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Advance Information Rev. 3.0, 1/2012

VRoHS

Xtrinsic Battery Sensor with
LIN for 12 V Lead-acid MM912_637
Batteries

Freescale's Xtrinsic MM912_637 battery sensors are fully
integrated battery monitoring devices. The devices allow
simultaneous measurement of battery current and voltage for
precise determination of SOC (State of Charge), SOH (State of
Health), and other parameters.

EP SUFFIX (PB-FREE)
98ASA00343D
48-PIN QFN

The integrated temperature sensor combined with the close proximity to the battery allows battery temperature measurement.
Multiple application-specific hardware blocks reduce MCU overhead and related power consumption. Configurable low-power
modes with automated battery state observation and sophisticated wake-up capability further reduce current consumption. The
integrated LIN 2.1 interface allows communication and control of battery monitoring functions.

Features

+ Battery voltage measurement « Communication via a LIN 2.1, LIN2.0 bus interface

+ Battery current measurement in up to eight ranges » S12 microcontroller with 128 kByte flash, 6.0 kByte RAM,

» On chip temperature measurement 4.0 kByte data flash

» Normal and two low-power modes » Background debug module

+ Current threshold detection and current averaging in + External temperature sensor option (TSUP, VTEMP)
standby => wake-up from low-power mode + Optional 2nd external voltage sense input (VOPT)

» Triggered wake-up from LIN and periodic wake-up * Four x 5.0 V GPIO including one Wake-up capable high

+ Signal low pass filtering (current, voltage) voltage input (PTB3/L0)

» PGA (programmable low-noise gain amplifier) with » Eight x MCU general purpose /O including SPI functionality
automatic gain control feature * Industry standard EMC compliance

» Accurate internal oscillator (an external quartz oscillator
may be used for extended accuracy)
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Figure 1. Simplified Applicatioﬁ Diagram
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Ordering Information

1 Ordering Information

Table 1. Ordering Information

Device i
(Add an R2 suffix for Tape and | Temperature Range (Ta) Package Max\llngﬁgn énput Analog Option Flash (kB)
Reel orders) g
MM9121637AM2EP 96
-40°Cto 125°C 2
MM912J637AM2EP 128
48 QFN-EP 42V
MM9121637AV1EP 96
-40 °C to 105 °C 1
MM912J637AV1EP 128
Table 2. Analog Options
Feature Analog Option 1 Analog Option 2
Cranking Mode Not Characterized or Tested Fully Characterized and Tested
External Wake-up (PTB3/L0) No Yes
External Temperature Sensor Option (VTEMP) No Yes
Optional 2nd External Voltage Sense Input (VOPT) No Yes

2 Part Identification

This section provides an explanation of the part numbers and their alpha numeric breakdown.

2.1 Description

Part numbers for the chips have fields that identify the specific part configuration. You can use the values of these fields to
determine the specific part you have received.

2.2 Format and Examples

Part numbers for a given device have the following format, followed by a device example:
Table 3 _ Part Numbering - Analog EMBEDDED MCU + POWER.

MM 9 cc f xxx r v PPP RR - MM9121637AM2EP

2.3 Fields

These tables list the possible values for each field in the part number (not all combinations are valid).

MM912_637, Rev. 3.0

Freescale Semiconductor 2



Table 3. Part Numbering - Analog EMBEDDED MCU + POWER

Part Identification

FIELD DESCRIPTION VALUES
MM- Qualified Standard
MM Product Category SM- Custom Device
PM- Prototype Device
9 = Flash, OTP
9 Memory Type Blank = ROM
) 08 = HCO08
cc Micro Core 12 = HC12
A1k
B2k
C4k
D8k
. E 16 k
f Memory Size F 32K
G 48k
H 64 k
196 k
J 128k
XXX Analog Core/Target Assigned by Marketing
r Revision (default A)
I=0°Cto85°C
t Temperature Range C=-40°C1085°C
P 9 V = -40 °C to 105 °C
M =-40°Cto 125 °C
v Variation (default blank)
PPP Package Designator Assigned by Packaging
RR Tape and Reel Indicator
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Figure 3. MM912_637 Pin Connections

MM912_637 Pin Description

Pin Assignment

The following table gives a brief description of all available pins on the MM912_637 device. Refer to the highlighted chapter for

detailed information

Table 4. MM912_637 Pin Description

Pin # Pin Name Formal Name Description
1 PA6 MCU PA6 General purpose port A input or output pin 6. See Section 5.16, “MCU - Port
Integration Module (9S121128PIMV1)".
MCU Oscillator EXTAL in one of the optional crystal/resonator drivers and external clock pins, and
2 PEO/EXTAL the PEO port may be used as a general purpose I/O. On reset, all the device
clocks are derived from the internal reference clock. See Section 5.22, “S12
Clock, Reset, and Power Management Unit (S12CPMU)".

MM912_637, Rev. 3.0

Freescale Semiconductor



Pin Assignment

Table 4. MM912_637 Pin Description

Pin # Pin Name Formal Name Description
MCU Oscillator XTAL is one of the optional crystal/resonator drivers and external clock pins, and
3 PE1/XTAL the PE1 port may be used as a general purpose I/O. On reset all the device clocks
are derived from the internal reference clock. See Section 5.22, “S12 Clock,
Reset, and Power Management Unit (S12CPMU)".
4 TEST MCU Test This input only pin is reserved for test. This pin has a pull-down device. The TEST
pin must be tied to VSSRX in user mode.
5 PAS MCU PA5 General purpose port A input or output pin 5. See Section 5.16, “MCU - Port
Integration Module (9S121128PIMV1)".
6 PA4 MCU PA4 General purpose port A input or output pin 4. See Section 5.16, “MCU - Port
Integration Module (9S121128PIMV1)".
MCU PA3/SS General purpose port A input or output pin 3, shared with the SS signal of the
7 PA3 integrated SPI interface. See Section 5.16, “MCU - Port Integration Module
(9S121128PIMV1)".
MCU PA2 / SCK General purpose port A input or output pin 2, shared with the SCLK signal of the
8 PA2 integrated SPI interface. See Section 5.16, “MCU - Port Integration Module
(9S121128PIMV1)".
MCU PA1/ MOSI General purpose port A input or output pin 1, shared with the MOSI signal of the
9 PA1 integrated SPI interface. See Section 5.16, “MCU - Port Integration Module
(9S121128PIMV1)".
MCU PA0O / MISO General purpose port A input or output pin 0, shared with the MISO signal of the
10 PAO integrated SPI interface. See Section 5.16, “MCU - Port Integration Module
(9S121128PIMV1)".
11 VSSRX MCU 5.0 V Ground External ground for the MCU - VDDRX return path.
MCU 5.0 V Supply 5.0 V MCU power supply. MCU core- (internal 1.8 V regulator) and flash (internal
12 VDDRX
2.7 V regulator) supply.
13 VSSD2D MCU 2.5 V Ground External ground for the MCU - VDDD2D return path.
14 vDDD2D MCU 2.5 V Supply 2.5 V MCU power supply. Die to die buffer supply.
15 NC Not connected This pin must be grounded in the application.
16 GNDSUB Substrate Ground Substrate ground connection to improve EMC behavior.
17 VDDX Voltage Regulator Output 5.0 V main voltage regulator output pin. An external capacitor (Cyppx) is needed.
50V See Section 5.2, “Analog Die - Power, Clock and Resets - PCR".
18 DGND Digital Ground This pin is the device digital ground connection. See Section 5.2, “Analog Die -
Power, Clock and Resets - PCR".
Voltage Regulator Output 2.5V high power main voltage regulator output pin to be connected with the
19 VDDH 25V VDDD2D MCU pin. An external capacitor (Cyppp) is needed. See Section 5.2,
“Analog Die - Power, Clock and Resets - PCR".
20 GNDSUB Substrate Ground Substrate ground connection to improve EMC behavior.
1 VSUP Power Supply This pin is the device power supply pin. A reverse battery protection diode is
required. See Section 5.2, “Analog Die - Power, Clock and Resets - PCR".
LIN Bus I/0 This pin represents the single-wire bus transmitter and receiver. See
22 LIN . N1
Section 5.11, “LIN".
23 LGND LIN Ground Pin This pin is the device LIN ground connection. See Section 5.2, “Analog Die -
Power, Clock and Resets - PCR".
24 NC Not connected (reserved) This pin must be grounded in the application.
25 NC Not connected This pin must be grounded in the application.
Analog Voltage Regulator Low power analog voltage regulator output pin, permanently supplies the analog
26 VDDA Output front end. An external capacitor (Cyppa) is needed. See Section 5.2, “Analog Die
- Power, Clock and Resets - PCR".
27 AGND Analog Ground This pin is the device analog voltage regulator and LP oscillator ground

connection. See Section 5.2, “Analog Die - Power, Clock and Resets - PCR".

MM912_637, Rev. 3.0
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Pin Assignment

Table 4. MM912_637 Pin Description

Pin #

Pin Name

Formal Name

Description

28

VTEMP

Temperature Sensor Input

External temperature sensor input. See Section 5.6, “Temperature Measurement
- TSENSE".

29

TSUP

Temperature Sensor Supply
Output

Supply for the external temperature sensor. TSUP frequency compensation
option to allow capacitor CTSUP. See Section 5.6, “Temperature Measurement -
TSENSE".

30

GNDSUB

Substrate Ground

Substrate ground connection to improve EMC behavior.

31

ISENSEL

Current Sense L

Current sense input “Low”. This pin is used in combination with ISENSEH to
measure the voltage drop across a shunt resistor. See Section 5.4, “Current
Measurement - ISENSE".

32

ISENSEH

Current Sense H

Current sense input “high”. This pin is used in combination with ISENSEL to
measure the voltage drop across a shunt resistor. See Section 5.4, “Current
Measurement - ISENSE".

33

ADCGND

Analog Digital Converter
Ground

Analog digital converter ground connection. See Section 5.2, “Analog Die -
Power, Clock and Resets - PCR".

34

VSENSE

Voltage Sense

Precision battery voltage measurement input. This pin can be connected directly
to the battery line for voltage measurements. The voltage preset at this input is
scaled down by an internal voltage divider. The pin is self protected against
reverse battery connections. An external resistor (Rysgnse) is needed for
protection. See Section 5.5, “Voltage Measurement - VSENSE".

35

VOPT

Optional Voltage Sense

Optional voltage measurement input. See Section 5.5, “Voltage Measurement -
VSENSE".

36

PTB3 /L0

General Purpose Input 3 -
High Voltage Input 0

This is the high voltage general purpose input pin 3, based on VDDX with the
following shared functions:

« Internal clamping structure to operate as a high voltage input (LO). When used
as high voltage input, a series resistor (RL0) and capacitor to GND (C| o) must
be used to protect against automotive transients, when used to connect
outside the PCB.

« 5.0 V (VDDX) digital port input

» Selectable internal pull-down resistor

» Selectable wake-up input during low power mode.

» Selectable timer channel input

» Selectable connection to the LIN / SCI (Input only)

See Section 5.10, “General Purpose I/O - GPIO".

37

PTB2

General Purpose 1/0 2

This is the general purpose 1/O pin 2 based on VDDX with the following shared
functions:

« Bidirectional 5.0 V (VDDX) digital port /O

» Selectable internal pull-up resistor

» Selectable timer channel input/output

+ Selectable connection to the LIN / SCI

See Section 5.10, “General Purpose I/O - GPIO".

38

PTB1

General Purpose 1/0O 1

This is the general purpose 1/O pin 1, based on VDDX with the following shared
functions:

« Bidirectional 5.0 V (VDDX) digital port I/O

» Selectable internal pull-up resistor

» Selectable timer channel input/output

» Selectable connection to the LIN / SCI

See Section 5.10, “General Purpose I/0 - GPIO".

39

PTBO

General Purpose 1/0 0

This is the general purpose 1/O pin 0 based on VDDX with the following shared
functions:

« Bidirectional 5.0 V (VDDX) digital port I/O

» Selectable internal pull-up resistor

» Selectable timer channel input/output

» Selectable connection to the LIN / SCI

See Section 5.10, “General Purpose I/O - GPIO".

MM912_637, Rev. 3.0
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Pin Assignment

Table 4. MM912_637 Pin Description

Pin # Pin Name Formal Name Description
40 TCLK Test Clock Input Test mode clock input pin for Test mode only. This pin must be grounded in user
mode.
41 GNDSUB Substrate Ground Substrate ground connection to improve EMC behavior.
42 VDDL Low Power Voltage 2.5V low power voltage regulator output pin. See Section 5.2, “Analog Die -
Regulator Output Power, Clock and Resets - PCR".
43 TEST A Test Mode Analog die Test mode pin for Test mode only. This pin must be grounded in user
mode.
44 DGND Digital Ground This pin is the device digital ground connection. See Section 5.2, “Analog Die -
Power, Clock and Resets - PCR".
45 RESET A Reset 1/0 Reset output pin of the analog die. Active low signal with internal pull-up. Vppx
- based. See Section 5.2, “Analog Die - Power, Clock and Resets - PCR".
46 RESET MCU Reset Bidirectional reset I/O pin of the MCU die. Active low signal with internal pull-up.
VppRrx based. See Section 5.2, “Analog Die - Power, Clock and Resets - PCR".
MCU Background Debug The BKGD/MODC pin is used as a pseudo-open-drain pin for the background
and Mode debug communication. It is used as an MCU operating mode select pin during
47 BKGD reset. The state of this pin is latched to the MODC bit at the rising edge of RESET.
The BKGD pin has a pull-up device. See Section 5.19, “MCU - Debug Module
(S12SDBG)".
48 PA7 MCU PA7 General purpose port A input or output pin 7. See Section 5.16, “MCU - Port
Integration Module (9S121128PIMV1)".

MM912_637, Rev. 3.0
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3.2

Recommended External Components

Pin Assignment

Figure 4 and Table 5 list the required / recommended / optional external components for the application.

Battery
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<+> N
4
] —t—
Rvopt Ruvsense Cuar
Battery
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— w o VDDL
o %) jun]
S & 2 VDDD2D
R 2 VDDH
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Ground
viemP —_ ——
RVTEMP
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i
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CuN —— 0 oo o § il: Cvwoa —0 Crswp
E LGND 2D DB 2 AGND
c222g
— ] PTB3/L0 & & & & o ADCGND 1
o L]
T 1L
Note: Module GND connected to Battery Minus or Chassis Ground— based on configuration.
Figure 4. Required / Recommended External Components
Table 5. Required / Recommended External Components
Name Description Value Connection Comment
D4 Reverse Battery Diode n.a. VSUP-VBAT
CvBaT Battery Blocking Capacitor 4.7 uF/100 nF VSUP-GND Ceramic
RVSENSE VSENSE Current Limitation 2.2kQ VSENSE-VBAT
RvopT VOPT Current Limitation 2.2kQ VOPT-signal optional("
RsHuUNT Current Shunt Resistor 100 pQ ISENSEH-ISENSEL
RisenseL EMC Resistor 500 Q max select for best EMC
performance
RisenseH - select for best EMC
EMC Resistor 500 Q max performance
CisENsEL - select for best EMC
EMC Capacitor TBD performance
CISENSEHL B select for best EMC
EMC Capacitor TBD performance
CiSENSEH . select for best EMC
EMC Capacitor TBD performance

MM912_637, Rev. 3.0
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Pin Assignment

Table 5. Required / Recommended External Components

Name Description Value Connection Comment

CvDDH Blocking Capacitor 1.0 uF VDDH-GND

CvpbDx Blocking Capacitor 220 nF VDDX-GND

Cvppa Blocking Capacitor 47 nF VDDA-GND

CvppL Blocking Capacitor n.a. VDDL-GND not required
CuN LIN Bus Filter n.a. LIN-LGND not required
Rio PTB3 / LO Current Limitation 47 kQ LO
CuLo PTB3 /L0 ESD Protection 47 nF L0-GND

Crsup Blocking Capacitor 220 pF TSUP-GND not required®

RyTEMP VTEMP Current Limitation 20 kQ VTEMP-signal optional™

Notes

1.Required if extended EMC protection is needed

2.1f an external temperature sensor is used, EMC compliance may require the addition of CTSUP. In this case the ECAP bit must be set to

ensure the stability of the TSUP power supply circuit. See Section 5.6.1.2, “Block Diagram".

3.3

Pin Structure

Table 6 documents the individual pin characteristic.

Table 6. Pin Type / Structure

Pin # Pin Name Alternatiye Power Structure
Pin Function Supply
1 PA6 n.a. VDDRX n.a.
2 PEO EXTAL VDDRX PUPEE / OSCPINS_EN
3 PE1 XTAL VDDRX PUPEE / OSCPINS_EN
4 TEST n.a. n.a. n.a.
5 PA5 n.a. VDDRX n.a.
6 PA4 n.a. VDDRX n.a.
7 PA3 SS VDDRX n.a.
8 PA2 SCK VDDRX n.a.
9 PA1 MOSI VDDRX n.a.
10 PAO MISO VDDRX n.a.
11 VSSRX n.a. GND
12 VDDRX n.a.
13 VSSD2D n.a. GND
14 vVDDD2D n.a.
15 NC n.a.
16 GNDSUB n.a. GND
17 VDDX n.a. VDDX
18 DGND n.a. GND B2B-Diode to GNDSUB
19 VDDH n.a. VDDH Negative Clamp Diode, Dynamic ESD (transient protection)
20 GNDSUB n.a. GND GNDSUB
21 VSUP n.a. VSUP Negative Clamp Diode, >42 V ESD
22 LIN n.a. VSUP No Negative Clamping Diode (-40 V), >42 V ESD
23 LGND n.a. GND B2B-Diode to GNDSUB

MM912_637, Rev. 3.0
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Pin Assignment

Table 6. Pin Type / Structure

Pin # Pin Name I_\Iternatiye Power Structure
Pin Function Supply
24 NC n.a. n.a. Negative Clamp Diode, >15 V ESD
25 NC n.a. n.a. n.a.
26 VDDA n.a. VDDA Negative Clamp Diode, Dynamic ESD (transient protection)
27 AGND n.a. GND B2B-Diode to GNDSUB
28 VTEMP VDDA Negative Clamp Diode, >6.0 V ESD
29 TSUP TSUP Negative Clamp Diode, Dynamic ESD (transient protection)
30 GNDSUB GND GND
31 ISENSEL n.a. Negative Clamp Diode, 2nd Clamp Diode to VDDA
32 ISENSEH n.a. Negative Clamp Diode, 2nd Clamp Diode to VDDA
33 ADCGND GND B2B-Diode to GNDSUB
34 VSENSE n.a. No Negative Clamping Diode (-40 V), >42 V ESD
35 VOPT n.a. No Negative Clamping Diode (-40 V), >42 V ESD
36 PTB3 /L0 VDDRX Negative Clamp Diode, >6.0 V ESD
37 PTB2 VDDRX Negative Clamp, Dynamic 5.5 V ESD
38 PTB1 VDDRX Negative Clamp, Dynamic 5.5 V ESD
39 PTBO VDDRX Negative Clamp, Dynamic 5.5 V ESD
40 TCLK VDDRX Negative Clamp, Dynamic 5.5 V ESD
41 GNDSUB GND GND
42 VDDL VDDL Negative Clamp Diode, Dynamic ESD (transient protection)
43 TEST_A VDDRX Negative Clamp, positive 10 V Clamp
44 DGND GND B2B-Diode to GNDSUB
45 RESET_A VDDRX Negative Clamp, positive 10 V Clamp
46 RESET VDDRX Pull-up
47 BKGD MODC VDDRX BKPUE
48 PA7 VDDRX n.a.

MM912_637, Rev. 3.0
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4 Electrical Characteristics

4.1 General

This section contains electrical information for the microcontroller, as well as the MM912_637 analog die.

4.2 Absolute Maximum Ratings

Absolute maximum ratings are stress ratings only. A functional operation under or outside these maximums is not guaranteed.
Stress beyond these limits may affect the reliability, or cause permanent damage of the device.

This device contains circuitry protecting against damage due to high static voltage or electrical fields. However, it is advised that
normal precautions be taken to avoid application of any voltages higher than maximum rated voltages to this high-impedance
circuit. Reliability of operation is enhanced if unused inputs are tied to an appropriate voltage level. All voltages are with respect
to ground, unless otherwise noted.

Table 7. Absolute Maximum Electrical Ratings - Analog Die

Ratings Symbol Value Unit
VSUP pin voltage Vysup -0.3to 42 \"
VSENSE pin voltage® VVSENSE -16 to 42 v
VOPT pin voltage VyvopT -16 to 42 \"
VTEMP pin voltage VyTeEMP -0.3 to Vppa+0.25 \
ISENSEH and ISENSEL pin voltage V|SENSE -0.5to Vppa+0.25 \"
ISENSEH and ISENSEL pin current liseENsSE -1to1 mA
LIN pin voltage VBus -33t0 42 \
LIN pin current (internally limited) IsusLIM on page 18 mA
LO pin voltage with Rptg3 VpTR3 -0.3 to 42 max. v
Input / Output pins PTB[0:2] voltage VpTB0-2 -0.3 to Vppx+0.5 \
Pin voltage at VDDX Vppx -0.31t05.75 \
Pin voltage at VDDH VbpH -0.3t02.75 \'
VDDH output current lvDDH internally limited A
VDDX output current lvDDX internally limited A
TCLK pin voltage VToLk -0.3 to Vppx+0.5 \
RESET_A pin voltage ViN -0.3 to Vppx+0.5 \

Notes
3.1t has to be assured by the application circuit that these limits will not be exceeded, e.g. by ISO pulse 1.

Table 8. Maximum Electrical Ratings - MCU Die

Ratings Symbol Value Unit
5.0 V supply voltage VbDRX -0.3106.0 \"
2.5V supply voltage Vpop2b -0.3t03.6 \"
Digital I/O input voltage (PTAO...7) ViN -0.3106.0 \"
EXTAL, XTAL ViN -0.3t02.16 \Y
Instantaneous maximum current single pin limit for all digital /O pins(4) ID -25t0 25 mA
Instantaneous maximum current single pin limit for EXTAL, XTAL IDL 251025 mA

Notes
4.All digital I/0 pins are internally clamped to Vggsrx and Vppgrx-

MM912_637, Rev. 3.0
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Table 9. Maximum Thermal Ratings

Electrical Characteristics

Ratings Symbol Value Unit
Storage temperature Tsta -55 10 150 °C
Package thermal resistance RoJa 25 typ. °C/W

Notes
5.Rgya value is derived using a JEDEC 2s2p test board

4.3 Operating Conditions

This section describes the operating conditions of the device. Conditions apply to all the following data, unless otherwise noted.

Table 10. Operating Conditions

Ratings Symbol Value Unit
Functional operating supply voltage - Device is fully functional. All features Vsup 3.5t028 \"
are operating.
Extended range for RAM Content is guaranteed. Other device functionary is VsupL 251035 \
limited. With cranking mode enabled (seeSection 5.2.3.4, “Low Voltage
Operation - Cranking Mode Device Option").
Functional operating VSENSE voltage(®) VSENSE 0to 28 v
Functional operating VOPT voltage Vopt 0to 28 Y
External temperature sense input - VTEMP V1eEmP 0to1.25 \"
LIN output voltage range Vysup_LIN 7t018 \
ISENSEH / ISENSEL terminal voltage V|SeENSE -0.5t00.5 \
MCU 5.0 V supply voltage VDDRX 3.13t0 5.5 \"
MCU 2.5 V supply voltage Vbpp2D 22510 3.6 \
MCU oscillator fosc 4to 16 MHz
MCU bus frequency fBus max. 32.768 MHz
Operating ambient temperature Ta -40to 125 °C
Operating junction temperature - analog die Tya -40 to 150 °C
Operating junction temperature - MCU die Tym -40 to 150 °C

Notes
6.Values Vgense > 28 V are flagged in the VSENSE

44  Supply Currents

This section describes the current consumption characteristics of the device, as well as the conditions for the measurements.

4.4.1 Measurement Conditions

All measurements are without output loads. The currents are measured in MCU special single chip mode, and the CPU code is
executed from RAM, unless otherwise noted.

For Run and Wait current measurements, PLL is on and the reference clock is the IRC1M, trimmed to 1.024 MHz. The bus
frequency is 32.768 MHz and the CPU frequency is 65.536 MHz. Table 11 and Table 12 show the configuration of the CPMU
module for Run, Wait, and Stop current measurements. Table 13 shows the configuration of the peripherals for run current
measurements

MM912_637, Rev. 3.0
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Table 11. CPUM Configuration for Run/Wait and Full Stop Current Measurement

CPMU REGISTER

Bit settings/Conditions

CPMUSYNR VCOFRQJ1:0]=01,SYNDIV[5:0] = 32.768 MHz
CPMUPOSTDIV POSTDIV[4:0]=0,

CPMUCLKS PLLSEL=1

CPMUOSC OSCE-=0, Reference clock for PLL is frgr=firc1m trimmed to 1.024 MHz

Table 12. CPMU Configuration for Pseudo Stop Current Measurements

CPMU REGISTER

Bit settings/Conditions

CPMUCLKS PLLSEL=0, PSTP=1, PRE=PCE=RTIOSCSEL=COPOSCSEL=1
CPMUOSC OSCE-=1, External square wave on EXTAL fgy7a =16 MHz, V|;=1.8 V, V| =0 V
CPMURTI RTDEC=0, RTR[6:4]=111, RTR[3:0]=1111;
CPMUCOP WCOP=1, CR[2:0]=111
Table 13. MCU Peripheral Configurations for Run Supply Current Measurements
Peripheral Configuration
SPI configured to master mode, continuously transmit data (0x55 or 0xAA) at 1.0 Mbit/s
D2DI continuously transmit data (0x55 or OxAA)
cop COP Watchdog Rate 224
RTI enabled, RTI Control Register (RTICTL) set to $FF
DBG The module is enabled and the comparators are configured to trigger in outside range. The range covers all the

code executed by the core.

Table 14. Analog Die Configurations for Normal Mode Supply Current Measurements

Peripheral Configuration
D2D maximum frequency
LIN enabled, recessive state
TIMER enabled
LTC enabled
Channels Current, voltage, and temperature measurement enabled, LPF and Auto Gain enabled

MM912_637, Rev. 3.0
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Table 15. Supply Currents”

Ratings Symbol Min Typ.® Max Unit

MM912_637 COMBINED CONSUMPTION
Normal mode current both dice. IRUN 25 35 mA
ANALOG DIE CONTRIBUTION - EXCLUDING MCU AND EXTERNAL LOAD CURRENT, (3.5 V < Vgyp <28 V; -40 °C < Tp < 125 °C)
Normal mode current measured at Vgp INORMAL 1.5 4.0 mA
Stop mode current measured at Vgyp IsTop

Continuous base current(®) 75 100

Stop current during cranking mode 107 130 HA

Current adder during current trigger event - (typ. 10 ms duration('?), 1500 1750

temperature measurement = OFF)
Sleep mode measured at Vgp IsLeep

Continuous base current(®) 52 85 UA

Current adder during current trigger event - (typ. 10 ms duration(), 1500 1750

temperature measurement = OFF)
MCU DIE CONTRIBUTION, Vpprx = 5.5V

Run Current, Tp =125 °C IRUN 13.5 18.8 mA
Wait current, Ty = 125 °C warr 7.0 8.8 mA
Stop current IsTp
Tp=125°C 90 200
Tp=25°C 25 40 WA
Tpo=-40°C 15 25
Pseudo stop current, RTl and COP enabled IsTp
Ta=150°C 450 520 A
Tp=25°C 350 500 H
Ta=-40°C 330 410
Notes

7.See Table 11, Table 12, Table 13, and Table 14 for conditions. Currents measured in Test mode with external loads (100 pF) and the external
clock at 64 MHz.

8.Typical values noted reflect the approximate parameter mean at T = 25 °C.
9.From Vgyp 6.0 to 28 V
10.Duration based on channel configuration. 10ms typical for Decimation Factor = 512, Chopper = ON.

4.5 Static Electrical Characteristics

All characteristics noted under conditions 3.5 V <Vgyp <28 V, -40 °C <Tp <125 °C, unless otherwise noted. Typical values noted
reflect the approximate parameter mean at Tp = 25 °C under nominal conditions, unless otherwise noted.

4.5.1 Static Electrical Characteristics Analog Die

Table 16. Static Electrical Characteristics - Power Supply

Ratings Symbol Min Typ Max Unit
Low Voltage Reset L (POR) Assert (measured on VDDL) VPORL v
Cranking Mode Disabled 1.75 1.9 2.1
Low Voltage Reset L (POR) Deassert (measured on VDDL) VPORH v
Cranking Mode Disabled 1.85 2.1 2.35

MM912_637, Rev. 3.0
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Table 16. Static Electrical Characteristics - Power Supply

Electrical Characteristics

Ratings Symbol Min Typ Max Unit

Low Voltage Reset L (POR) Assert (measured on VDDL) VPORCL y
Cranking Mode Enabled() 1.0 1.3 1.7
Low Voltage Reset A (LVRA) Assert (measured on VDDA) VLVRAL 1.9 2.05 2.2 \
Low Voltage Reset A (LVRA) Deassert (measured on VDDA) VLVRAH 2.0 2.15 2.3 Vv
Low Voltage Reset X (LVRX) Assert (measured on VDDX) VLVRXL 2.5 2.75 3.0 \Y,
Low Voltage Reset X (LVRX) Deassert (measured on VDDX) VLVRXH 2.7 2.95 3.25 \
Low Voltage Reset H (LVRH) Assert (measured on VDDH) VLVRHL 1.95 2.075 2.2 \Y
Low Voltage Reset H (LVRH) Deassert (measured on VDDH) VI_VRHH 2.05 2175 2.3 Vv
Upder-voltage Interrupt (UVI) Assert (measured on VSUP), Cranking Mode VUV”_ 465 50 6.1 v
Disabled
Under-vpltage Interrupt (UVI) Deassert (measured on VSUP), Cranking VUVIH 49 5.4 6.2 v
Mode Disabled
Underl-voltage Cranking Interrupt (UVI) Assert (measured on VSUP) VUVC”_ 34 36 40 v
Cranking Mode Enabled
Underl-voltage Cranking Interrupt (UVI) Deassert (measured on VSUP) VUVCIH 35 38 41 v
Cranking Mode Enabled
VSENSE/VOPT High Voltage Warning Threshold Assert('? Vo, 28 v
Notes
11.Deassert with Cranking off = VPORH
12.5.0 V < Vgyp <28V, Digital Threshold at the end of channel chain (incl. compensation)
Table 17. Static Electrical Characteristics - Resets

Ratings Symbol Min Typ Max Unit
Low-state Output Voltage Igyt = 2.0 mA VoL 0.8 \
Pull-up Resistor Rrpu 25 50 kOhm
Low-state Input Voltage ViL 0.3Vppx \
High-state Input Voltage ViH 0.7Vppx \
Reset Release Voltage (VDDX) VRsTRV 0 0.02 1.0 \
RESET_A pin Current Limitation lLIMRST 10 mA

MM912_637, Rev. 3.0
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Table 18. Static Electrical Characteristics - Voltage Regulator Outputs

Ratings Symbol Min Typ Max Unit
Analog Voltage Regulator - VDDA(3)
Output Voltage 1.0 mA < lyppa < 1.5 mA Vbpa 2.25 25 2.75 v
Output Current Limitation lvbpA 10 mA
Low Power Digital Voltage Regulator - VDDL(™3)
Output Voltage VpoL 2.25 25 2.75 \
High Power Digital Voltage Regulator - VDDH('%)
Output Voltage 1.0 mA < lyppy <30 mA VbpH 24 25 2.75 \Y
Output Current Limitation lvDDH 65 mA
5.0 V Voltage Regulator - VDDX('4)
Output Voltage 1.0 mA < lyppx < 30 mA Vbpx 3.15 5.0 5.9 \Y
Output Current Limitation lvbpx 45 60 80 mA
Notes
13.No additional current must be taken from those outputs.
14.The specified current ranges does include the current for the MCU die. No external loads recommended.
Table 19. Static Electrical Characteristics - LIN Physical Layer Interface - LIN

Ratings Symbol Min Typ Max Unit
Current Limitation for Driver dominant state. Vgyg = 18 V IsusLim 40 120 200 mA
Input Leakage Current at the Receiver incl. Pull-up Resistor Rg| ave; Isus_PAS_DOM 1.0 mA
Driver OFF; Vgys =0 V; Vgar =12V
Input Leaka.ge Current at the Rec.eiver incl. Pull-up Res.istor RsLavE; Isus_PAS REC 20 uA
Driver OFF; 8.0 V < Vgar < 18 V; 8.0 V < Vgyg < 18 V; Vgys = Vgar
Input Leakage Current; GND Disconnected; GNDpgyice = Vsup; Isus_NO_GND 1.0 1.0 mA
0<Vgys<18V;Vgar=12V
Input Leakage Current; Vgt disconnected; Vsyp pevice = GND; IBUS NO BAT
0<Vgys< 18V B T 100 WA
Receiver Input Voltage; Receiver Dominant State VBUSDOM 0.4 Vsup
Receiver Input Voltage; Receiver Recessive State VBUSREC 0.6 Vsup
Receiver Threshold Center (V14 _pom + VTH_REC)/2 VBUS_CNT 0.475 0.5 0.525 Vsup
Receiver Threshold Hysteresis (V14 gec - VTH_pom) VBUS_HYS 0.175 Vsup
Voltage Drop at the serial Diode Dser INT 0.3 0.7 1.0 \"
LIN Pull-up Resistor RsLavE 20 30 60 kOhm
Low Level Output Voltage, Igys=40 mA Vpom 0.3 Vsup
High Level Output Voltage, Igyg=-10 pA, R =33 kOhm VRec VSUP-1 \"
J2602 Detection Deassert Threshold for VSUP level V y2602H 5.9 6.3 6.7 \
J2602 Detection Assert Threshold for VSUP level V o602L 5.8 6.2 6.6 \
J2602 Detection Hysteresis Vy2602HYS 70 190 250 mV
BUS Wake-up Threshold Viinwup 4.0 5.25 6.0 \

MM912_637, Rev. 3.0
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Table 20. Static Electrical Characteristics - High Voltage Input - PTB3 / LO

Ratings Symbol Min Typ Max Unit
Wake-up Threshold - Rising Edge VWTHR 1.3 2.6 3.4 \Y
Input High Voltage (digital Input) ViH 0.7Vppx Vppx+0.3 \
Input Low Voltage (digital Input) Vi Vgs-0.3 0.35Vppy \
Input Hysteresis Vhys 50 140 200 mV
Internal Clamp Voltage ViocLvp 4.9 6.0 7.0 \
Input Current PTB3 / LO (V) = 42 V; R g=47 kOhm) I 1.1 mA
Internal pull-down resistance('®) Reb 50 100 200 kOhm
PTB3 / LO Series Resistor RpTB3 42.3 47 51.7 kOhm
PTB3 / LO Capacitor Cro 42.3 47 51.7 nF

Notes
15.Disabled by default.

Table 21. Static Electrical Characteristics - General Purpose 1/0 - PTBJ[0...2]

Ratings Symbol Min Typ Max Unit
Input High Voltage ViH 0.7Vppx Vppx+0.3 \
Input Low Voltage ViL Vgg-0.3 0.35Vppy \'
Input Hysteresis Vhys 50 140 200 mV
Input Leakage Current (pins in high-impedance input mode) N 1.0 1.0 UA
(Vin = Vppx or Vssx)
Output High Voltage (pins in output mode) Full drive loy = —5.0 mA Vou Vppx-0.8 \"
Output Low Voltage (pins in output mode) Full drive I = 5.0 mA VoL 0.8 \"
Internal Pull-up Resistance (V| min. > Input voltage > V,_ max)('®) RpuL 25 375 50 kOhm
Input Capacitance CiN 6.0 pF
Maximum Current All PTB Combined("”) lBMAX 17 17 mA
Output Drive strength at 10 MHz Cout 100 pF
Notes

16.Disabled by default.
17.0Overall VDDR Regulator capability to be considered.

MM912_637, Rev. 3.0
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Table 22. Static Electrical Characteristics - Current Sense Module('®)

Electrical Characteristics

Ratings Symbol Min Typ Max Unit
Gain Error IGAINERR
with temperature based gain compensation adjustment(!9)- (20) -0.5 oy 0.5 %
with default gain compensation -1.0 1.0
Offset Error®1),(22) lOFFSETERR 0.5 uv
Resolution IRES 0.1 pv
ISENSEH, ISENSEL
terminal voltage Vine -300 300 mV
differential signal voltage range VinD -200 200
Differential Leakage Current: differential voltage between ISENSEH/ ISENSE DLC 2.0 20 nA
ISENSEL, <200 mV
Wake-up Current Threshold Resolution IRESWAKE 0.2 uv
Resistor Threshold for OPEN Detection Ropen 0.8 1.25 1.8 MOhm
Notes
18.3.5 V < Vgyp < 28 V, after applying default trimming values - see Section 6, “MM912_637 - Trimming".
19.Gain Compensation adjustment on calibration request interrupt with TCALSTEP
20.£0.65%, including lifetime drift for gain 256 and 512
21.Chopper Mode = ON, Gain with automatic gain control enabled
22.Parameter not tested. Guaranteed by design and characterization
Table 23. Static Electrical Characteristics - Voltage Sense Module®®
Ratings Symbol Min Typ Max Unit
Gain Error®¥ VGAINERR
18V < V<28V 0.5 0.1 0.5
35V<Vy<i18V -0.4 0.1 0.4 Y%
35V <V)<5.0VE -0.25 0.1 0.25
5.0 V<V < 18 V(25)27) -0.15 0.1 0.15
Offset Error(26):(28) VOFFSETERR -1.5 1.5 mV
Resolution with Rysense = 2.2 kOhm VRes 0.5 mV
Notes
23.3.5 V < Vgyp <28V, after applying default trimming values - see Section 6, “MM912_637 - Trimming".
24.Including resistor mismatch drift
25.Gain Compensation adjustment on calibration request interrupt with TCALSTEP
26.Chopper Mode = ON.
27.40.2%, including lifetime drift
28.Parameter not tested. Guaranteed by design and characterization.
Table 24. Static Electrical Characteristics - Temperature Sense Module(?®)
Ratings Symbol Min Typ Max Unit
Measurement Range TrANGE -40 150 °C
Accuracy Tacc
-40 °C < T, <60 °C(30) 2.0 2.0 K
-40°C <Tp<150°C -3.0 3.0
Resolution TRes 8.0 mK
TSUP Voltage Output, 10 A < Itgyp < 100 pA Vrsup 1.1875 1.25 1.3125 \Y
TSUP Capacitor with ECAP = 1 Crsup 209 220 231 pF
MM912_637, Rev. 3.0
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Table 24. Static Electrical Characteristics - Temperature Sense Module(?®)

Ratings Symbol Min Typ Max Unit

Max Calibration Request Interrupt Temperature Step TcALSTEP -25 25 K

Notes
29.3.5V < Vgyp <28V, after applying default trimming values - see Section 6, “MM912_637 - Trimming".
30.Temperature not tested in production. Guaranteed by design and characterization.

4.5.2 Static Electrical Characteristics MCU Die

Table 25. Static Electrical Characteristics - MCU

Ratings Symbol Min Typ Max Unit
Power On Reset Assert (measured on VDDRX) VPORA 0.6 0.9 - Vv
Power On Reset Deassert (measured on VDDRX) VPORD - 0.95 1.6 \
Low Voltage Reset Assert (measured on VDDD2D) VLVRA 2.97 3.06 - \"
Low Voltage Reset Deassert (measured on VDDD2D) VLVRD - 3.09 3.3 \Y
Low Voltage Interrupt Assert (measured on VDDD2D) VLVIA 4.06 4.21 4.36 \
Low Voltage Interrupt Deassert (measured on VDDD2D) VLVID 419 4.34 4.49 Vv
Table 26. Static Electrical Characteristics - Oscillator (OSCLCP)
Ratings Symbol Min Typ Max Unit
Startup Current iosc 100 pA
Input Capacitance (EXTAL, XTAL pins) Cin 7.0 pF
EXTAL Pin Input Hysteresis VHys, EXTAL — 180 — mV
EXTAL Pin oscillation amplitude (loop controlled Pierce) Vpp EXTAL — 0.9 — \
Table 27. 5.0 V I/0O Characteristics for all I/O pins except EXTAL, XTAL, TEST, D2DI, and supply pins
(4.5 V < Vpprx < 5.5 V; T;: —40 °C to +150 °C, unless otherwise noted)
Ratings Symbol Min Typ Max Unit
Input High Voltage Vi 0.65*VppRrx — — \
Input High Voltage Vi — — Vpprx+0.3 \Y
Input Low Voltage ViL — — 0.35*VppRx \'
Input Low Voltage Vi Vgspx—0.3 — — \
Input Hysteresis VHYS 250 — mV
Input Leakage Current (pins in high-impedance input mode)©"
VIN = VDDRX 0 VSSRX N ~1.00 — 1.00 KA
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Table 27. 5.0 V I/O Characteristics for all I/O pins except EXTAL, XTAL, TEST, D2DI, and supply pins
(4.5 V < Vpprx < 5.5 V; T;: —40 °C to +150 °C, unless otherwise noted)

Ratings Symbol Min Typ Max Unit

Input Leakage Current (pins in high-impedance input mode)(®?)
VIN = VDDX or Vssx 1.0

Ta=—40°C +1.0

Ta=25°C +8.0

Tpo=70°C 14

Tpo=85°C +26

Tp=105°C hn 132 nA

Tp=110°C +40

Tpa=120°C +60

Tp=125°C 174

Tpo=130°C +92

Tpa=150°C +240
Output High Voltage (pins in output mode), IoH = —4.0 mA VOH Vpprx — 0.8 — — \Y
Output Low Voltage (pins in output mode), Io = 4.0 mA VOL — — 0.8 \
Internal Pull-up Current, V| min > input voltage > V|_max IpuL -10 — -130 pA
Internal Pull-down Current, V| min > input voltage > V; max lpDH 10 — 130 pA
Input Capacitance Cin — 7 — pF
Injection Current®3)

Single pin limit lics -25 — 25 mA

Total device Limit, sum of all injected currents licp -25 25
Notes

31.Maximum leakage current occurs at maximum operating temperature. Current decreases by approximately one-half for each 8.0 °C to 12 °C
in the temperature range from 50 °C to 125 °C.

32.Maximum leakage current occurs at maximum operating temperature. Current decreases by approximately one-half for each 8.0 °C to 12 °C
in the temperature range from 50 °C to 125 °C.
33.Refer to Section 4.5.2.1, “Current Injection" for more details

4.5.2.1 Current Injection

The power supply must maintain regulation within the Vppy operating range during instantaneous and operating maximum
current conditions. If positive injection current (V| > Vppx) is greater than Ippy, the injection current may flow out of VDDX and
could result in the external power supply going out of regulation. Ensure that the external Vppy load will shunt current greater
than the maximum injection current. This will be the greatest risk when the MCU is not consuming power; e.g., if no system clock
is present, or if the clock rate is very low, which would reduce overall power consumption.
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4.6 Dynamic Electrical Characteristics

Dynamic characteristics noted under conditions 3.5 V<Vgyp <28 V, -40 °C < Ty <125 °C, unless otherwise noted. Typical values

noted reflect the approximate parameter mean at T = 25 °C under nominal conditions, unless otherwise noted.

4.6.1 Dynamic Electrical Characteristics Analog Die

Table 28. Dynamic Electrical Characteristics - Modes of Operation

Ratings Symbol Min Typ Max Unit
Low Power Oscillator Frequency foscL — 512 — kHz
Low Power Oscillator Tolerance over full temperature range froL_ A
Analog Option 2 -4.0 — 4.0 %
Analog Option 1 -5.0 — 5.0
Low Power Oscillator Tolerance - synchronized ALFCLK(3%) froLc A
ALF clock cycle = 1.0 ms froL-0.2 froL+0.2
ALF clock cycle = 2.0 ms fro,-0.1 ¢ fro+0.1 Y%
ALF clock cycle = 4.0 ms froL-0.05 oL froL+0.05
ALF clock cycle = 8.0 ms froL-0.025 froL+0.025
Notes
34.Parameter not tested. Guaranteed by design and characterization.
Table 29. Dynamic Electrical Characteristics - Die to Die Interface - D2D
Ratings Symbol Min Typ Max Unit
Operating Frequency (D2DCLK, D2D[0:3]) foop — — 32.768 MHz
Table 30. Dynamic Electrical Characteristics - Resets
Ratings Symbol Min Typ Max Unit
Reset Deglitch Filter Time tRSTDF 1.0 2.0 3.2 us
Reset Release Time for WDR and HWR tRSTRT — 32 — ys
Table 31. Dynamic Electrical Characteristics - Wake-up / Cyclic Sense
Ratings Symbol Min Typ Max Unit
Cyclic Wake-up Time(®®) twakeup | ALFCLK — TIM4CH ms
Cyclic Current Measurement Step Width(®) tsTEP ALFCLK — 16Bit ms
Notes
35.Cyclic wake-up on ALFCLK clock based 16 Bit TIMER with maximum 128x prescaler (min 1x)
36.Cyclic wake-up on ALFCLK clock with 16 Bit programmable counter
Table 32. Dynamic Electrical Characteristics - Window Watchdog
Ratings Symbol Min Typ Max Unit
Initial Non-window Watchdog Timeout tiwbTto see Figure 2 ms
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Table 33. Dynamic Electrical Characteristics - LIN Physical Layer Interface - LIN

Electrical Characteristics

Ratings

Symbol

Min

Typ

Max

Unit

Bus Wake-up Deglitcher (Sleep and Stop Mode)

tproOPWL

60

80

100

us

Fast Bit Rate (Programming Mode)

BRrasT

100

kBit/s

Propagation delay of receiver

tRx_PD

6.0

us

Symmetry of receiver propagation delay rising edge w.r.t. falling edge

trx_sym

-2.0

2.0

us

LIN DRIVER - 20.0 KBIT/S; BUS LOAD CONDITIONS (Cgys; Rgys): 1.0 N

F;1.0KQ/6

,8 NF;660 2/ 10 NF;500 O

Duty Cycle 1:
THRecvax) = 0-744 x Vgup
THpommax) = 0.581 x Vgyp
70V< VSUP <18V, tgiT= 50 ps;
D1 =tgys_recmny/(2 X tgiT)

D1

0.396

Duty Cycle 2:
THRecMIN) = 0.422 x Vgup
THpomminy = 0.284 x Vgyp
7.6V <Vgyp<18V;tgy=50 us
D2 = tgys Rec(maxY/(2 X tgiT)

D2

0.581

LIN DRIVER - 10.0 KBIT/S; BUS LOAD CONDITIONS (Cgys; Rgys): 1.0 N

F;1.0KQ/6

,8 NF;660 Q2 / 10 NF;500 O

Duty Cycle 3:
THRec(MAX) = 0-778 X Vgup

THpommax) = 0.616 x Vgyp
7.0V <Vgyp <18V, tgj=96 ps

D3 = tgus Recminy/(2 X tgiT)

D3

0.417

Duty Cycle 4:
THRec(MIN) = 0.389 x Vgup
THpomminy = 0-251 x Vgyp
7.6 V<Vgyp<18V; tgr=96 ps
D4 = tgus_Rec(vaxy/(2 X tgyT)

D4

0.590

LIN Transmitter Timing, (Vgyp from 7.0 to 18 V) - See Figure 5

Transmitter Symmetry
tTRANfSYM < MAX(ttran_symGO%, tTRANfSYM40%)
trran_symB0% = trran_ppr60% - trran_pDR60%

tTRAN_SYM

-7.25

trrRan_sym40% = trran_pDF40% - trran_PDR40%

7.25

us

>

BUS

ttran_pdf60%

ttran_pdf40%

Figure 5. LIN Transmitter Timing
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Electrical Characteristics

Table 34. Dynamic Electrical Characteristics - General Purpose 1/0 - PTB3 / LO]

Ratings Symbol Min Typ Max Unit

Wake-up Glitch Filter Time twupE 20 us
Table 35. Dynamic Electrical Characteristics - General Purpose 1/0 - PTBJ[0...2]

Ratings Symbol Min Typ Max Unit
GPIO Digital Frequency fp1B 10 MHz
Propagation Delay - Rising Edge©®”) tppr 20 ns
Rise Time - Rising Edge(®”) triSE 17.5 ns
Propagation Delay - Falling Edge(37) tpDf 20 ns
Rise Time - Falling Edge(®”) traLL 17.5 ns
Notes
37.Load PTBx = 100 pF

Table 36. Dynamic Electrical Characteristics - Current Sense Module

Ratings Symbol Min Typ Max Unit

Frequency Attenuation(8).(39)
<100 Hz (prss) 3.0 dB
>500 Hz (fSTOP) 40 ’
Signal Update Rate*0) fluPDATE 0.5 8.0 kHz
Signal Path Match with Voltage Channel fivMATCH 2.0 us
Gain Change Duration (Automatic GCB active)*") tec 14 us
Notes
38.Characteristics identical to Voltage Sense Module
39.With default LPF coefficients
40.After passing decimation filter
41.Parameter not tested. Guaranteed by design and characterization.
Table 37. Dynamic Electrical Characteristics - Voltage Sense Module

Ratings Symbol Min Typ Max Unit
Frequency attenuation*2)-(43)
95...105 Hz (prss) dB
>500 Hz (fstop) 40 3.0
Signal update rate(**) fVUPDATE 0.5 8.0 kHz
Signal path match with Current Channel*®) fivMATCH 2.0 us
Notes
42.Characteristics identical to Voltage Sense Module
43.With default LPF coefficients
44 After passing decimation filter
45.Parameter not tested. Guaranteed by design and characterization.
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