Hs
Cutoff frequency fcutorr  |FW bits =0 17 kHz
Accuracy
Ta=25°C, B =45mT 0.2 0.6 deg
Integral nonlinearity INL égtio?r?:alrc) gitt;r?gglg ,V\_lll_ihzog-SCol’(ljlp 0.06 0.1 deg
Differential nonlinearity ) DNL |Ta=25°C,B=45mT 2.8 %
Output Drift
. Ta =-40°C to +85°C 0.0015 | 0.0045 | deg/°C
Temperature induced
Ta=85°C to 125°C 0.005 | 0.02 |deg/°C
Magnetic field induced @ Ta=25°C 0.004 | 0.007 |deg/mT
Voltage supply induced B = 45mT, Ta = 25°C 0.1 0.3 deg/V
Functional Test Mode
Functional test accuracy 2 ‘ deg
Absolute Output (PWM)
Pulse-width modulation PWMF bit =1, Ta =25°C 243 250 257 Hz
frwm -
(PWM) frequency PWMF bit = 0, Ta = 25°C 0.975 1 1.025 | kHz
PWM resolution 12 bit
Incremental Output (ABZ)
ABZ update rate Ta=25°C 12 12.8 MHz
Edges per turn resolution Configurable 4 16384
Pulses per channel per turn PPT + 1 | Configurable 1 4096
Differential nonlinearity DNL 1.7 %
N PPT bits = 511, speed = 1krpm 0.06 deg
Overall ABZ jitter (30) -
PPT bits = 2047, speed = 10krpm 0.02 deg
MAGOOA Rev. 1.0 MonolithicPower.com 8
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mps MAG600A — HIGH-ACCURACY, <0.6° (<0.1°) INL, DIGITAL MAGNETIC SENSOR

GENERAL CHARACTERISTICS (continued)

Vavop = Vovop = 3.3V, 20mT < B < 80mT, Ta = -40°C to +125°C, typical values at Ta = 25°C and
B =45mT unless otherwise noted.

Parameter ‘ Symbol ‘Conditions ‘ Min ‘ Typ ‘ Max ‘ Units
Incremental Output (UVW)

Cycle per turn NPP + 1 | Configurable 1 8

UVW jitter (30) NPP bit = 0, speed = 5krpm 0.4 deg
Speed Output

Speed scale Sspeep | fckioo = 100kHz 5.722 rpm/LSB
CK100 clock frequency Ta=25°C 98 100 102 kHz
Note:

7) Guaranteed by design or characterization.

MAGOOA Rev. 1.0 MonolithicPower.com 9
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mps MAG0OA — HIGH-ACCURACY, <0.6° (<0.1°) INL, DIGITAL MAGNETIC SENSOR

TYPICAL CHARACTERISTICS

Vavop = Vovop = 3.3V, 20mT < B <80mT, Ta = 25°C, unless otherwise noted.

Supply Current
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mps MAG0OA — HIGH-ACCURACY, <0.6° (<0.1°) INL, DIGITAL MAGNETIC SENSOR

TYPICAL CHARACTERISTICS (continued)
Vavop = Vovop = 3.3V, 20mT < B <80mT, Ta = 25°C, unless otherwise noted.

RESOLUTION (bit)

RESOLUTION (bit)

Note:

13.00

12.80

12.60

12.40

12.20

12.00

13.00

12.80

12.60

12.40

12.20

12.00

Resolution vs. Temperature

(Over-Temperature)
B =45mT, FW = 5 (default)

\

NON-LINEARITY (deg)

-40 -20 0 20 40 60 80 100 120
TEMPERATURE (°C)

Resolution vs. Magnetic

Field
FW =5 (default)

0 20 40 60 80 100120140160180
MAGNETIC FIELD (mT)

1.20
1.00
0.80
0.60
0.40
0.20
0.00

INL and Harmonics vs.
Magnetic Field ®

-

——INL

———H1
H2
H4

0 20 40 60 80 100120140160180

8) See the Appendix B: Definitions section on page 47 for the INL and harmonics definitions.

MAGNETIC FIELD (mT)

MAG00A Rev. 1.0
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mps MAG0OA — HIGH-ACCURACY, <0.6° (<0.1°) INL, DIGITAL MAGNETIC SENSOR

FUNCTIONAL BLOCK DIAGRAM

AVDD DVDD
(3.3v) (3.3v)
0 0
MAGOOA
ICS
NVM Registers SCLK
Q
58 CIPO
M R COPI
Q@
P E
TMR
Bridges
L pwm 1/01
¢ Digital Filteri z voz
Front-End Igital Fiitering, = 1/03
> /B—P\ Phase Calibration 32-Point 7 b= /o4
Detect. Interpolation, = o
and Zero NS = 1105
Setting —1 28 1106
|
o}
©
L1 23
o c
|
1
GND
Figure 2: Functional Block Diagram
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OPERATION

Sensor Front End

The magnetic field is detected with the tunneling
magnetoresistance (TMR) bridges located in the
center of the package. The angle is measured
using the Spinaxis™ method, which directly
digitizes the direction of the field without complex
arctangent computation or feedback loop-based
circuits (interpolators).

The Spinaxis™ method is based on phase
detection, and this method generates a
sinusoidal signal with a phase that represents
the angle of the magnetic field. The angle is then
obtained by a time-to-digital converter, which
measures the time between the zero crossing of
the sinusoidal signal and the edge of a constant
waveform (see Figure 3). The time-to-digital is
output from the front end to the digital

conditioning block.

\/

N N
Start Stop

Top: Sine Waveform
Bottom: Clock for Time-to-Digital Converter
Figure 3: Phase Detection Method

The front-end output delivers a digital number
that is proportional to the angle of the magnetic
field (at a rate of 800kHz) in a straightforward
and open-loop manner.

Sensor (Magnet Mounting)

The sensitive volume of the MAGOOA is confined
to a region less than 400um wide. This area
contains multiple TMR bridges. The volume is
located horizontally within 50um of the center of
the package. Vertically, the sensitive volume is
centered at approximately 300um under the
surface. The sensor detects the angle of the
magnetic field projected in a plane parallel to the
package’s upper surface. This means that the
only relevant magnetic field is the in-plane
component (X and Y components) within the
sensitive volume (see Figure 4).

Figure 4: Space Coordinates (Field is Sensed on
the XY Plane)

By default, when looking at the top of the
package, the angle increases when the magnetic
field rotates clockwise. Figure 5 shows the zero
angle of a sensor that has not been configured,
where the cross indicates the sensitive point.
Both the rotation direction and the zero angle
can be configured.

Zero Angle

B /’:\Positive Direction

op View ' '

A

3.00 +0.10

Figure 5: Detection Point and Default Positive
Direction

This type of detection provides flexibility for the
angular encoder design. The sensor requires the
magnetic vector to remain within the sensor
plane with an amplitude within the recommended
operating range.

The most straightforward mounting method is to
place the MA600A sensor on the rotation axis of
a permanent magnet, such as a diametrically
magnetized cylinder (see Figure 6 on page 14).

Consider a Neodymium alloy (N35) cylinder
magnet with @5x2.5mm dimensions inserted
into an aluminum shaft, with a 2mm air gap
between the magnet and the sensor (surface of
the package). For optimal linearity, the distance
between the sensor’s center and rotation axis
should be smaller than 5% of the magnet’s outer
diameter.

MAG00A Rev. 1.0
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mps MAG0OOA — HIGH-ACCURACY, <0.6° (<0.1°) INL, DIGITAL MAGNETIC SENSOR

For more information about the sensor and
magnet placement, refer to the related
application note on the MPS website (Selecting
the Right Magnet for the MagAlpha in End-of-
Shaft Mounting).

Figure 6 shows end-of-shaft mounting.

Figure 6: End-of-Shaft Mounting

If the end-of-shaft position is not available, the
sensor can be positioned away from the rotation
axis of a cylinder or ring magnet (see Figure 7).

Figure 7: Side-Shaft Mounting

With side-shaft mounting, the magnetic field
angle is no longer directly proportional to the
mechanical angle. The MA600A can be adjusted
to compensate for this effect, and to recover the
linear relation between the mechanical angle
and the sensor output. With multiple pole pair
magnets, the MAG600A indicates multiple
rotations for each mechanical turn.

Serial Interface

The sensor supports the serial peripheral
interface (SPI) for angle reading and register
configuration. Alternatively, the synchronous
serial interface (SSI) protocol can be used for
angle reading. Configuration through the SSI is
not supported.

Serial Peripheral Interface (SPI)

The SPI is a four-wire, synchronous, serial
communication interface. The MAG00A supports
SPI mode 3 and mode 0. Table 2 shows the SPI
specifications.

Table 2. SPI Specifications

Mode 0 Mode 3
SCLK Idle State Low High

Data Capture On the SCLK rising edge
Data Transmission | On the SCLK falling edge
/CS Idle State High
Data Order MSB first

The SPI mode (0 or 3) is detected automatically
by the sensor and does not require additional
action from the user. The maximum SPI clock
frequency supported by the MAG0O0A is 25MHz.
There is no minimum clock rate. The real
maximum data rates depend on the PCB layout
quality and signal trace length.

Table 3 shows the standard SPI values.
Table 3: SPI Standard

Mode O Mode 3
CPOL 0 1
CPHA 0 1
Data Order (DORD) 0 (MSB first)

All commands to the MAGOOA (whether for
writing or reading register content) must be
transferred through the SPI's COPI pin. See the
SPI Communication section on page 16 for more
details.

Figure 8 on page 15 shows the SPI timing
diagram for mode 3 and mode 0, where COPI
stands for the controller output peripheral input,
and CIPO stands for the controller input
peripheral output. Figure 9 on page 15 shows the
minimum idle time. Table 4 on page 16 shows
the SPI timing.

MAG00A Rev. 1.0
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{RESTORE_ALL_REG_BLOCKS
tsTorE_REG_BLOCK

tipLE_commanD

L lest tscik _ fosn P N
/CS _tscike |, tsoikh |
—_— — H
SCLK T\ \__/
teiro teiro teiro
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SPI Mode 3
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SPI Mode 0
Figure 8: SPI Timing Diagram
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Figure 9: Minimum Idle Time
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Table 4: SPI Timing

Parameter © Description Min Max Unit
tipLE_coMMAND Idle time between transmissions 120 - ns
{STORE_REG_BLOCK Time required to store a register block to the NVM 600 - ms
Time required to restore all register blocks from the
{RESTORE_ALL_REG_BLOCKS NVM 240 - Hs
tesL Time between /CS falling edge and SCLK falling edge 20 - ns
tscik SCLK period 40 - ns
tscLkL Low level of the SCLK signal 20 - ns
tscLkH High level of the SCLK signal 20 - ns
tcsH Time between the SCLK rising edge and /CS rising edge 20 - ns
tcipo SCLK setting edge to data output valid - 15 ns
tcop Data input valid to SCLK rising edge 15 - ns

Note:
9) All values are guaranteed by design.

SPI Communication

The sensor supports eight types of SPI
operation:

e Read angle

¢ Read multi-turn

e Read speed

e Read register

o Write register

e Store a single register block to the NVM

¢ Restore all register blocks from the NVM

e Clear error flags

Each operation has a specific frame structure,
described in greater detail below. Table 6 on
page 20 shows a summary of these operations.
SPI Read Angle

The refresh period is 1/frerresn. New data is
transferred into the output buffer each refresh
period. The controller device triggers the reading
operation by pulling /CS low.

When a trigger event is detected, the data
remains in the output buffer until the /CS signal
is pulled high by the controller (see Table 5).

Table 5: Sensor Data Timing

Event Action
Start reading and freeze the
output buffer
Release the output buffer

/CS falling edge

/CS rising edge

A full angle reading requires 16 clock pulses.
The angle output value is read with the most
significant bit (MSB) first. Figure 10 shows a
diagram of a full SPI angle reading.

15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0
o ]
SCLK

51418 [12[10[w0]9[8[7[6]5]4a[3][2]1]0
Angle

CIPO

s5[1a[18[12[1wf0]9[8[7[6]5]4]3]2]1]0
0x0000

Figure 10: Diagram of a Full 16-Bit SPI Angle
Reading

COPI

The angle (in degrees) can be calculated with
Equation (1):
_ Angle (dec)
Angle (deg) Y x 360 Q)

If less resolution is sufficient, the angle can be
read by sending fewer clock counts since the
MSB is first. Figure 11 shows a diagram of a
partial 8-bit SPI angle reading.

15 14 13 12 11 10 9 8
o)
SCLK

15 [1413]12[12 0] 9] 8
Angle

CIPO

1514131211 [10] 9] 8

COPI 0x00

Figure 11: Diagram of a Partial 8-Bit SPI Angle
Reading

If there are very fast reading cycles, the MAG600OA
continues sending the same data until the data
refreshes. See the General Characteristics
section starting on page 8 for the refresh rate.

MAG00A Rev. 1.0
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SPI Read Multi-Turn or Speed second 16 bits contain the multi-turn count; when
user can obtain the multi-turn or speed speed (see Figure 12).

information. See the Multi-Turn Output section on page 38 for
The first 16 bits returned on the CIPO line more details on multi-turn.

contain the angle value. When the MTSP bit in See the Speed Output and Calculation section

5 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0
= r
SCLK

5143 [12][n[0]9[8[7]6[5[a]s]2]r1]ofs[ma[da]z][ufw][o]s]7[6][s5]a]3][2]1]o0
Angle Multiturn (MTSP = 0) / Speed (MTSP = 1)

CIPO

5143 [12[n10]9o[8[7]6[5[a]3]2]1]ofs[a[da]rz]unfw][e]s]7[6][5]a[3]2]1]o0
0x0000 0x0000

Figure 12: 32-Bit Frame Read Multi-Turn or Speed Operation

COPI

SPI Read Register CIPO ‘MSB Argie (150) LSB‘
A read register operation consists of two 16-bit COPI ‘C;rqm;“ﬁ' TG ‘F/*;g-‘fdﬁjs AR A A A
frames. In the first frame, the controller sends a e
read request, which contains the 8-bit read The second 16-bit SPI frame (response) is:
command followed by the 8-bit register address, Angle Reg. Value

and the sensor sends the 16-bit angle value. In CIPO | Angle (15:8) [V2 Ve Vs V4 V5 V5 Vi V]
the second frame, the sensor sends the 8 most copl [ 5 =
significant bits (MSB) of the angle value followed

by the requested 8-bit register value. Figure 13 shows a complete transmission.

The first 16-bit SPI frame (read request) is:

tipLE_commanD
15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0 «—— 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0

o H ]

i5[1a[3[12[uu]w0o[e[8][7[6[5]4]3][2]1]0 7]e[5]4a]s[2]1]Jo]7[e[5]4a]s3]2]1]o0
cIPo Angle Angle Register Value
7]6[s[afs[2]1]o 15[1a[3[12[nn]w][o[s][7[6][5]4a]s3]2]1]0

coprj1|1|0fj1|0|0O|1]|O

Register Address 0x0000

T
Read Command

Figure 13: Overview of a Read Register Operation with Two 16-Bit Frames

i H MSB LSB
SPI erte Reglster . . _ CIPO | Angle (15:0) |
A write register operation consists of three 16-bit Commard ______ TR

. COPI[1717170"170"2170T0"2"0"2"0"170"0]

frames. In the first frame, the controller sends a
write request, which contains the 16-bit write The second 16-bit SPI frame (address and
command, while the sensor sends the 16-bit value) is:
angle value. In the second frame, the controller ViSB LS8
sends the 8-bit register address and the 8-bit CIPO | Undefined Data (15:0) \
value. In the third frame, the sensor sends the 8 COP ‘F:fa‘;{’:ﬁe;z‘AA‘A;Az\Al‘Ao‘f,efw(,as'“?vs‘wvz‘vz‘Vl‘vo‘
MSB of the angle value followed by the newly
written 8-bit register value. The third 16-bit SPI frame (response) is:
The first 16-bit SPI frame (write request) is:
MABOOA Rev. 1.0 MonolithicPower.com 17
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Angle Reg. Value
CIPO | Angle (15:8) [V7" Ve Vs ' Vo V5 V5 Vi Vo]
B LSB

MSI
COPI | 0 |

The readback register content can be used to
verify the register configurations.

For example, to set the value of the output
rotation direction (RD) to counterclockwise (RD
bit = 1), write to the DIR register by sending the
following first and second frames:

tioLe_commanp
5 14 138 12 11 10 9 8 7 6 5 4 3 2 1 0 —

15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0

MSB LSB
CIPO | Angle (15:0) \

Command
COPI[1"T17170"170"1"0T0"1"0"170"170"0]

MSB LSB
CIPO | Undefined Data (15:0) \

Reg. Address Reg. Value
COPI[0"0"0"0 170 0" 11 x"x"x"x"x"x"x]

Then send the third frame. If the register is
written correctly, the reply is:

Angle Reg. Value
C|PO\ Angle (15:8) \1‘x‘x‘x‘x‘x‘x‘x\
MSB LSB

COPI | 0 |

Figure 14 shows a complete transmission.

tioLe_commanp
15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0

8 [ ]

[ 1 B

SCLK

514 [18[12[11]0][9[8][7]6][5]4[3]2]1]0
N

ciPo Angle

Blw B[ ulo[s |87 (6 s]43z]1]0
Undefined Data (OxXXXX)

TTe s [432]1]0
Angle

7]6[s[a[3[2]1]o0
Register Value

con [1] 1 1[o] 1] o[ 1]o]o]]o]s]o]1]o]o]

76543210
Register Address

76543210

Blu[w[2[ulwo|[9[8][7]6[s]4a]a]2]1]o0
0x0000

Register Value to Write

T
Write Command

Figure 14: Overview of a Write Register Operation with Three 16-Bit Frames

Non-Volatile Memory (NVM) Operation

The sensor contains a non-volatile memory
(NVM) that is divided into two separate memory
blocks. Each block contains 32 registers. Block
0 contains registers ZEROO to RMAPID, and
block 1 contains registers CORRO to CORR31.
The values stored in the NVM are automatically
loaded into the sensor’s registers during start-up.

By using the “Store a Single Register Block to
the NVM” SPI operation, the register values in
the block are copied to the NVM.

If the user wants to change the value of a register
in the NVM, they must follow the steps below:

1. Write the target value to the register with a
“Write Register” operation.

2. Check the block number (B) to which the
register belongs.

toLe_commanp
15 14 138 12 1 10 9 8 7 6 5 4 3 2 1 0

15 14 13 12 1 10 9 8 7 6 5 4 3 2 1 0

3. Use the “Store a Single Register Block to the
NVM” operation to store the block (B).

It is possible to manually force the restoration of
the NVM values to the registers by using the
“Restore All Register Blocks” SPI operation.

When the sensor receives an NVM operation
(“Store a Single Register Block to the NVM” or
“‘Restore All Register Blocks”), the NVM is busy
for the time required to execute the command.

If another NVM command is sent while the NVM
is busy, the command is ignored and the
ERRMEM bit is set to 1.

SPI Store a Single Register Block to the NVM

Store a single register block operation consists
of two 16-bit frames (see Figure 15). The third
frame in Figure 15 shows that the other
commands must be sent after a minimum time of
{sTORE_REG_BLOCK (see Table 4 on page 16).

tsTore REG_BLOCK
15 14 13 12 1 10 9 8 7 6 5 4 3 2 1 0

= [

[ ] i

SCLK

Blulslz[ulo]s s 7 6 s[4z 10

ciPo Angle

BlulnBlelalo]s s 7]6 s [a]3Tz 10

Blu|B2[u[w[s]8[ 76 543210
Angle

coPl

t[e]efo]s o] [ofo e o] o]+ o]"]

[lx[e[ole[e]xelolo o o o oo [¢]

Blulolelalwlsle]7TslsTaaz]1T0
X

T
Store a Single Register Block to the NVM Command

Figure 15: Overview of Store a Single Register Block to the NVM Operation with Three 16-Bit Frames (B =
0 for Block 0, B =1 for Block 1)

MAGOOA Rev. 1.0
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SPI Restore All Register Blocks from the The second frame in Figure 16 shows that other
NVM commands must be sent after a minimum time of
A restore all register blocks operation consists of [RESTORE_ALL_REG_BLOCKS.

one 16-bit frame. This command restores all This operation is done automatically (without

register bIOCkS from the NVM (See Figure 16) user intervention) at each Start_up_

tRESTORE_ALL_REG_BLOCKS
5 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0 «——» 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0

| H ]

is5[1a[3[12[uufw0o[o[e][7[e6][s5][4a]3][2]1]0 15[1a[3[12[nnfw[o[s][7[6][5]4a]3][2]1]0
Angle Angle

CIPO

1514 [12]nnfw0[o[8[7][6][s5][a][3][2]1]o0

COPI | 1 1 110 1 0 1100 1 0 1|0 1 1 0 0x0000

T
Restore All Register Blocks from the NVM Command

Figure 16: Overview of Restore All Register Blocks from the NVM Operation with Two 16-Bit Frames

SPI Clear Error Flags ERRCRC, ERRMEM, and ERRPAR (see Figure
A clear error flags operation consists of one 16- 17). Other commands should be sent after
bit frame. This command clears all error flags in UiDLE_COMMAND.

the STATUS register, including NVMB,

tibLe_commanp
5 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0 «——» 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0

| H ]

is5[1a[3[2[uufw0o[o]e][7[6][s5][4a]3][2]1]0 is5J1a[13[2[uufw0]9o[s[7][6[s5]a]a]2]1]o
Angle Angle

CIPO

15143 [12]unfw0[o[8[7][6][5][a]3][2]1]o

COPI | 1 1|0 1 0 1 1 110 0 ojojoj|o 0 0 0x0000

Clear Fault‘ Command
Figure 17: Overview of Clear Error Flags Operation with Two 16-Bit Frames

Table 6 on page 20 shows a summary of all SPI

commands.
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Table 6: SPI Commands List Overview

. Transaction Returned Value on
Command Function Command
Length Last Command
Read Angle 1 x 16-bit 0x0000 16-bit angle
Read Multi-Tun 1 x 32-bit 0x00000000 16-bit angle +
16-bit multi-turn
. 16-bit angle +
Read Speed 1 x 32-bit 0x00000000 16-bit speed
0xD2 (19) + .
Read Register 2 x 16-bit Lstcommand 8-bit reg. address 8-8b_|tt)i?rr13Ie \|>/e|ju|3e+
2nd command 0x0000 9
1st command OxEA54 (19
Write Register 3 x 16-bit 2nd command | oRitreg. address + 8-bit angle MSB +
8-bit reg. value 8-bit reg. value
3rd command 0x0000
Store a Single Register 1st command OXEASS T2
2 x 16-bit OXEA00 10 for block 0, 16-bit angle
Block to the NVM 2nd command OXEAOL 9 for block 1
Restore All Register . (10) .
Blocks from the NVM 1 x 16-bit OXEA56 16-bit angle
Clear Error Flags 1 x16-bit 0xD700 (19 16-bit angle
Note:
10) These values are in hexadecimal format. For example, 0xD2 indicates 1101 0010 in binary format.
SPI Parlty CheCk 16 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0
An SPI parity check is enabled by setting the es| B
PRT bit in the PRT register to 1. The parity sign SCLK

is determined by the PRTS bit, where the sign is
even by default (PRTS = 0) and can be changed
to odd by setting PRTS to 1. When the parity
check is enabled, changing the PRTS value
leads to the ERRPAR flag becoming active.

When the SPI parity check is enabled, the
controller must send one parity bit after the 16-
bit command. The MAGOOA also returns one
parity bit after the 16-bit data. Figure 18 shows
the SPI read angle with a parity check.

is[1a]w3[12]nnfw0[o[8[7[6][s5]a]3][2]1]o0
Angle (15:0)

sl [z[ulw[o[s[7][e6][s5]4a][3]2]1]o0
0x0000

CIPO

|

COPI

3

Figure 18: SPI Read Angle When an SPI Parity
Check is Enabled

If the parity bit sent by controller is wrong, the
error bit (ERRPAR) in the STATUS register is set
to 1. See the ERRPAR bit description on page
28 for more details.

Table 7 shows a summary of SPI commands
with a parity check.

Table 7: SPI Commands with Parity Check Overview

Command Sent by

Command Function
Controller

Action when Parity

Returned Value Sent by Controller

Speed

Is Wrong
Read Angle 0x0000 + parity bit 16-bit angle + parity bit ERRPAR =1
) L 16-bit angle + parity bit +
Read Multi-Turn or 0x0000 + parity bit + 16-bit multi-turn/speed + ERRPAR =1

0x0000 + parity bit

parity bit

Read/Write Register

Several 17-bit commands,

Several 17-bit replies, ERRPAR =1, the

Store/Restore NVM where each command isa | where each reply is a 16-bit command is
Clear Error Flags 16-bit command + parity bit reply + parity bit discarded
MABOOA Rev. 1.0 MonolithicPower.com 20

6/5/2025

MPS Proprietary Information. Patent Protected. Unauthorized Photocopy and Duplication Prohibited.

© 2025 MPS. All Rights Reserved.



mP5 MAG0OOA — HIGH-ACCURACY, <0.6° (<0.1°) INL, DIGITAL MAGNETIC SENSOR

SPI Angle Parity Check on CIPO

An SPI angle parity check can be enabled by
setting the APRT bit in the PRT register to 1.

If the APRT bit = 1, the least significant bit (LSB)
of the 16-bit angle output on CIPO is replaced by
the angle parity bit. Figure 19 shows an example
of angle reading with the angle parity bit, where
AP stands for the angle parity bit.

15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0

o) ]

s[1u[13[12]unw][9[8[7]6][s5][4a[]3][2]1]o0

Angle (15:1) AP

is5[1a[3[12]uufw0]o 8|76 [5][4a[3]2]1]0
0x0000

CIPO

COPI

Figure 19: Angle Output with Parity Bit when
APRT =1

When APRT = 1, an SPI angle parity check is
applied to all SPI CIPO replies containing a 16-
bit angle.

The angle parity bit sign is controlled by the
PRTS bit in the PRT register.

An SPI parity check and angle parity check can
be enabled at the same time. Figure 20 shows
an example of angle reading with both the angle

tssck

tssckH sscre

parity bit and SPI parity bit, where P stands for
the parity bit of the previous 16-bit data.

16 15 14 13 12 1 10 9 8 7 6 5 4 3 2 1 0

| ]

1514 1312110987 [6][5]4a]3]2]1]0
Angle (15:1) AP

5] [13[12]nfw]o[8[7[6][s5]4][3][2]1]0
0x0000

CIPO p ‘

COPI p ‘

Figure 20: Angle Output with Parity Bit when
PRT=1and APRT=1

Synchronous Serial Interface (SSI)

The SSI is a 2-wire, synchronous, serial
interface, and the sensor operates as a
peripheral to the external SSI controller.

Only angle reading can be done by the SSI. It is
not possible to read or write registers using the
SSl.

The maximum SSI clock frequency supported by
the MAB0OA is 5MHz. Real maximum data rates
depend on the PCB layout quality and signal
trace length.

Figure 21 shows the SSI timing for mode A and
mode B. Table 8 on page 22 shows the timing
for SSI communication.

| 1Y

SSCK___\x_____j\___L__*___

tssp —»f le—

/

‘ -

SSD MSB X MSB-1 X

X

LSB X\ MSB

SSI Mode A (Recommended)

tssck

tssckH | lsscke

SSCK
tssgl |,

tm

tp |

SSD MSB X _MSB-1 X

X

LSB MSB

SSI Mode B
Figure 21: SSI Timing for Mode A and Mode B (Both Modes are Supported)
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Table 8: SSI Timing

Parameter | Description Min Max Unit

tssp Delay between SSCK and SSD edge 81 ns

tssck SSCK period 0.2 16 us

tssckL Low level of the SSCK signal 0.1 8 us

tssckH High level of the SSCK signal 0.1 8 us

tm Transfer timeout (monoflop time) 25 - us

tp Dead time: SSCK high time for the next data reading 40 - us
SSI Read Angle The MAG600A’s data length is 16 bits long,
The MSBs are transmitted first. Every refresh meaning a full reading requires one dummy
period, new data is transferred into the output clock and 16 clock counts (see Figure 22). The
buffer. reading can also be performed with fewer than
_ _ 17 clock counts. For example, if an application
The first clock count is a dummy clock to start the requires only 12-bit angle information, it is
transmission. The first MSB data is then sufficient to send the first dummy clock to start
transmitted on the second clock count. The the transmission as well as 12 additional clock

controller device triggers the reading by driving cycles to read the angle data.

the SSCK signal high.

15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0

SSCK

51413121 ]w][9o[8][7[]6][5]4a]3]2]1]o0
Angle

SSI Mode A (Recommended)

5 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0

SSCK

s3]z o][s]7[6[5]4]3]2]1]o0
Angle

SSI Mode B
Figure 22: Diagram of a Full 16-Bit SSI Angle Reading (with First Dummy Clock)

SSD

SSD

When a trigger event is detected, the data
remains in the output buffer until the transfer
timeout passes (see Table 9).

Table 9: Sensor Data Timing

Trigger Event Release of the Output Buffer
First SSCK rising edge Last SSCK falling edge +
after dummy clock timeout (tw) (see Figure 21 on page 21)

Figure 23 shows the timing for consecutive angle
readings.

tp
—
5 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0

SSCK

sl1afs[2]uufwo]e[s]7[6][5]a]3][2]1]0 sz fw[o[s[7]e6[s5]a]s3]2]1]o
Angle Angle

SSD

Figure 23: Two Consecutive 16-Bit SSI Angle Readings (with Required Dead Time Between the Frames)
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SSI Parity Check

The SSI parity check is enabled by default. To
obtain the parity bit, the user must send one
dummy clock and 17 clock counts. The parity bit

16 15 14 13 12 11 10 9 8

follows the LSB of the angle data (see Figure
24).

The parity sign is even parity by default and can
be configured to odd parity by setting the PRTS
bit in the PRT register to 1 with an SPI command.

7 6 5 4 3 2 1 0

SSD

Angle

1514131211100 9[8[ 7[6[5]a]3]2]1]o0

P

Figure 24: 17-Bit SSI Angle Reading with Parity Check (with First Dummy Clock)
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REGISTER MAP

Table 10: Register Map @Y

# |Block| Hex (?/:gé]) Bitjs] | Bit[5] | Bit[4] | Bit[3] | Bit[2] | Bit[] (BL”S[S])
0 0x00 Z[7:0]

1 0x01 Z[15:8]

2 0x02 BCT

3 0x03 - ETY ETX
4 0x04 PPT[2:0] | ILIP PPT[11]
5 0x05 PPT[10:3]

7 0x07 NPP \ -

8 0x08 | PWMM | PWMF | -

9 0x09 | RD -

10| 0 |ox0A| DAISY - RWM
11 0x0B | OD615 | OD243 | SPULLIN | -

12 0x0C HYS

13 0x0D - ] FW

14 0XOE INTF_SEL | - | baz | - CK100
18 0x12 MTOFFSET[7:0]

19 0x13 MTOFFSET[15:8]

26 0x1A | NVMB - ERRCRC |ERRMEM | ERRPAR
28 0x1C | MTSP - PRT PRTS | APRT FTA FTM
31 OX1F SUFFIXID

32 0x20 CORRO

33 0x21 CORR1

62 0x3E CORR30

63 OX3F CORR31

132] 4 |oxs4 - UR10
Note:
11) “-” indicates bits that are not accessible by the user.
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REGISTERS DESCRIPTION

ZEROO (0x00)

The ZEROQO register sets the LSB for the zero position (see the Zero Setting section on page 30 for more
details).

Bits Access | Bit Name Default Description

7:0 RIW | Z[7:0] 0

8 least significant bits (LSB) of the zero setting.

ZERO1 (0x01)

The ZEROL1 register sets the MSB for the zero position (see the Zero Setting section on page 30 for more
details).

Bit Name Default

Z[15:8] 0

Bits Access
7:0 R/W

Description

8 most significant bits (MSB) of the zero setting.

BCTO (0x02)

The BCTO register is for the side-shaft configuration and trims the bias current of the X or Y direction
TMR bridge (see the Bias Current Trimming Settings section on page 31 for more details).

Bits Access | Bit Name Default Description
70 RIW BCT 0 Reduces j[he bias current of the TMR bridge selected via the
BCT1 register.

BCT1 (0x03)

The BCT1 register is for the side-shaft configuration and determines the direction (X or Y) in which the
TMR bridge bias current is trimmed (see the Bias Current Trimming Settings section on page 31 for more
details).

Bits Access | Bit Name Default Description
7:2 N/A - N/A Reserved.
Enables bias current trimming in the Y-direction TMR bridge.
1 RIW | ETY 0 0: Disabled
1: Enabled
Enables bias current trimming in the X-direction TMR bridge.
0 RIW ETX 0 0: Disabled
1: Enabled

ABZ0 (0x04)

The ABZO0 register is for ABZ configuration and determines the ABZ index parameterization and number
of pulses per turn (see the ABZ Incremental Encoder Output section on page 34 for more details).

Bits Access | Bit Name Default Description
. . Sets the number of pulses per turn for the ABZ output. 3 least
75 RIW PPT[2:0] ! significant bits (LSB) of PPT (see Table 18 on page 35).
a1 RIW ILIP 0 gg)rametnzatlon of the ABZ index pulse (see Figure 36 on page
Sets the number of pulses per turn for the ABZ output. Most
0 RIW | PPT[L1] 0 significant bit (MSB) of PPT (see Table 18 on page 35).
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ABZ1 (0x05)

The ABZ1 register is for ABZ configuration and determines the pulses per turn (see the ABZ Incremental
Encoder Output section on page 34 for more details).

Bits | Access | Bit Name Default Description
. . 7 middle bits of PPT (see Table 18 on page 35). Sets the
70 RIW PPT[10:3] 63 number of pulses per turn of the ABZ output.
UVW (0x07)

The UVW register is for UWV configuration and determines the number of pole pairs (see the UVW
Incremental Encoder Output section on page 36 for more details).

Bits | Access | Bit Name Default Description
75 RIW NPP 0 Sets the number of pole pairs for the UVW output (see Table
22 on page 36).
4:0 N/A - N/A Reserved.
PWM (0x08)

The PWM register is for PWM configuration and determines the PWM frequency and mode (see the
Absolute Output section on page 36 for more details).

Bits Access | Bit Name Default Description
Adds error detection to the PWM frame. When PWMM = 1, if
ERRCRC, ERRMEM, or ERRPAR are detected, the PWM error
7 R/W PWMM 1 and data bands are zero (see Figure 41 on page 37).
0: Disabled
1: Enabled
Sets the pulse-width modulation output frequency.
6 RIW | PWMF 1 0: 1kHz
1: 250Hz
5:0 N/A - N/A Reserved.
DIR (0x09)

The DIR register determines the sensor’s positive direction (see the Rotation Direction section on page
31 for more details).

Bits Access | Bit Name Default Description
0: Clockwise (CW)
! RIW RD 0 1: Counterclockwise (CCW)
6:0 N/A - N/A Reserved.
|00 (OX0A)

The 100 register is for I/O configuration and determines the state of the reduced wire mode (RWM) and
daisy chain (see the Special Interfaces section on page 39 for more details).

Bits Access | Bit Name Default Description
Enables daisy-chain mode. This bit can only be written if
UR10=1.

7 R/W DAISY 0 )
0: Disabled
1: Enabled

6:1 N/A - N/A Reserved.
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RWM

Enables reduced wire mode. This bit can only be written if
UR10 =1.

0: Disabled
1: Enabled

I01 (0x0B)

The 101 register is for 1/O configuration and determines the internal circuit of various I/O pins (see the
Digital I/O Pin Circuit section on page 39 for more details).

Bits Access | Bit Name Default Description
Determines the output circuits for the 106, 101, and IO5 pins.
7 R/W | OD615 0 0: Push-pull
1: Open-drain
Determines the output circuits for the 102, 104, and 103 pins.
6 RIW 0D243 0 0: Push-pull
1: Open-drain
Determines the input circuits for the /CS, SCLK, and COPI pins.
5 R/W SPULLIN 1 0: Hi-Z
1: Pull-up (for /CS) or pull-down (for SCLK, COPI)
4:0 N/A - N/A Reserved.

HYST (0x0C)

The HYST register sets the hysteresis for the ABZ output (see the ABZ Hysteresis section on page 35

for more details).

Bits Access | Bit Name Default Description
7:0 R/W HYS 16 Sets the configurable hysteresis used for the ABZ output.
FILT (Ox0D)

The FILT register is for filter window configuration and determines the window size of the digital filter (see
the Digital Filter Configuration section on page 30 for more details).

Bits | Access | Bit Name Default Description
7:4 N/A - N/A Reserved.
3:0 R/W FW 5 Sets the digital filter window size (see Table 11 on page 30).
IF (OXOE)
The IF register configures the interface (see the Input/Output Matrix section on page 38 for more details).
Bits Access | Bit Name Default Description
7.5 RIW INTF_SEL 0 gg)lects the function of the I01~IO6 pins (see Table 28 on page
4:3 N/A - N/A Reserved.
Enables the DAZ interface for the incremental encoder output.
If enabled, the D signal indicates rotation direction (CW = 0,
2 R/W DAZ 0 CCW = 1), while the A and Z signals remain unchanged.
0: Disabled
1: Enabled
1 N/A - N/A Reserved.
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If enabled, the 100kHz system clock is available at the CK100
in.
0 R/W CK100 0 P
0: Disabled
1: Enabled
MTO (0x12)

The MTO register sets the multi-turn offset value (see the Multi-Turn Output section on page 38 for more
details).

Bits Access | Bit Name Default Description

70 RIW* 12 | MTOEFSETI[7:0] 0 \?:ltje,the 8 least significant bits (LSB) of the multi-turn offset
MT1 (0X13)
The MT1 register sets the multi-turn offset value.

Bits Access | Bit Name Default Description

7:0 RIW* (2 | MTOFFSET[15:8] 0 \?;tusefhe 8 most significant bits (MSB) of the multi-turn offset

STATUS (0x1A)

The STATUS register contains status and error flags. The error bits can be cleared by sending the Clear
Error Flags operation (see the Status Byte section on page 38 for more details).

Bits Access | Bit Name Default Description

Indicates whether the NVM is busy.

0: The NVM is ready for use
1: The NVM is busy

NVMB 0

6:3 N/A - N/A Reserved.

Indicates whether a CRC error was detected during NVM

restoration.
ERRCRC 0
0: No error was detected

1: An error was detected

Rises to 1 if an “SPI write” is performed while the NVM is busy.

ERRMEM 0 0: No error was detected

1: An error was detected

Indicates whether a parity error was detected on the COPI line,

and SPI operation is ignored.
ERRPAR 0
0: No error was detected

1: An error was detected

PRT (0x1C)

The PRT register configures the parity check (see the SPI Parity Check section on page 20 for more
details) and test angle (see the Functional Test section on page 34 for more details).

Bits Access | Bit Name Default Description

Determines the data returned by SPI “Read Multi-Turn or
Speed” operation.

7 R/W* 12) | MTSP 0
0: Multi-turn
1: Speed

6 N/A - N/A Reserved.
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Enables the SPI parity check.
5 R/W* (2| PRT 0 0: Disabled
1: Enabled

Determines the sign of parity bit (even/odd).

4 | RIW*@ | PRTS 0 0: Even

1: Odd

Enables the 16th bit of the SPI angle data to be replaced by the
parity bit.

0: Disabled
1: Enabled

3 R/w* (12 | APRT 0

Sets the functional test angle, which is the angle output in
functional test mode (FTM = 1).

2:1 R/W* (12) | FTA 0 0:0°

1: 90°
2:180°
3:270°

Enables functional test mode. When enabled, a reference
signal replaces the TMR front-end output as input of the signal
0 R/W* 12 | ETM 0 treatment circuit.

0: Disabled
1: Enabled

RMAPID (0x1F)
The RMAPID register contains the register map identification number.

Bits Access | Bit Name Default Description

7:0 R SUFFIXID 0 Contains the suffix for the custom register setting version.

CORRO~CORR31 (0x20~0x3F)

The CORR0O~CORR3L1 registers are for user output calibration (see the User Output Calibration section
on page 33 for more details).

Bits Access | Bit Name Default Description

7:0 R/W CORRO~CORR31 0 User correction table (32 x 8 bits) for linear interpolation.

UR10 (0x84)
The UR10 register unlocks write access to the 100 register.

Bits Access | Bit Name Default Description
7:1 N/A - N/A Reserved.
0: Register 10 is write-locked.
% (12)
0 RIW UR10 0 1: Register 10 is not write-locked.
Note:

12) R/W* indicates write access to the register only. These values are not stored in the NVM.
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REGISTER SETTINGS

Digital Filter Configuration

The filter window (FW) setting controls the
sensor’s resolution of the angle output (defined
as the +30 noise interval), the latency, and the
cutoff frequency (fcutorr).

Table 11 shows the filter setting options and
resulting performance. It is not recommended to
use FW 1-4 or 13-15.

Table 11: Filter Settings

. Latenc)-/ fcutorr
FW T Resoilutlon Cancellation (kH2)
(us) (bits) at Constant (13)
Speed
0 0 12.3 No 17
5
(default) 40 125 Yes 12
6 80 13 Yes 5.8
7 160 13.5 Yes 2.7
8 320 14 Yes 1.3
9 640 14.3 Yes 0.63
10 1280 14.6 Yes 0.31
11 2560 14.8 Yes 0.15
12 5120 15 Yes 0.075
Note:

13) feutore is defined as the -3dB frequency on the spectrum.

The cutoff frequency is 17kHz when FW = 0.
With this setting, the digital filter and latency
cancellation are disabled.

See the Typical Characteristics section starting
on page 10 for more details on the spectrum and
phase for different FW settings.

To accurately model the system and analyze the
control loop stability, the front-end signal’s
transfer function (Hre) can be calculated with
Equation (2):

1
(mres? @

Hee=
FE (1 +TFES

The digital filter transfer function (HeLter) can be
calculated with Equation (3):

1+(2+5)1s
(1+18)°

®3)

The digital processing adds a propagation delay
(Tor). The sensor transfer function (H) can then
be calculated with Equation (4):

HriLter=

Where & = 5. The time constant (1) can be

.
determined based on Table 11. For the total
latency without the digital filter (L), see the
General Characteristics section starting on page
8.

Figure 25 shows a simplified block diagram of
the system’s transfer function.

H

Front End Dlgltall D|g|ta|
Processing Filter
Digital
Magnetic  ; | Angle “TopS | i Sensor
Field Angle & | Hre e Hrirer ™ output

Figure 25: Simplified Block Diagram

Effect of Switching Signals on Resolution

The MAG60OA’s resolution may be negatively
affected by the switching signals on its pins
within a specific frequency range. This applies
both to signals coming from an external source
(e.g. /CS) and signals generated by the sensor
itself (e.g. the A and B signals from the ABZ
interface). Figure 26 shows the relationship
between resolution and the signal frequency.

Resolution vs. Pin Signal

Frequency
FW =5 (default)

T/

115

11
10.5

RESOLUTION (bit)

10

20 40 60 80 100120140160180200
FREQUENCY (kHz)

Figure 26: Resolution and Signal Frequency

Zero Setting

The zero position (ag) of the MAG0OOA can be
configured with 16 bits of resolution. The angle
output by the MAG0O0OA (aout) can be calculated
with Equation (5):

Aoyt = araw - Qg (5)

Where araw is the raw angle provided by the
MagAlpha front end.

H=Hpg x 0P x Hpy 1eR (4)
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The Z parameter is 0 by default and is the zero-
angle position. ap can be calculated in decimals
with Equation (6):

ap = ZZTG x 360 (6)

Table 12 shows the zero-setting parameter.

Table 12: Zero-Setting Parameter

Z Zero Position ao (deg)
0 0
1 0.005
2 0.011
65534 359.989
65535 359.995

Zero Position Example

To set the zero position to 20 degrees, the Z
parameter can be calculated with Equation (7):

— 20 16 _
Z= @xz = 3641 (7)
In binary format, it is written as 0000 1110 0011
1001.

Rotation Direction

By default, when looking at the top of the
package, the angle increases when the magnetic
field rotates clockwise (CW) (see Figure 27).

N
B T CW (Default) B CCw

\\ /
o l o
Top View Top View

Figure 27: Positive Rotation Direction of the
Magnetic Field

Table 13 shows the rotation direction parameter.

Table 13: Rotation Direction Parameter

RD Positive Direction
0 Clockwise (CW)
1 Counterclockwise (CCW)

Bias Current Trimming Settings
Side-Shaft

When the MAB0OA is mounted on the side of the
magnet, the relationship between the field angle
and the mechanical angle is not directly linear.
This effect is related to the fact that the tangential
magnetic field is typically smaller than the radial

field. The field ratio (k) can be calculated with
Equation (8):
k = Brap (8)
Bran
Where Brap is the maximum radial magnetic

field, and Bran is the maximum tangential
magnetic field (see Figure 28).

Figure 28: Side-Shaft Field

The k ratio depends on the magnet geometry
and distance to the sensor. If the k ratio does not
equal 1, the sensor output response is nonlinear
with respect to the mechanical angle. The error
curve has the shape of a double sinewave,
where E is the amplitude of this error (see Figure
30 on page 32).

The bias current of the X or Y TMR bridge can
be reduced to recover linearity. The direction in
which the bias current is reduced corresponds to
the direction where the field amplitude is the
largest. The ETX and ETY parameters control
this direction. The current reduction is set by the
bias current trimming (BCT) parameter, which is
an integer from 0 to 255. If the BCT bits value
exceeds 200, the compensation result can be
affected by the temperature.

In a side-shaft configuration (when the sensor’s
center is located beyond the magnet’s outer
diameter), the k ratio exceeds 1. For optimal
compensation, the radial axis current should be
reduced by setting BCT, which can be calculated
with Equation (9):
_ 1

BCT =258 x (1-7) (9)

Figure 29 on page 32 plots Equation (9).
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150

BCT
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Figure 29: Relationship Between the k Ratio and
the Optimal BCT to Recover Linearity

Table 14 shows an example of the BCT settings.
Table 14: Example of BCT Settings

E (deg) Magnet Ratio (k) BCT
0 1 0
11.5 15 86
19.5 2 129
25.4 2.5 155
30 3 172
33.7 3.5 184
36.9 4 194
39.5 4.5 201
41.8 5 207

Determining the k Ratio

It is possible to deduce the k ratio from the error
curve obtained with the default BCT setting
(BCT = 0). Rotate the magnet one revolution and
record the MAG00A’s output.

Next, plot the error curve (the difference between
the MAB00OA’s output and the real mechanical
position vs. the real mechanical position) and
extract two parameters: the maximum error (E),
and the position of the maximum with respect to
a zero crossing (om) (see Figure 30). In this
scenario, the k ratio can be calculated with

40 4

20+ g

2E

Error (deg)
o

20T

.40 +

) ) ) )

t t t t t
0 60 120 180 240 300
Rotor Angle (deg)

Figure 30: Error Curve in Side-Shaft
Configuration with BCT =0

Figure 31 shows an alternative approach to
obtain the k parameter.

5

4.5

4

3.5

x 3

N

25 »

2

15

1 ==
0 5 10 15 20 25 30 35 40

E (deg)

Figure 31: Relationship between the Error
Measured with BCT = 0 and the Magnet Ratio (k)

Sensor Orientation

The dot marked on the package indicates
whether the radial field is aligned with the
sensor’s X or Y coordinate (see Figure 32).

Equation (10): v
k= tan (E + am) (10) T_>x
tan (am) o
Figure 30 shows the error curve.
Figure 32: Package Top View with the X and Y
Axes

Determine which axis should be reduced based
on the qualitative field distribution around a ring
(see Figure 28 on page 31).

MAG0OA Rev. 1.0 MonolithicPower.com 32

6/5/2025

MPS Proprietary Information. Patent Protected. Unauthorized Photocopy and Duplication Prohibited.

© 2025 MPS. All Rights Reserved.



mP5 MAG0OOA — HIGH-ACCURACY, <0.6° (<0.1°) INL, DIGITAL MAGNETIC SENSOR

For example, Figure 28 on page 31 shows that
the field along the sensor’s Y-direction is
tangential and weaker. This means that the X-
axis should be reduced (ETX =1 and ETY =0).

If both ETX and ETY are setto 1, the current bias
is reduced in both directions the same way (e.g.
the linearity is the same as BCT = 0) (see Table
15).

Table 15: Trimming Direction Parameters

ETX Enable Trimming of the X-Axis
0 Disabled
1 Enabled

ETY Enable Trimming of the Y-Axis
0 Disabled
1 Enabled

Factory Output Linearization

The sensor is factory-calibrated with the
precision (see the General Characteristics
section starting on page 8) at the nominal
magnetic field and room temperature.

User Output Calibration

The MAB00A contains a 32-point lookup table for
in-system calibration. This enables the removal
of errors induced by the magnetic configuration
(misalignments and magnet defaults) as well as
the intrinsic MAGOOA error.

The user calibration consists of storing 32 angle
correction values (corr) in the NVM for 32
equidistant positions of the MagAlpha output,
which are referred as out; (out; = 0°, 11.25°,
22.5° and so on. Where i=0, 1...31).

During operation, the sensor makes a linear
interpolation using the two out; surrounding the
present output to determine the correct
compensation to apply (see Figure 33).

Error curve

— Linear interpolation

LI B S B S S p p
90 135

T
0 45
Sensor Output: out, (deg)

Figure 33: Linear Interpolation for On-Chip
Calibration

Figure 34 shows an example comparing the
error before and after calibration.

out; refers to the sensor output with the default
zero setting (ZERO bits) and default rotation

direction (RD bit). Therefore, calibration should
be performed prior to changing the ZERO and
RD bits.

0.3
0.25 Before calibration
0.2 After calibration
0.15

0.1
0.05
O AWARNAI BNV Ax WA W ST SN AN W ——
-0.05
-0.1
-0.15

ERROR (deg)

0 40 80 120 160 200 240 280 320 360
ROTATOR ANGLE (deg)

Figure 34: Error Before and After Calibration

Correction Values Calculation

The 32 correction values (corr;) are the negative
value of the measured error. corri can be
calculated with Equation (11):

COrr; = -efrf; (12)

The measured errors (err) are the difference
between the sensor's output and the ideal
output, calculated with Equation (12):

err; = out; - ref; (12)

where out; is the MAB00A’s output in degrees,
and ref; is the real mechanical angle in degrees.
refi is measured by a reference (e.g. a precise
encoder). The mean value of erricorresponds to
the angular distance between the reference
encoder zero and the MAG0OOA zero. Therefore,
if the zeroes are far apart (e.g. more distant than
the INL), then the err; values have a large
common mode value (with respect to the INL).
Having a large common mode for an err; is fine
as long as no err; exceeds the full scale of the
correction values: 11.25°. err; can be offset by a
constant value without affecting the linearity after
correction. The error without the offset (err’) can
be calculated with Equation (13):

err; = err; - mean(err;) (13)

Once the correction values (corri in degrees,
which can be notated as corri(deg)) are obtained,
they must be transformed into an integer number
(corri(int)) to be stored to the memory.

Calibration allows for corrections with an
accuracy of 0.09°. To save memory space, the
correction values corr;(int) are coded only on 8
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bits, corresponding to a correction ranging from
-11.25° to +11.25°. The format of corri(int) is
signed integer.

If corri(deg) = 0, then corr(int) can be calculated
with Equation (14):

corri(int) = <L x32ox128 (14

If corri(deg) < 0, then corri(int) can be calculated
with Equation (15):

corri(int) = XX x32°x128 + 256 (15)

The user then stores the 32 correction values in
decimal format into block 1 (the
CORRO~CORRZ31 registers), which is reserved
for calibration.

User Calibration Example

Before starting the calibration, the
CORRO0O~CORR3L1 registers must be set to 0. As
the first step, the 32 correction values are
measured and calculated. Table 16 shows the
correction values.

Table 16: Calibration Table Example

# outi (deg) corri(deg) | corri(int)
0 0 0.45 5
1 11.25 0.33 4
2 22.5 0.12 1
3 33.75 -0.07 255
31 348.75 0.53 6

Then store corri(int) into the NVM on block 1.

If a high-accuracy reference is not available, the
calibration can be done with a magnet rotating at
constant speed. The maximum recommended
magnet speed is 5krpm. The user calibration
flow is described below, and the calculations
must be done outside of the MAGOOA:

e Use the product of the constant speed and
time as the reference angle, then calculate
the error curve as a function of the MAG600A
output.

e Extract the first, second, fourth, and eighth
harmonics of the error curve to rebuild an
accurate error fitting curve to exclude the
potential effect of noise.

e Atevery 11.25°, calculate err; using the fitting
curve and convert the 32 obtained values
from degrees to decimal.

e Write the 32 corr; values into corresponding
registers and then store into the NVM.

In principle, user digital calibration can be used
instead of BCT adjustment for side-shaft
configuration. When the k ratio is sufficiently
large, the 11.25° range of the digital calibration
is not sufficient, and the BCT adjustment should
be executed first.

If multiple settings are used, the settings should
be executed in the following order:

1. BCT setting
2. User calibration
3. Zero and rotation direction setting

Functional Test

The functional test verifies the integrity of the
sensor’s signal treatment. When setting the FTM
bit to 1, the signal from the TMR front end is
replaced by a predetermined reference signal.
The system reverts to normal operation as soon
as FTM is set back to O.

With the FTA bits, the reference signal can be
virtually rotated by 90-degree steps (see Table
17).

Table 17: Functional Test Mode

FTM FTA Angle Output (deg)
1 00 0
1 01 90
1 10 180
1 11 270

ABZ Incremental Encoder Output

The MAG600A’'s ABZ output emulates an
incremental encoder (e.g. an optical encoder) to
provide logic pulses in quadrature (see Figure 35
on page 35). Compared to signal A, signal B is
shifted by a quarter of the pulse period.
360°/Pulses Per Turn

‘ ‘

0 360

v

Magnetic Field Angle (deg)
Figure 35: ABZ Output Timing
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Across one revolution, signal A pulses n times,
where n is configurable between 1 pulse and
4096 pulses per revolution. The number of
pulses per channel per revolution is configured
by setting the PPT bits, which consists of 12 bits
split between the ABZ0 and ABZ1 registers (see
Table 10 on page 24). The factory default is 512
pulses per turn. Table 18 shows how to configure
PPT to set the required resolution.

Table 18: PPT Configuration

PPT Pulses Edges
per Turn | per Turn

0000 0000 0000 1 4 Min
0000 0000 0001 2 8
0000 0000 0010 3 12
0000 0000 0011 4 16
011111111110 2047 8188
0111111112111 2048 8192
111111111101 4094 16376
1111112111110 4095 16380
111111111111 4096 16384 Max

For example, to set 120 pulses per revolution
(480 edges), set PPT to 120 - 1 = 119 (binary:
0000 0111 0111). Table 19 shows the required
settings for the ABZ0 and ABZ1 registers.

Table 19: Registers ABZ0 and ABZ1 Setting

Reg | B7 | B6 | B5|B4|B3|B2|B1|B0
ABZ0| 1 1 1 0 0 0 0 0
ABZ1| 0 | O 0 0 1 1 1 0

Signal Z (zero or index) is raised only once per
turn at the zero-angle position. The Z pulse’s
position and length can be configured via ILIP in
the ABZ1 register (see Figure 36).

0°

D . w
A ML L ML e

s Ll LJLJL L L
0000 0100 [T 1000 [ [ 1oof [
0001 | oot [ oot [T ot [T
0010 [1_ o110 [1_ 1010 110 [T |
0011 [1 o1 [L 101 I A e

Figure 36: ILIP Parameter Effect on Index Shape

By default, the ILIP parameter is 0000. The index
rising edge is aligned with channel B’s falling
edge, and the index length is half of the A or B
pulse length.

ABZ Hysteresis

The hysteresis is set by the HYS bits. The
hysteresis (H) in degrees can be calculated with
Equation (16):

HYS

H (deg)=2.8 x - (16)

Table 20 shows the HYS configuration.
Table 20: HYS Configuration

HYS H (deg)
00000000 0
00000001 0.011
00000010 0.022
11111110 2.778
11111111 2.789

Figure 37 shows the incremental output
hysteresis.

Backward  Forward

\\ —

A B,orZ

Mechanical Angle (deg)

Figure 37: Incremental Output Hysteresis

Table 21 on page 36 shows the recommended
settings of HYS and the hysteresis to avoid
spurious transitions.

Table 21: Recommended Settings of HYS

W Resolution HYS Hysteresis
(Bit) (decimal) (deg)
0 12.3 22 0.24
5
(default) 12.5 16 0.18
6 13 11 0.12
7 13.5 7 0.08
8 14 5 0.05
9 14.3 4 0.04
10 14.6 3 0.03
11 14.8 3 0.03
12 15 3 0.03

DAZ Interface

For angular speed-related applications, the ABZ
interface can be converted to DAZ (where D is
the direction, A is the pulsing signal, and Z is the
index) by configuring the DAZ bit to 1.
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In this configuration, the D signal indicates
clockwise (CW) (logic 0) or counterclockwise
(CCW) (logic 1) magnetic field rotation. The A
and Z signals remain unchanged compared to
the ABZ interface.

UVW Incremental Encoder Output

The UVW output emulates the three Hall
switches that are typically used for the block
commutation of a 3-phase brushless motor. The
three logic signals have a duty cycle of 50% and
are shifted by 60° relative to each other (see
Figure 38).

0° 60° 120° 180° 240° 300° 360°

Magnetic Field Angle (deg)

Figure 38: UVW Output for 1 Pole Pair Rotor
during Rotation

If the number of the rotor’s pole pairs exceeds
the number of pole pairs of the target magnet,
then the MAG00A generates more than one
UVW cycle per revolution by dividing the digital
angle into the required number of commutation
steps per 360 degree revolution. The NPP bits
sets the number of emulated pole pairs and the
corresponding commutation step angle for the
UVW signals.

Table 22 shows the rotor pole pair options.
Table 22: Number of UVW Pole Pairs

NPP Po_le States per State Width
Pairs Revolution (deg)

000

(default) 1 6 60
001 2 12 30
010 3 18 20
011 4 24 15
100 5 30 12
101 6 36 10
110 7 42 8.6
111 8 48 7.5

Figure 39 shows an example of the 30° UVW
commutation signal spacing for a 4-pole (2-pole
pair) motor.

v L

0° 60°  120° 180° 240° 300° 360°

Magnetic Field Angle (deg)

Figure 39: UVW Commutation Signals for a 4-
Pole (2-Pole Pair) Motor

UVW Hysteresis

A hysteresis exceeding the output noise is
introduced on the UVW output to avoid any
spurious transitions (see Figure 40).

Backward

\

U,V,or w L Forward

Magnetic Field Angle (deg)

Figure 40: Hysteresis of the UVW Signal PWM

The UVW hysteresis is also set by HYS and is
subject to the same recommendations (see
Table 20 on page 35).

Absolute Output

This output provides a logic signal with a duty
cycle corresponding to the magnetic field angle.

The signal frame consists of four different
segments:

e Start band (always high)

e FError

e Data

¢ End band (always low)

Figure 41 shows one period of the PWM signal.

PWM Period (Wpww)

Start
Error
o
2
QD
End

ooo

4092
4093
4094

—£—4095

WsTaRT | WERR

WpaTA Weno

Figure 41: PWM Frame Composed of Four Bands
(Start, Error, Data, End)
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To display errors in the PWM frame, enable the
PWMM parameter. Under normal conditions, the
error band (Werr) is 1.

Werr is O if one of the following flags in the
STATUS register is raised to 1:

e ERRCRC
e ERRMEM
e ERRPAR

If the PWMM bit is enabled and an error is
detected, then the data (Wpata) remains at 0.

The frequency can be selected via the PWMF
bit. Table 23 shows the PWM frequency
selection.
Table 23: PWM Frequency Selection
PWMF PWM Frequency
0 1kHz
1 250Hz

Table 24 shows the PWM time durations in
counts.

Table 24: PWM Time Duration in Counts

PWMM |PWMF| Wpwwm | WSTART | WERR | WDATA | WEND
0 0 4119 16 0 4095 8
0 1 4119 16 0 4095 8
1 0 4119 12 4 | 4095 8
1 1 4119 12 4 | 4095 8

Speed Output and Calculation

When the MTSP bit in the PRT register is set to
1, the user can obtain the 16-bit speed output
from SPI communication (see the SPI Read
Multi-Turn or Speed section on page 17 for more
details).

The speed is transmitted as a signed 16-bit
number using two’s complement representation.
When calculating the signed decimal value, the
user must multiply the MSB of the 16-bit speed
value by -1 instead of +1.

The speed scale is 5.722rpm/LSB, which is
based on a 100kHz inner clock. Therefore, the
measured speed range is from -187498rpm to
+187492rpm (see Table 25).

Table 25: Speed Conversion

111111111111 1111 -1 -5.722
1000 0000 0000 0000 | -32768 -187498.50
0111111111111111 32767 187492.78

Speed Output Example

If the readback 16-bit signed speed value is 1110
0100 1110 1010, then the speed in decimal
format can be calculated with Equation (17):

Speed (Decimal) = -1x2"%+1x21+1x213+
+1x21041x27 +1x28 (17)

+1x2°+1x2%+1x2 = -6934
The corresponding speed can be calculated with
Equation (18):

Speed (rpm) = -6934 x 5.722 = -39676.35 (18)
Table 26 shows the speed output’s resolution,
time constant, and cutoff frequency.

Table 26: Speed Output Typical Parameters

Resolution at |Time Constant Cutoff
5krpm (Bits) (1) (us) Frequency (Hz)
9.5 320 500

If the user wants to monitor the clock frequency
and achieve a more precise speed calculation,
the clock related to the speed scale (Sspeep) can
be output on the CK100 pin by setting the CK100
bit in the IF register to 1.

The relationship between Sspeep and the CK100
frequency in kHz (fckio0) can be calculated with
Equation (19):

Sspeep (PM/LSB) =5.722 x f_C1’81000 (19)

Multi-Turn Output

If the MTSP bit in the PRT register is set to 0
(default setting), the user can obtain the 16-bit
multi-turn output from SPI communication (see
the SPI Read Multi-Turn or Speed section on
page 17 for more details).

When the angle detected by the MAGOOA passes
the zero position in a positive direction (CW), the
multi-turn count increases by 1; when the
detected angle passes the zero position in a
negative direction (CCW), the multi-turn count

Signed Speed decreases by 1.
16-Bit Signed Value | Decimal P . . .
Value (rpm) It is possible to set a multi-turn offset by
0000 0000 0000 0000 0 0 configuring MTOFFSET in the MTO and MT1
0000 0000 0000 0001 1 5722 registers. The multi-turn count (MT) returned by
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the sensor is computed by adding the offset to
the measured multi-turn (MTugas).

MT can be calculated with Equation (20):
MT = MTMEAS+ MTOFFSET (20)

MTwmeas and MTOFFSET are set to 0 at system
start-up. Consider that the MTOFFSET setting
cannot be stored to the NVM. The user must set
MTOFFSET after each start-up event if the offset
is required.

Multi-turn is a signed 16-bit value. The user must
multiply the MSB of the 16-bit multi-turn value by
-1 instead of +1 (see Equation (17) on page 37).

The measured multi-turn range is from -32768 to
+32767 (see Table 27).

Table 27: Multi-Turn Conversion

. Signed Multi-Turn
16-Bit Signed Value Decimal Value
0000 0000 0000 0000 0
0000 0000 0000 0001 1
111112111 12111111 -1
1000 0000 0000 0000 -32768
0111121111121 11211 32767

Status Byte

The STATUS register contains one status bit
(NVMB) and three error bits (ERRPAR,
ERRMEM, and ERRCRC) that trigger a flag
when some errors are detected. These bits can
be cleared by sending the Clear Error Flags
operation.

NVMB

When the Store a Single Register Block to the
NVM operation or the Restore All Register

Blocks from the NVM operation is sent to the
MAGOOA, the NVM is busy until the operation is
executed. During this busy period, the NVMB
status bit is temporarily set to 1 and then reset
back to O after the operation is executed.

ERRMEM

If a command triggers NVM access (store or
restore) while the NWM is busy, it is ignored and
the ERRMEM bit is set to 1.

ERRPAR

When a parity check is enabled by PRT, the
controller must send a parity bit on the COPI line
after the 16-bit command.

The MAGOOA checks the parity of this 17-bit long
frame. If a parity error occurs, the command is
discarded and the ERRPAR bit is set to 1. The
angle data is returned in the next frame.

When a parity check is enabled, if the user only
sends a 16-bit command, ERRPAR is not
asserted and the command is discarded.

ERRCRC

The restoration of register values from the NVM
is secured by a CRC algorithm. A mismatch
between the generated CRC result with the
previously stored value is flagged by the
ERRNVM bit being asserted (set to 1).

Input/Output Matrix

The function of the digital input/output (1/O) pins
(I01~106) can be set by the INTF_SEL bits.
Table 28 on page 39 shows the 1/0O matrix, where
“/” means the signal is inverted.

Table 28: 1/0 Matrix

INTF SEL 106 101 105 102 104 103
000 (default) U V W A B Y4
001 U \Y w SSD SSCK PWM
010 SSCK SSD PWM A B Z
011 U \Y w I\ /U w
100 /B /A 1z A B Z
101 U V W - - -
110 - - - A B Z
111 SSCK SSD PWM - - -

Digital 1/0 Pin Circuit

The digital I/0 pins (I01~106) are set to push-
pull by default and can be changed to open drain
to allow I/O voltages different from Vpp (up to

5.5V). If the /O pin is set as SSCK by the
INTF_SEL bits, then neither OD615 nor OD243
can affect SSCK.
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Table 29 shows the internal circuit of the 106,
101, and 105 pins.

Table 29: 106, 101, and 105 Internal Circuit

0D615 Internal Circuit
0 (default) Push-pull
1 Open drain

Table 30 shows the internal circuit of the 102,
104, and 103 pins.

Table 30: 102, 104, and 103 Internal Circuit

0D243 Internal Circuit
0 (default) Push-pull
1 Open drain

Figure 42 shows the internal circuits for I01~106.

Inside IC Inside IC
DVDD DVDD
Output Output
ESD ESD
|: Protection |: Protection
v v
Push-Pull Open Drain

Figure 42: Output Circuits Inside IC for 101 to 106

The SPI input pins (/CS, SCLK, and COPI) are
configured as pull-up or pull-down by default.

If required, the SPI inputs can be set to a high-
impedance (Hi-Z) state by the SPULLIN
parameter (see Table 31). When the internal
pin’'s impedance is high, it is recommended to
pull SCLK and COPI to GND externally and pull
/CS to DVDD to prevent any voltage buildup and
inadvertent configuration when the SPI is idle
(e.g. high /CS).

Table 31: SPI Input Pin Circuit

SPI Input Pins
SPULLIN /CS SCLK, COP|
0 Hi-Z Hi-Z
1 (default) Pull-up Pull-down

Figure 43 shows the inside circuit of the SPI
inputs.

Inside IC Inside IC

SCLK pad DVDD
(COPI pad)
SCLK

(COPI) Pull-Up

SPULLIN —>—

ESD
Protection

SPULLIN —{[ Pull-Down Ics

ESD
Protection

GND

Figure 43: Circuit of the SPI Input Pins in the IC

The SPI output pin (CIPO) is configured as push-
pull when the SPI is active. CIPO is configured
as pull-down by default when the SPI is idle.
Special Interfaces

The MAGB00A supports special interfaces such as
reduced wire mode (RWM) and daisy chain
(DAISY), which provide more flexibility to
communicate with the controller.

The DAISY and RWM bits in the 100 register can
disable the SPI communication permanently.

A security mechanism is built in to avoid
accidental configuration of the 100 register.

The security mechanism process is described
below:

e By default, the 100 register is locked,
meaning the RWM and DAISY bits cannot be
written.

e To unlock the 100 register, the UR10 bit must
be enabled.

e RWM or DAISY mode are effective only
when the UR10 bit is reset to zero.

To enable RWM or DAISY mode for temporary
testing purposes, follow the steps below:

1. Setthe UR10 bitto 1.
2. Setthe RWM or DAISY bitto 1.
3. Setthe UR10 bit to 0.

At this stage, RWM or DAISY mode is enabled.
After shutting down and starting up, the MAG00OA
returns to normal SPI mode.

To switch to RWM or DAISY mode permanently,
follow the steps below:

1. Setthe UR10 bitto 1.
2. Setthe RWM or DAISY bitto 1.

MAGOOA Rev. 1.0

MonolithicPower.com 39

6/5/2025 MPS Proprietary Information. Patent Protected. Unauthorized Photocopy and Duplication Prohibited.
© 2025 MPS. All Rights Reserved.



mps MAG0OA — HIGH-ACCURACY, <0.6° (<0.1°) INL, DIGITAL MAGNETIC SENSOR

3. Store register block 0 to the NVM.

4, Set the UR10 bit to 0 or shut down and start
up the MAGOOA.

Reduced Wire Mode

The MAG0OA supports reduced wire mode by

setting the RWM bit to 1.

Reduced wire mode enables the user to
configure the chip during a set-up stage, and
then transforms the SPI pin into outputs with
other functionalities for normal operation to save
three connections.

Table 32 shows the RWM and redirection of pin
functionality.

Table 32: RWM and Redirection of Pin
Functionality

RWM Pin 4 Pin 5 Pin7 | Pin 12

0 (default) | COPI /ICS CIPO SCLK
1 103 104 CIPO 102

For example, if only the ABZ output is required,
the wuser can configure the ABZ-related
parameters first via SPlI communication, then
redirect the ABZ signal to the SPI pins. In this
case, no additional wiring is needed at 102, 103,
and 104. A similar process applies if only UVW,
SSI, or PWM is required. The functionality of
102~104 is determined by the INTF_SEL bits.

Daisy Chain

When connecting multiple sensors on the same
bus, a daisy-chain configuration enables saving
device, and so on. Figure 45 shows an example

of the SPI read angle for n daisy-chained
MAGOOA devices.

the 1/0 pins. Daisy-chain mode is enabled by
setting the DAISY bit to 1.

In this mode, the CIPO data output of each
peripheral sensor is chained to the COPI data
input of the next peripheral sensor. The CIPO
data output from the last peripheral sensors is
connected back to the controller's CIPO input
(see Figure 44).

SPI SPI
Controller SCLK - SCLK Peripheral 1
COPI r COPI
CIPO <—| —1 CIPO

ICS » /CS MAG00A
SPI
P SCLK Peripheral 2
= COPI
| CIPO
|
— !_= Ics MAGOOA
[
|
1 | SPI
|
| : L scLk Peripheral n
L copl
CIPO
- /CS MAG00A

Figure 44: Daisy Chain Mode Configuration

In daisy-chain mode, data can only be read. If n
is the number of connected devices, (n x 16)
clock counts are required to read the data of all
sensors. The SPI bus chip selection signal (/CS)
should remain low during the (n x 16) clock
counts.

The first 16 bits are the angle data from the last
peripheral (n) device in the chain, followed by the
16-bit angle data from the preceding (n - 1)

15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0 15 14 //1 0 15 14 13 12 1 10 9 8 7 6 5 4 3 2 1 0

= 3}
SCLK
5 [14 [138]12 |11 [10]9 |87 ]6]5]4a]3][2]1]o0]15]1 1[ofs[wlw[z][ulwo[o[s[7][6][5[a[3][2]1]o0
ciPo Angle from peripheral device n Angle from peripheral device 1
5141831210987 [6][5]a]3][2]1]o0 15\14’1\1\0 5118120987 [6][5[a]3][2]1]o0
coP! 0x0000 / / 0x0000
Figure 45: SPI Read Angle for n Daisy Chained MAGB00A Devices
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APPLICATION INFORMATION

Electrical Mounting and Power Supply
Decoupling

The two decoupling capacitors are connected to
the supply lines (AVDD and DVDD) via a low-
impedance path (see Figure 46).

3.3v

L

0.1uF

Low-Impedance
—— Lines

AVDD DVDD
MAGOOA

(
H

Figure 46: Power Supply Decoupling

If the decoupling capacitors are placed close to
the sensor, the target magnetic field may be
influenced and negatively impact the sensor’'s
accuracy (INL) due to the MAG600A’'s high
accuracy. For example, an SMD capacitor
(0603) placed 3mm from the MAGOOA’s center
can create a second harmonic nonlinearity up to
0.2°. To avoid magnetic interference that affects
sensor accuracy, it is recommended to place the
capacitor at a distance of at least 5mm from the
MAG6OOA’s center. A larger distance further
prevents the capacitor magnetic interference.

Keep the high-current path and ground as far
away from the MABOOA as possible to prevent
potential interference.

It is recommended to float the MAGOOA’s
exposed pad to minimize mechanical stress.

SPI Signals Routing On PCB

Typically, a direct connection between the
sensor and controller SPI pins is sufficient to
ensure a proper data transfer across the SPI
bus. However, in specific situations (e.g. long
signal traces, external EMI presence), it is
possible to improve signal integrity by making
special considerations during the PCB design, in
particular for the SCLK line. A list of guidelines
are listed below.

e Properly shield all SPI signals (CIPO, COPI,
SCLK, and /CS) with a GND plane on both
sides of each trace, as well as the GND plane
underneath the SPI signals.

e Place vias alongside the SPI signal traces to
connect the top and bottom GND planes.

e To avoid EMI issues, route the SCLK signal
away from the other SPI signals and noise
sources. The distance should be at least
three times that of the SCLK trace width.

e Insert an RC low-pass filter on SCLK (see
Figure 47 on page 43). This RC filter must be
located close to the sensor. It s
recommended to use a 200Q serial resistor
with a 10pF shunt capacitor to obtain an
80MHZz filter cutting frequency.

e Use a star topology for the GND connection
and keep it as direct and short as possible to
avoid ground loops.

e Insert RC low-pass filters on the CIPO and
COPI signals (see Figure 47 on page 43).
The RC filter on COPI must be located close
to the controller, while the filter on CIPO must
be located close to the sensor. It is
recommended to use a 200Q resistor with a
10pF capacitor.

e Avoid a significant trace length mismatch
between the SPI signals, especially between
the CIPO, COPI, and SCLK signals. These
signals should have similar propagation
delays.

e If possible, avoid placing vias on the SCLK
signal.
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/CS ICS
200Q
SCLK [ | 1 { | SCLK
10pF

5 200Q

MAGOOA mos! [} _|_:|_[:| MOSI Controller
10pF
[ %71
MISO [ -1 [] MISO
10pF_|_

=

Figure 47: Example of RC Low-Pass Filters on the SPI Signals
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TYPICAL APPLICATION CIRCUIT

3.3V
] q
1pF %}—L—‘ '_—Le} 0.1pF
M1 ]
L L L
AVDD DVDD
ICS
SCLK
SPI
MAG00A CIPO Controller
COPI
TEST GND
] ]

T_£

Figure 48: Typical Application Circuit (Configuration Using the SPI)
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APPENDIX A: SPI COMMUNICATION CHEATSHEET
Read Angle (see the SPI Read Angle section on page 16)

15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0
= ]
SCLK

15[ [2]uujwo]o[s]7]6][5]4a]3]2]1]o
Angle

152wl o[s]7]6][5]4a]3]2]1]o
0x0000

CIPO

COPI

32-Bit Frame Read Multi-Turn or Speed Operation (see the SPI Read Multi-Turn or Speed section on
page 17)

15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0

| i

SCLK

5[1a[13]12]un[w0]9o[8[7]6[s5[a]3]2]1]ofs[a[d][2][nn[0]eo[8][]7][6[5[a]3[]2]1]o
CIPO Angle Multi-TUrn (MTSP = 0) / Speed (MTSP = 1)

i5[1a[3[12]unfw0o]o[8[7]6][5[a]3]2]1]ofs[ma[wB[12z][n[0]eo[8]7][6[5][a]3][2]1]o0
coP! 0x0000 0x0000

Read Register (see the SPI Read Register section on page 17)

tipLE_commanD
0O — > 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0

| N i

SCLK

15 14 13 12 11 10 9 8 7 6 5 4 3 2 1

i5[1a[3[12[uu]w0o[o[8][7[6][5][4]3][2]1]0 7]e6[s5]a]3][2]1]o]7[e[5]a]3]2]1]o0
CIPO Angle Angle Register Value
7]e6[s[afs[2]1]o 15[1a[13[12[nn]w[o[s][7[6][5]4a]3][2]1]0
CoPL|1]1]0]110}10}11}0 Register Address 0x0000

I
Read Command

Write Register (see the SPI Write Register on page 17)

tipLE_commanD
1 0 +—

5 14 13 12 11 10 9 8 7 6 5 4 3 2 5 14 18 12 11 10 9 8 7 6 5 4 3 2

tibLE_commanp
1 0 +— 14 13 12 1 10 9 8 7 6 5 4 3 2 1 o

res| [

SCLK

Bl [uw[w0][9[e[7][6[5[4a]a][2]1]0
Angle

CIPO

Blwu[w[2[uu[w0][e[s[7[6[5]4[3][2]1]0

7]6[s[als[2[1]0
Undefined Data (0xXXXX)

Register Value

76543210
Angle

7]6[s5[4aa[2[1]o]7]6[s5]a]a[2[1]0 Blw[w[2[uu[w0][e[s[7[6[5]4][3][2]1]0
COPHIL 111011 )0)210)0)1)0)170)11070 Register Address Register Value to Write 0x000(
T
Write Command
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APPENDIX A: SPI COMMUNICATION CHEATSHEET (continued)

Store a Single Register Block to the NVM (see the SPI Store a Single Register Block to the NVM
section on page 18)

tipLE_COMMAND
0 — 1

tsToRre_REG_BLOCK
15 14 13 12 11 10 9 8 7 6 5 4 3 2 0 +— 1

5 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0

| [ [ B

SCLK

5 14 18 12 11 10 9 8 7 6 5 4 3 2

Blw[w[2[uw[w][s[s[7][6[5[4a[3][2]1]0

Blw[w[w2[uw[w0][9[8[7[6[5]a[3][2]1]0 Blw[w[2[uu[w0]e[8[7[6[5][4][3[2]1]0
cPo Angle Angle
Blw[w[2[ulw][e[s[7[6[5][4][3[2]1]0
CoPl|1{1(1|0|1|0|1f0|0O|1|0f1]|0|1|0]1 i|1|1f0f1j0|1|0|O|O|O|O|O|O|O|B

T
Store Single Register Block to the NVM Command

Restore All Register Blocks from the NVM (see the SPI Restore All Register Blocks from the NVM
section on page 19)

{RESTORE_ALL_REG_BLOCKS
1 0 «— 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0

| N i

SCLK

5 14 13 12 11 10 9 8 7 6 5 4 3 2

i5[1a[3[12[uufw0o[o[8][7[6][5][4]3][2]1]0 B5[1a[B[12[nn]w[o[s][7[6][5]4a]3][2]1]0
ciPo Angle Angle

coml1lalalolalolalololalolalolelelo 15[1a[13[12[nn]w[o[s][7[6][5]4a]3][2]1]0
0x0000

T
Restore All Register Blocks from the NVM Command

Clear Error Flags (see the SPI Clear Error Flags section on page 19)

tipLE_commanD
0 «——» 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0

| N ]

SCLK

15 14 13 12 11 10 9 8 7 6 5 4 3 2 1

is5[1a[3[12[uufw0o[o[8][7[6][s5][4a]3][2]1]0 15[1a[13[12[nn]w[o[s][7[6][5]4a]3][2]1]0
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mP5 MAG0OOA — HIGH-ACCURACY, <0.6° (<0.1°) INL, DIGITAL MAGNETIC SENSOR

APPENDIX B: DEFINITIONS

Resolution
(30 noise level)

Refresh Rate
ABZ Update Rate

ABZ Jitter

Latency

Start-Up Time

Integral
Nonlinearity (INL)

Smallest angle increment distinguishable from the noise. The resolution is
measured by computing three times o (the standard deviation in degrees) taken
over 1,000 data points at a constant position. The resolution in bits is obtained
with log2(360 / 60).

Rate at which new data points are stored in the output buffer.

Rate at which a new ABZ state is computed. The inverse of this rate is the
minimum time between two ABZ edges.

The jitter characterizes how far a particular ABZ edge can occur at an angular
position different from the ideal position (see Figure B1).

Ideal Real
AorB Edge Edge

—| 1< Jitter

»
>

Magnetic Field Angle (deg)

Figure B1: ABZ Jitter

Time elapsed between the instant when the data is ready to be read and the
instant at which the shaft passes that position. The lag (in degrees) is
Lag = Latency x v, where v is the angular velocity (in deg/s).

Time until the sensor delivers valid data, starting at start-up.

Maximum deviation between the average sensor output (at a fixed position) and
the true mechanical angle (see Figure B2).

400
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Figure B2: Resolution, INL, Lag

INL can be obtained from the error curve err(a) = out(a) - a, where out(a) is the
average sensor output calculated over many samples (e.g. 1000), and a is the
mechanical angle indicated by a high-precision (<0.001°) encoder. The INL can
be calculated with Equation (B1):

max (err(a))- min (err(a))

INL= 5

(B1)
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mps MAG0OOA — HIGH-ACCURACY, <0.6° (<0.1°) INL, DIGITAL MAGNETIC SENSOR

APPENDIX B: DEFINITIONS (continued)

The DNL is the maximum variation of the error after user calibration (errc(a))

Differential

Nonlinearity (DNL)

INL Harmonics

Drift

over a full turn. The DNL can be calculated with Equation (B2).

errc(op-errc(Qj.1)
Q-G

DNL= max (B2)
I

Since the error is a periodical function of period 21, it can be expressed as a

Fourier series. The error can be calculated with Equation (B3).

err(a) is the error curve
a is the mechanical angle (in radians)

each nt element of the summation is referred to as the nt harmonic
component of the error

Where Hp is the offset between the sensor output and the mechanical
angle, namely the mean value of err(a) (see Equation (B4))

Where H, is the amplitude of the n™" harmonic component (see Equation

(B5))

Where ¢, is the phase in radians of the n harmonic component (see
Equation (B6))

An and B, are the Fourier series coefficients from which H, and ¢, are
obtained (see Equation (B7) and Equation (B8))

err(a)=Ho+z H,, cos(na-g, ) (B3)
n=1
1 2m

Hozﬁfo err(a) da (B4)
Hn= /Aﬁ+Bﬁ (B5)
¢, = tan” (%) (B6)

2m
n= %fo err(a)cos(na) da (B7)

2m
Bn=%-fo err(a)sin(na) da (B8)

Angle variation rate when one parameter is changed (e.g. temperature or Vpp)
and all the others, including the shaft angle, are kept constant.
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mps MAB0OA — HIGH-ACCURACY, <0.6° (<0.1°) INL, DIGITAL MAGNETIC SENSOR
PACKAGE INFORMATION

QFN-16 (3mmx3mm)
Wettable Flank

| 0 | 035 | 1.50
‘ 310 ‘ 0.45 ‘ 1.80 PIN11ID
PIN11ID | Wa U } U E / 0.30X45° TYP
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020 4—= | No—=r
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| SHagN
| gl—> | 5
TOP VIEW BOTTOM VIEW

0.20 REF—J |

SIDE VIEW SECTION A-A

2.90
1.70

71 «H | H» E7 NOTE:
0-70—\»”‘ ‘ 1) THE LEAD SIDE IS WETTABLE.
|

2) ALL DIMENSIONS ARE IN MILLIMETERS.

0.25— \ }
— . 3) EXPOSED PADDLE SIZE DOES NOT INCLUDE
== == ifo 2k MOLD FLASH.
050_‘—E[j ] 4) LEAD COPLANARITY SHALL BE 0.08
e —— MILLIMETERS MAX.

5) JEDEC REFERENCE IS MO-220.

o.7o—{ ~]~HHE** 6) DRAWING IS NOT TO SCALE.

RECOMMENDED LAND PATTERN
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mps MAG0OA — HIGH-ACCURACY, <0.6° (<0.1°) INL, DIGITAL MAGNETIC SENSOR

CARRIER INFORMATION

/OOOOOOOO

Pinl —» 1| s e 1 1( e
Reel ABCD ABCD ABCD ABCD
Diameter

—_—

Feed Direction

Part Number Package Quantity/ | Quantity/ | Quantity/ Reel Carrier Carrier
Description Reel Tube Tray Diameter | Tape Width | Tape Pitch
MABOOAGQE- | QFN-16 5000 N/A N/A 13in 12mm 8mm
XXXX-Z (3mmx3mm)
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