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Introduction

The MSP430 is a 16-bit microcontroller that has a number of special features
not commonly available with other microcontrollers:

]

Complete system on-a-chip — includes LCD control, ADC, I/O ports,
ROM, RAM, basic timer, watchdog timer, UART, etc.

Extremely low power consumption — only 4.2 nW per instruction, typical

[ High speed — 300 ns per instruction @ 3.3 MHz clock, in register and reg-

O 000 Oo0odod

O

ister addressing mode

RISC structure — 27 core instructions

Orthogonal architecture (any instruction with any addressing mode)
Seven addressing modes for the source operand

Four addreséing modes for the destination operand

Constant generator for the most often used constants (-1, 0, 1, 2, 4, 8)

Only one external crystal required — a frequency locked loop (FLL) oscil-
lator derives all internal clocks

Full real-time capability — stable, nominal system clock frequency is avail-
able after only six clocks when the MSP430 is restored from low-power
mode (LPM) 3; — no waiting for the main crystal to begin oscillation and
stabilize

The 27 core instructions combined with these special features make it easy
to program the MSP430in assembler or in C, and provide exceptional flexibility
and functionality. For example, even with a relatively low instruction count of
27, the MSP430 is capable of emulating almost the complete instruction set
of the legendary DEC PDP-11.

Note:

The software examples provided in this document have been tested for func-

tionality and may be used freely for system development.
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1.2 Related Documents

The following documents are recommended for MSP430 reference:

[Q The MSP430 Architecture User’s Guide and Module Library (T! literature

number SLAUE10B) contains a detailed hardware description.

O The MSP430 Software User’s Guide (T! literature number SLAUE11) con-

1.3 Notation

The following abbreviations and special notations are used:

.and.
.not.
.or.
.Xor.
[ns]
ACLK
ACTL.1
ADC
AGND

Background
BCD

CPU

DCO

(dst)
Foreground
110

LCD

LSB

MCLK
MSB

PC

R1IIR2
R4IR3

RAM

Logical AND function

Logical Inversion

Logical OR function

Logical Exclusive-OR function

Square brackets contain the unit for a value (here nanoseconds)
Auxiliary clock (output of the 32-kHz oscillator)

Bit 1 (value 21) of the register ACTL

Analog-to-digital converter

Ground connection for the ADC; Vss (MSP430x31x) or AVss
(MSP430x32x)

Normal program

Binary coded decimal (numbers 0 to 9 coded binary with 4 bits)
Central processing unit

Digitally controlled oscillator

Destination (location receiving write data)

Interrupt driven software parts (interrupt handlers)
Input and output Port

Liquid crystal display

Least significant bit (or byte)

Master clock (output of the FLL oscillator) for the CPU
Most significant bit (or byte)

Program counter (RO of register set)

Resistor R1 is connected in parallel with resistor R2
32-bit number. MSBs in CPU register R4, LSBs in R3
Random access memory (data memory)

MSP430 Microcontroller Family

tains further information regarding the instruction set, plus other more
common software information.



MSP430 Family

ROM Read only memory (program memory)

SP Stack pointer (R1 of register set)

(src) Source (location supplying read data)

TOS Top of stack (data word the Stack Pointer SP points to)

NOTES:If no units are defined for equations, the following standard units are used: Volt, Ampere, Farad, seconds and Ohm.

1.4 MSP430 Family
The MSP430 family currently consists of three subfamilies:
3 MSP430C31x -
O MSP430C32x
O MSP430C33x

All three are described in detail in the MSP430 Family Architecture User’s
Guide and Module Library. The hardware features of the different devices are
shown in Table 1, Figure 1, Figure 2, and Figure 3. )

Table 1-1. MSP430 Sub-Families Hardware Features

Hardware Item | MSP430C31x MSP430C32x MSP430C33x
14-bit ADC No Yes No

16-bit timer_A No No Yes
Basic timer Yes Yes Yes

FLL oscillator Yes Yes Yes
HW/SW UART Yes Yes Yes
HW-multiplier No No : Yes

I/O ports with interrupt 8 8 24

1/O ports without interrupt 0 0 16

LCD segment lines 23 21 30
Package 56 SSOP 64 QFP 100 QFP
Universal timer/port module Yes Yes Yes
USART (SCl or SPI) No No Yes
Watchdog timer Yes Yes Yes

NOTE: Examples and explanations in this document are applicable for all MSP430 devices, unless otherwise noted.

1-4
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1.4.1 MSP430C31x

XIN  XOuT XBUF Voo Vgs  RSTANMI P00 PO.7
——— J—— |
Yy v
-—-9
y
Os:lll-lttw ¥ ACLK 2/‘":8; K8 | hosrosessi2 g Power-on- 8 bit Timer/ 110 Port
System Clock [—# MCLK 8/16 KB OTP RAM Reset Counter | TXD |81/0s, Al With]
'C': ROM SRAM Saﬂsa.l P w;t — ;;ller:./ Cap.
pr. UpPO! Int. Vectors
P OTP FXD ° ""
£ > 4
- | MAB. 16 Bit_| MAB, 4 Bit
— ¥
v
CPU : Test 9 MCB
incl. 16 Reg. || JTAG 4
- MDB, 16 Bit < Y MDB, 8 Bit ‘J
A N y N
| Bus
- /| S K v
] [ 1\ J ] [ 3 J
Watchdog Timer/Port Basic Lco
timer Applications: [ ] Tmert [ 2 -
AD Conv. Lines
15 Bt Timer, O/P fLoof—¥1 1,2,3,aMux
6 y
TP.0-5 R13 R23
CIN

Figure 1-1. MSP430C31x Block Diagram

MSP430 Microcontroller Family

Com 0-3
Seg 018, 22, 23 26
Seg 27
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1.4.2 MSP430C32x

XIN XOUT  XBUF Voo Vg RST/NMI PO.O P07
J A— -
A\ 4 A 4
 J
Osclator |4 ACLK 816 ke ROM| 25655128 Power-on-| | 8bitTimer /0 Port
System Clock 9 MCLK 16 kB OTP RAM Reset Counter 17(,1 8 1/0s, All With|
'C': ROM SRAM Serial Protocol) — Interr. Cap. :
101 1. OTP Support P 3nt. Vectors
T00 4 j > 4N
| MAB, 16 Bit MAB, 4 Bit i
] y ¥
CPU [ Test t MCB -
Incl. 16 Reg. || JTAG >
— MDB, 16 Bit < y MDB, 8 Bit N/ .
] Bus
— N\ Conv ( v
> Y
™S v 4 ’ ] [ ] K 5
TCK — B
ADC Watchdog Timer/Port | Basic LCD
12+2Bit[~ ] timer Applications: Timert [T ] 84 —
6 Channels A/D Conv, '
Gurrentss. 158t Timer, O/P LoD [~—¥ 12,3, amux|_g
T |
4 6
A0-5 | svce TPO-5 R23 | Ros
RI CIN R33  R13

Figure 1-2. MSP430C32x Block Diagram

1.4.3 MSP430C33x
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1.5 Advantages of the MSP430 Concept

The MSP430 concept differs considerably from other mlcrocontrollers and of-
fers some significant advantages over more traditional designs.

1.5.1 RISC Architecture Without RISC Disadvantages

Typical RISC architectures show their highest performance in calculation- in-
tensive applications in which several registers are loaded with input data, all
calculations are made within the registers, and the results are stored back into
RAM. Memory accesses (using addressing modes) are necessary only for the
LOAD instructions at the beginning and the STORE instructions at the end of
the calculations. The MSP430 can be programmed for such operation, for ex-
ample, performing a pure calculation task in the floating point without any I/O
accesses.

Pure RISC architectures have some disadvantages when running real-time
applications that require frequent I/O accesses, however. Time s lost whenev-
eran operand s fetched and loaded from RAM, modified, and then stored back
into RAM. .

The MSP430 architecture was designed to include the best of both worlds, tak-
ing advantage of RISC features for fast and efficient calculations, and addres-
sing modes for real-time requirements:

3 The RISC architecture provides a limited number of powerful instructions,
numerous registers, and single-cycle execution times.

@ The more traditional microcomputer features provide addressing modes
for allinstructions. This functionality is further enhanced with 100% ortho-
gonality, allowing any instruction to be used with any addressing mode.

1.5.2 Real-Time Capability With Ultra-Low Power Consumption

The design of the MSP430 was driven by the need to provide full real-time ca-
pability while still exhibiting extremely low power consumption. Average power
consumption is reduced to the minimum by running the CPU and certain other
functions of the MSP430 only when it is necessary. The rest of the time (the
majority of the time), power is conserved by keeping only selected low-power
peripheral functions active. .

But to have a true real-time capability, the device must be able to shift from a
low-power mode with the CPU off to a fully active mode with the CPU and all
other device functions operating nominally in a very short time. This was ac-
complished primarily with the design of the system clock:
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O No second high frequency crystal is used — inherent delays can range
from 20 ms to 200 ms until oscillator stability is reached

0 Instead, a sophisticated FLL system clock generator is used — generator
output frequency (MCLK) reaches the nominal frequency within 8 cycles
after activation from low power mode 3 (LPM3) or sleep mode

This design provides real-time capability almost immediately after the device

. comes out of a LPM — as if the CPU is always active. Only two additional
MCLK cycles (2 us @ fg = 1 MHz) are necessary to get the device from LPM3
to the first instruction of the interrupt handler.

1.5.3 Digitally Controlied Oscillator Stability

The digitally controlled oscillator (DCO) is voltage and temperature depen-
dent, which does not mean that its frequency is not stable. During the active
mode, the integral error is corrected to approximately zero every 30.5 ps . This
is accomplished by switching between two different DCO frequencies. One
frequency is higher than the programmed MCLK frequency and the other is
lower, causing the errors to essentially cancel-out. The two DCO frequencies
areinterlaced as much as possible to provide the smallest possible error at any
given time. See System Clock Generator for more information.

1.5.4 Stack Processing Capability

The MSP430 is a true stack processor, with most of the seven addressing
modes implemented for the stack pointer (SP) as well as the other CPU regis-
ters (PC and R4 through R15). The capabilities of the stack include:

O Free access to all items on the stack — not only to the top of the stack
(TOS)

3 Ability to modify subroutine and interrupt return addresses located on the
stack

O Ability to modify the stored status register of interrupt returns located on
the stack

[0 No special stack instructions — all of the implemented instructions may
be used for the stack and the stack pointer

[ Byte and word capability for the stack

O Free mix of subroutine and interrupt handling — as long as no stack modi-
fication (PUSH, POP, etc.) is made, no errors can occur

For more information concerning the stack, see Appendix A.

MSP430 Microcontroller Family 1-9
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1.6 MSP430 Appllcaiion Operating Modes

1.6.1 Active Mode

MSP430 applicaﬂons fall into two main classes, depending on the power sup-
ply:

3 AC power-driven applications such as electricity meters and AC-powered
controllers. In these applications, the microcontroller needs to be active
at all times. The low current consumption of the MSP430 when active
(900 pA @ 5 V & fc = 1 MHz) puts it well within the typical low-power cate-
gory now (currently <40 mA) and in the future as tolerable current con-
sumption diminishes. ’

[ Battery-powered applications such as gas meters, water flow meters, heat
volume counters, data loggers, and other controller and remote metering
tasks. For these applications, power consumption is the key issue since
operation from a single battery for 10 years or longer is often required. The
average current drawn by the MSP430 needs to be in the range of the self
discharge current of the battery, approximately 1 pA to 3 pA.

MSP430 has six operating modes, each with different power requirements.
Three of these modes are important for battery-powered applications:

O Active mode — CPU and other device functions run all the time

[ Low power mode 3 (LPM3) — the normal mode for most applications dur-
ing 99% to 99.9% of the time. This mode is also called done mode or sleep
mode

3 Lowpowermode 4 (LPM4) —the mode'typically used during storage. This
mode is also called off mode

Active mode is used for calculations, decision-making, I/O functions, and other
activities that require the capabilities of an operating CPU. All of the peripheral
functions may be used, provided that they are enabled. The examples shown
in this document use the active mode.

1.6.2 Low Power Mode 3 (LPM3)

LPM3 is the most important mode for battery-powered applications. The CPU
is disabled, but enabled peripherals stay active. The basic timer provides a
precise time base. When enabled, interrupts restore the CPU, switch on
MCLK, and start normal operation. Table 1-2 lists the status of the MSP430
system when in LPM3.
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Table 1-2. System Status During LPM3

Active Not Active
RAM CPU
ACLK MCLK
32768 Hz oscillator Disabled peripher-
als

LCD driver (if enabled) | Disabled interrupts
Basic timer (if enabled) | FLL

1/0 ports

8-bit timer

Enabled peripherals
Universal timer/port
RESET logic

LPM3 is activated by the following code:

7

; Definitions for the Operating Modes

GIE .EQU 008h

; General Interrupt enable in SR
CPUOFF .EQU 010h ; CPU off bit in SR
OSCOFF .EQU 020h ; Oscillator off bit in SR
SCGO .EQU 040h ; System Clock Generator Bit 0
SCG1 .EQU 080h ; System Clock Generator Bit 1
HOLD .EQU 080h ; 1: Hold Watchdog
CNTCL .EQU 008h ; Watchdog Reset Bit

; Enter LPM3, enable interrupts. The Watchdog

; must be held if the ACLK is used for timing
MOV #05A00h+HOLD+CNTCL, &WDTCTL ; Define WD
BIS #CPUOFF+GIE+SCG1+SCGO, SR ; Enter LPM3

After the completion of the interrupt routine the software returns to the instruc-
tion that set the CPUoff bit. The normal wake-up from LPM3 comes from the
basic timer, programmed to wake the CPU at regular intervals (ranging from
0.5 Hz to 64 Hz, or more often) to maintain a software timer. This software timer
controls all necessary system activities.

Example 1-1. Interrupt Handling |

The MSP430 system runs normally in LPM3. The enabled interrupt of the basic
timer wakes the system once every second. After one minute, measurements
are made and then the system returns to LPM3.
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; Interrupt handler for Basic Timer: Wake-up with 1lHz

BT_HAN MOV #05A00h+CNTCL, &WDTCTL ; Reset watchdog

INC.B SECCNT ; Counter for seconds +1
CMP.B #60, SECCNT ; 1 minute elapsed?
JHS MIN1 ; Yes, do necessary tasks
RETI ; No return to LPM3

; One minute elapsed: Return is removed from stack, a branch to
; the necessary tasks is made. There it is decided how to proceed

i

MIN1 INC MINCNT ; Minute counter +1
CLR SECCNT ; 0 —=> SECCNT
ADD #4,SP ; House keeping: SR, PC off Stack
BR #TASK ; Do tasks

TASK ... ; Start of necessary tasks
; All measurements and calculations are made: Return to LPM3
i

MOV #05A00h+HOLD+CNTCL, &WDTCTL ; Hold WD

BIS #CPUOFF+GIE+SCG0+SCG1, SR ; Enter LPM3

LPM3 is the lowest current consumption mode that still allows the use of a real-
time clock. The basic timer can interrupt the LPM3 at relatively long time inter-
vals (up to 2 seconds) and update the real-time clock. If the status register is
not changed during the interrupt routines, the RETI instruction returns to the
instruction that set the CPUoff bit (and placed the CPU in LPM3). The program
counter points to the next instruction, which is not executed unless the interrupt
routine resets the CPUoff bit during its run.

Ifthe MSP430 is awakened from LPM3, two additional clock cycles are needed
to load the PC with the interrupt vector address and start the interrupt handler
(8 clocks compared to 6 when in the active mode).

Example 1-2. Interrupt Handling Il

The MSP430 system runs normally in LPM3. The enabled interrupt of the basic
timer wakes the system once every second. After one minute, measurements
are made and then the system returns to LPM3. The branch to the task is made
by resetting the CPUoff bit inside the interrupt routine.

; Interrupt handler for Basic Timer: Wake-—up with 1 Hz
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K

BT_HAN MOV #05A00h+CNTCL, &WDTCTL ; Reset watchdog
INC.B SECCNT ; Counter for seconds +1
CMP.B #60,SECCNT ; 1 minute over?
JHS MIN1 ; Yes, do necessary tasks
RETI ; No return to LPM3

; One minute elapsed: CPUoff is reset, the program continues
; after the instruction that set the CPUoff bit (label TASK)

i

MIN1 CLR SECCNT ; 0 => SECCNT

INC MINCNT ; Minute counter + 1

BIC #CPUOFF+SCG1+SCGO, 0 (SP) ; Reset CPUoff-bit to
continue

RETI ; at label TASK

; Background part: Return to LPM3

DONE MOV #05A00h+HOLD+CNTCL, &WDTCTL ; Hold WD
BIS #CPUOFF+GIE+SCG0+SCG1, SR ; Enter LPM3

; Program continues here if CPUoff bit was reset inside of the

; Basic Timer Handler.

TASK e ; Tasks made every minute
JMP DONE ; Back to LPM3

Note:

The two 8-bit counters of the universal timer/port may also be used during
LPM8. If a counter is incremented by an external signal (inputs CIN, CMPI,
or TPIN.5) from OFFh to Oh, then the appropriate RCxFG-flag is set. If inter-
rupt is enabled, the CPU wakes up.

1.6.3 Low Power Mode 4 (LPM4)

Low power mode 4 (LPM4) is used if the absolute lowest supply currentis nec-
essary or if no timing is needed or desired (no change of the RAM content is
allowed). This is normally the case for storage preceding or following the cal-
ibration process. Table 3 lists the status of the MSP430 system when in LPM4.
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Table 1-3. System During LPM4

1-14

Active Not Active

RAM CPU

1/O ports MCLK

Enabled interrupts ACLK

Universal timer/port (external FLL

clock)

RESET logic Disabled peripherals
Disabled interrupts
Watchdog
Timers

Once the MSP430 is waked from LPM4, the software has to decide if it is nec-
essary to either enter LPM4 again (if the wake-up was caused by EMI, for ex-
ample), or to enter one of the other operating modes. To ensure the correct
decision is made, a code can be placed on a port that can be checked by the
MSP430 software. Then, the active mode is entered only if this code is present.

The start-up frequency of the DCO is approximately 500 kHz and may last up
to 4 seconds until a stable MCLK frequency is reached. To enter the LPM4 the
following code is necessary:

; Enter LPM4, enable GIE

BIS #CPUOFF+0SCOFF+GIE+SCG1+SCGO, SR

The exit from LPM4 is principally the same as described for LPM3. Interrupt
handler software has to determine if the CPU stays active orif a returnto alow-
power mode is necessary.

When entering the LPM4 the information in control registers SCFI0 and SCFI1
of the system clock frequency integrator (SCFI) remains stored. If at this time
the ambient temperature is high, SCFI1 contains a relatively high value to com-
pensate the negative temperature coefficient of the DCO. If the LPM4 is later
exited and the ambient temperature is very low, it is possible that the resulting
DCO frequency, based on the value in SCFI1, will be outside of the oscillator
range. It is therefore a good programming practice to set the SCFI control reg-
ister to a low value before entering LPM4.

Enter LPM4, enable GIE

CLRC
RRC
BIS

; Ensure that new MSB is 0
&SCFI1 ; Use halved tap number
#CPUOFF+OSCOFF+GIE+SCG1+SCG0O,SR ; Enter LPM4
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Note:

The two 8-bit counters of the universal timer/port may also be used during
LPM4. If a counter is incremented by an external signal (inputs CIN, CMP,
or TPIN.5) from OFFh to Oh, then the appropriate RCxFG-flag is set. If inter-
rupt is enabled, the CPU wakes up.
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Architecture and Function of the MSP430 14-Bit ADC

Lutz Bierl

ABSTRACT
This application report describes the architecture and function of the 14-bit
analog-to-digital converter (ADC) of the MSP430 family. The principles of the ADC are
explained and software examples are given. The report also explains the function of all
hardware registers in the ADC. The References section at the end of the report lists.
related application reports in the MSP430 14-bit ADC series.

1 Introduction

The analog-to-digital converter (ADC) of the MSP430 family can work in two
modes: the 12-bit mode or the 14-bit mode. Hardware registers allow easy
adaptation to different ADC tasks. The following paragraphs describe the modes
and hardware registers.

NOTE: The MSP430 Family Architecture Guide and Module
Library data book[1] is recommended. The hardware-related
information given there is very valuable and complements the
information given in this application report.

NOTE: Forrelated application reports in the MSP430 14-bit ADC
series, see the References section.

Figure 1 shows the block diagram of the MSP430 14-bit ADC.
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Figure 1. Hardware of the 14-Bit ADC

1.1 Characteristics of the 14-Bit ADC

2-10
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Monotonic over the complete ADC range
Eight analog inputs; may be switched individually to digital input mode

Programmable current source on four analog inputs. Independent of the
selected conversion input: current source output and ADC input pins may be
different

Relative (ratiometric) or absolute measurement possible

Sample and hold function with defined sampling time
End-of-conversion flag usable with interrupt or polling

Last conversion result is stored until start of next conversion

Low power consumption and possibility to power down the peripheral
Interrupt mode without CPU processing possible

Programmable 12-bit or 14-bit resolution

Four programmable ranges (one quarter of SVcc each)

Fast conversion time

Four clock adaptations possible (MCLK, MCLK/2, MCLK/3, MCLK/4)
Internal and external reference supply possible

Large supply voltage range

SLAA045



ADC Function and Modes

2 ADC Function and Modes
The MSP430 14-bit ADC has two range modes and two measurement modes.

The two range modes are:

14-bit mode: The ADC converts the input range from AVss to SVcc. The ADC
automatically searches for one of the four ADC ranges (A, B, C, or D) that is
appropriate for the input voltage to be measured.

12-bit mode: The ADC uses only one of the four ranges (A, B, C, or D). The
range is fixed by software. Each range covers a quarter of the voltage at the
SVcc terminal. This conversion mode is used if the voltage range of the input
signal is known.

The two measurement modes are:

Ratiometric mode: A value is measured as a ratio to other values,
independent of the actual SVcc voltage.

Absolute mode: A value is measured as an absolute value.

Figure 2 shows different methods to connect analog signals to the MSP430 ADC.
The methods shown are valid for the 12-bit and 14-bit conversion modes:

1.

2
3.
4

o

Current supply for resistive sensors

Rsens1 at analog input A0

. Voltage supply for resistive sensors Rsens2 at analog input A1
Direct connection of input signals Vin at analog input A2
. Four-wire circuitry with current supply  Rsens3 at output A3 and inputs A4
and A5
Reference diode with voltage supply ~ Dr1 at analog input A6
Reference diode with current supply Dr2 at analog input A7
SVee SVee ;
Rv Rex i‘cs Yy ey
| Rext A6
A4
Vin —“"W\—¢ A2 N
R1 MSP430C32x P3
A1 25 1 Rsens3
R2< Rgens2 % Rsens1 Ao A7 —» % _Lpr1
Z Zics
* AVss AVss
DVss DVee
OV +5VAV

Figure 2. Possible Connections to the Analog-to-Digital Converter

The calculation formulas for all connection methods shown in Figure 2 are
explained in the application report, Application Basics for the MSP430 14-Bit
ADC (SLAA046). [3]

Architecture and Function of the MSP430 14-Bit ADC 2-11
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2.1 Function of the ADC

2-12

ADAT

0118h

See Figures 1, 9, and 12 for this explanation. The full range of the ADC is made
by 4x128 equal resistors connected between the SVcc pin and the AVss (AGND)
pin. Setting the conversion-start (SOC) bit in the ACTL control register activates
the ADC clock for a new conversion to begin.

The normal ADC sequence starts with the definition of the next conversion; this

is done by setting the bits in the ACTL control register with a single instruction.

The power-down (PD) bit is set to zero; the SOC bit is not changed by this

instruction. After a minimum 6-ps delay to allow the ADC hardware to settle, the

SOC bit may be set. The ADC clock starts after the SOC bit is set, and a new

conversion starts.

o |fthe 12-bit mode is selected (RNGAUTO = 0) then a 12-bit conversion starts
in a fixed range (A, B, C or D) selected by the bits ACTL.9 to ACTL.10.

e If the 14-bit mode is selected (RNGAUTO = 1), a sample is taken from the
selected input Ax that is used only for the range decision. The found range
is fixed afterwards — it delivers the two MSBs of the result — and the conversion
continues like the 12-bit conversion. This first decision is made by the block
range MUX.

This first step fixes the range and therefore the 2 MSBs. Each range contains a
block of 128 resistors.

To obtain the 12 LSBs, a sample is taken from the selected input Ax and is used
for the conversion. The 12-bit conversion consists of two steps:

¢ The seven MSBs are found by a successive approximation using the block
resistor decode. The sampled input voltage is compared to the voltages
generated by the fixed 27 (128) equally weighted resistors connected in
series. The resistor whose leg voltages are closest to the sampled input
voltage-which means between the two leg voltages—is connected to the
capacitor array (see Figure 1).

e The five LSBs are found by a successive approximation process using the
block capacitor array. The voltage across the selected resistor (the sampled
voltage lies between the voltages at the two legs of the resistor) is divided into
25 (32) steps and compared to the sampled voltage.

After these three sequences, a 14-bit respective 12-bit result is available in the
register ADAT. .

Figure 3 shows where the result bits of an analog-to-digital conversion come
from: .

15 13

0 0 mMsB

Range Resistor Decode Capacitor Array

M [ 12-Bit Conversion

[ 14-Bit Conversion

Figure 3. Sources of the cdnversion Result
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NOTE: The result of the 12-bit conversion does not contain
range information: the result bits 12 and 13 are both zero. If these
two bits are necessary for the calculation, they need to be inserted
by software e.g. 2000h for range C.

2.1.1 ADC Timing Restrictions

To get the full accuracy for the ADC measurements, some timing restrictions need
to be considered:

o |f the ADCLK frequency is chosen too high, an accurate 14- or 12-bit
conversion cannot be assured. This is due to the internal time constants of
the sampling analog input and conversion network. The ADC is still
functional, but the conversion results show a higher noise level (larger
bandwidth of results for the same input signal) with higher conversion
frequencies.

e |f the ADCLK frequency is chosen too low, then an accurate 14- or 12-bit
conversion cannot be assured due to charge losses within the capacitor array
of the ADC. This remains true even if the input signal is constant during the
sampling time.

o After the ADC module has been activated by resetting the power-down bit,
at least 6 us (power-up time in Figure 9) must elapse before a conversion is
started. This is necessary to allow the internal biases to settle. This power-up
time is automatically ensured for MCLK frequencies up to 2.5 MHz if the
measurement is started the usual way: by separation of the definition and the
start of the measurement inside of the subroutine:

MOV #xxx, &ACTL ; Define ADC measurement
CALL  #MEASR ; Start measurement with SOC=1
. ; ADC result in ADAT

If higher MCLK frequencies are used, then a delay needs to be inserted between
the definition and the start of the measurement. See the source of the MEASR
subroutine in section 2.2.2. The number n of additional delay cycles (MCLK
cycles) needed is:

Nz (6 psx MCLK) —15

o If the input voltage changes very fast, then the range sample and the
conversion sample may be captured in different ranges. See section 2.2.1 if
this cannot be tolerated. For applications like an electricity meter, this doesn’t
matter: the error occurs as often for the increasing voltage as for the
decreasing voltage so the resulting error is zero.

e Afterthe start of a conversion, no modification of the ACTL register is allowed
until the conversion is complete. Otherwise the ADC result will be invalid.

The previously described timing errors lead to spikes in the ADC characteristic:
the ADC seems to get caught at certain steps of the ADC. This is not an ADC
error; the reasons are violations of the ADC timing restrictions. See Figure 4. The
x-axis shows the range A from step 0 to step 4096, the y-axis shows the ADC error
(steps).

Architecture and Function of the MSP430 14-Bit ADC 2-13
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389
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723
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3501
3890
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Figure 4. ADC Spikes Due to Violated Timing Restrictions

The ADC always runs at a clock rate set to one twelfth of the selected ADCLK.
The frequency of the ADCLK should be chosen to meet the conversion time
defined in the electrical characteristics (see data sheet). The correct frequency
for the ADCLK can be selected by two bits (ADCLK) in the control register ACTL.
The MCLK clock signal is then divided by a factor of 1, 2, 3, or 4. See Section 3.5.

2.1.2 Sample and Hold

2-14

The sampling of the ADC input takes 12 ADCLK cycles; this means the sampling
gate is open during this time (12 us at1 MHz). The sampling time is identical for
the range decision sample and the data conversion sample.

The input circuitry of an ADC input pin, Ax, can be seen simplified as an RC low
pass filter during the sampling period (12/ADCLK): 2 k2 in series with 42 pF. The
42-pF capacitor (the sample-and-hold capacitor) must be charged during the 12
ADCLK cycles to (nearly) the final voltage value to be measured, or to within 2-14
of this value.

Closed for ts = 12/ADCLK
Ri Ax 2K

—«/w—o/_oT to ADC
42 pF MSP430C32x

Vin Csample
AVss ’
ov

Figure 5. Simplified Input Circultry for Signal Sampling
The sample time limits the internal resistance, Rj, of the source to be measured:

12

(Ri+2 kQ) x 42 pF < ——12
/n(214) x ADCLK

Solved for Riwith ADCLK = 1 MHz this results in:
Ri< 27.4 k2

This means, for the full resolution of the ADC, the internal resistance of the input
signal must be lower than 27.4 kQ.

If a resolution of n bits is sufficient, then the internal resistance of the ADC input
source can be higher:
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Ri

12 _
< 27 x a2 pF x ADCLK ~ 2 k@

For example, to get a resolution of 13 bits with ADCLK = 1 MHz, the maximum
Ri of the input signal is:

; 12
Ri < —2 k2 =317 k2 — 2 kQ = 29.7 kQ
in(213) x 42 pF x 106

To achieve a result with 13 bit-resolution, R/ must be lower than 29.7 kQ.

2.1.3 Absolute and Relative Measurements
The 14-bit ADC hardware allows absolute and relative modes of measurement.
2.1.3.1 Relative Measurements

As Figure 6 shows, relative measurements use resistances (sensors) that are
independent of the supply voltage. This is the typical way to use the ADC. The
advantage is independence from the supply voltage; it does not matter if the
battery is new (Vce = 3.6 V) or if it has reached the end of life (Vcc = 2.5 V).

SVce }
—p lcs
Rv Rex lcs A3
<
Rext
A4
MSP430C32x /;W
A1 < Rsens3
AS
Rsens2 o R”mlg—Ao |
A : :
les %
L AVss AVss
DVss DVee
ov +5V/3V

Figure 6. Relative Measurements With the MSP430C32x
2.1.3.2 Absolute Measurements

As Figure 7 shows, absolute measurements measure voltages and currents. The
reference used for the conversion is the voltage applied to the SVcc terminal,
regardless of whether an external reference is used or if SVcc is connected to
AVccinternally. An external reference is necessary if the supply voltage AVcc (the
normal reference) cannot be used for reference purposes, for example a battery
supply.
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Ri <B0pA
M - > SVee
Rext
A2
VREF R1
Al
v2 Vi
R2 MSP430C32x
g g < ® Avss
DVss DVce
oV +5VI3V

Figure 7. Absolute Measurements Using External Reference Voltage

2.2 Using the ADC in 14-Bit Mode

The 14-bit mode is used if the range of the input voltage exceeds one ADC range.
The total input signal range is from analog ground (AVss) to the voltage at SVcc
(external reference voltage or AVcc).

T ADC Value
rilow
03FFFh Sl

03000h

02000h -{ Range A Range B Range C | Range D

01000h -
00000h —T ! 1 - vorsge !
Underflow 0 0.26SVec 0.5 SVec 0.75 SVee SVec

T 3 ADC saturation

Figure 8. Complete 14-Bit ADC Range

The dashed boxes at the AVss and SVcc voltage levels indicate the saturation
areas of the ADC; the measured results are Oh at AVss and 3FFFh at SVcc. The
saturation areas are smaller than 10 ADC steps.

The nominal ADC formula for the 14-bit conversion is:

N VAX | 514 _ N x Vrer
N VFIEFX2 - VAx o4
Where:
N = 14-bit result of the ADC conversion
VAx = Input voltage at the selected analog input Ax ™M
VREF = Voltage at pin SVcc (external reference or internal AVee)  [V]
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2.2.1 Timing

The two ADCLK bits (ACTL.13 and ACTL.14) in the ACTL control register are
used to select the ADCLK frequency best suited for the ADC. The MCLK clock
signal can be divided by a factor 1, 2, 3, or 4 to get the best suited ADCLK.

Using the autorange mode (RNGAUTO/ACTL.11 = 1) executes a 14-bit
conversion. The selected analog input signal at input Ax is sampled twice. The
range decision is made after the first sampling of the input signal; the 12-bit
conversion is made after the second sampling. Both samplings are 12 ADCLK
cycles in length. Altogether the 14-bit conversion takes 132 ADCLK cycles. See
Figure 9 for timing details.

12/ADCLK

F— Rew

_r"__f-l._r'm_mmm,__
‘ Conversion
ADCLK/12

Power-up Time
Pg —:I ! 1

CONV. START

|
|
T
| !
r

—

- _ __+__.__

! Range Ci
SAMPLING ! ‘! l
| |
END OF CONV.
b | L
avy '
| Data valld In ADAT
Reset by Software (Noninterrupt Mode) | EOC Flag set
or Granting of Interrupt (Interrupt Mode) | ADCLK Disabled

Figure 9. Timing for the 14-bit Analog-to-Digital Conversion

The input signal must be valid and steady during this sampling period to obtain
an accurate conversion. It is also recommended that no activity occur during the
conversion at analog inputs that are switched to the digital mode.

If the input voltage to the ADC changes during the measurement, it is possible
for the range decision sample to be taken in a different ADC range than the
conversion sample. The result of these conditions is saturated values:

e Increasing input voltage: nFFFh with range n=0...2

e Decreasing input voltage: n000h with range n = 1...3

The saturated result is the best possible result under this circumstance: an analog

input that changes from 2FFOh to 3020h during the sampling period delivers the
saturated result 2FFFh and not 2000h.

The following software sequence can be used to check the result of an A/D
conversion if the two samples (range and conversion) were taken in different
ranges. If this is the case, the measurement is repeated.

LM MOV #xxx, &ACTL ; Define measurement
CALL  #MEASR ; Measure ADC input
MoV &ADAT, RS ; Copy ADC result
AND #0FFFh, R5 ; 12 LSBs stay
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2.2.2 Software Example

Jz LM

; Yes, ADC value too high (n000h)
CMP #0FFFh, R5 ; Bits 11 to 0 all 1s?
JEQ LM ; Yes, ADC value too low (nFFFh)

Both samples taken in same range

The often-used measurement subroutine MEASR is shown below. It contains all
necessary instructions for a measurement that uses polling for the completion
check. The subroutine assumes a preset ACTL register; all bits except the SOC
bit must be defined before the setting of the SOC bit. The subroutine may be used
for 12-bit and 14-bit conversions. Up to an MCLK frequency of 2.5 MHz no
additional delays are necessary to ensure the power-up time.

; ADC measurement subroutine.

; Call: MOV #xxx, &ACTL ; Define ADC measurement. Pd=0
; CALL #MEASR ; Measure with ADC
H BIS #PD, &ACTL - ; Power down the ADC

; e ; ADC result in ADAT

MEASR BIC.B #ADIFG,&IFG2 ; Clear EOC flag
; Insert delays here (NOPs)
BIS #S0C, &ACTL ; Start measurement
MO BIT.B #ADIFG,&IFG2 ; Conversion completed?
JZ MO ; No
RET ; Result in ADAT

2.3 Using the ADC in 12-Bit Mode

2-18

The following mode is used if the range of the input voltage is known. If, for
example, a temperature sensor is used whose signal range always fits into one
range (for example range B), then the 12-bit mode is the right selection. The
measurement time with MCLK = 1 MHz is only 96 ps compared with 132 ps if the
autorange mode is used. Figure 10 shows the four ranges compared to the
voltage at SVcc. The possible ways to connect sensors to the MSP430 are the
same as shown for the 14-bit ADC in Figure 2.

This mode should be used only if the signal range is known and the saved 36
ADCLK cycles are a real advantage.
ADC Value

Overflow
OFFFh T

0C00h A B c D
0800h

0400h -]

00000h 3 ! w—f —t Input —p
Underflow 0 0.258Vec 0.5 SVee 0.75 SvVee SVec Voltage VAX

T ADC Saturation (<10ADC steps)
Figure 10. The Four 12-Bit ADC Ranges A to D
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NOTE: The ADC results 0000h and OFFFh mean underfiow and
overflow: the voltage at the measured analog input is below or
above the limits of the programmed range.

All of the formulas given for the 12-bit mode assume a faultless
conversion result N:

0 <N < OFFFh

If underflow or overflow are not checked, erroneous calculation
results occur.

Figure 11 shows how any of the four ADC ranges appears to the software:

ADC Value
OFFFh
n =0, 1, 2, 3 Range Constant
0800h -
Range n-1 Range n| Range n+1
Input
0000h | Voltag —>
[} nx0.25 SVec (n+1) X 0.25 SVee SVce

Figure 11. Single 12-Bit ADC Range
The nominal ADC formula for the 12-bit conversion is:

VAx — (n x 0.25 x VREF)

N = VREF

x 214 — VAx = VREF x (2L¥2+ n><0.25)

Where:
N = 12-bit result of the ADC conversion
VAx = Input voltage at the selected analog input Ax
VREF = Voltage at pin SVcc (external reference or internal AVee)  [V]
n  =Range constant (n = 0, 1,2, 3 for ranges A, B, C, D)

To get the 14-bit equivalent N4 of a 12-bit ADC result N15, the following formula
may be used:
Ny4 = Nyp + n x 1000h

To check if the result of a 12-bit A/D conversion is correct, the following software
sequence can be used:
MoV #xxx, &ACTL
CALL #MEASR
TST &ADAT

Define measurement

Measure ADC input
Check if underflow (000h)

JZ UFL ; Underflow: go to error handling
CMP #0FFFh, &ADAT ; Check if overflow (OFFFh)
JEQ OFL ; Overflow: go to error handling

Result is correct: use ADAT
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2.3.1 Timing

The two ADCLK bits (ACTL.13 and ACTL.14) in the ACTL control register are
used to select the ADCLK frequency best suited for the ADC. The MCLK clock
signal can be divided by a factor 1, 2, 3, or 4 to get the best suited ADCLK.

Disabling the autorange mode (RNGAUTO/ACTL.11 = 0) executes a 12-bit
conversion; the range defined by the ACTL.10 and ACTL.9 bits is used. The
selected analog input signal at input Ax is sampled once; after the sampling, the
12-bit conversion is executed. The 12-bit conversion takes 96 ADCLK cycles.
See Figure 12 for timing details.

12/ADCLK New Conversion

oo ML

le—pl Power'-Up Time l

Pp —' ! i |
! |
CONV. START - }
|

1

i

l

|

SAMPLING |I
|
END OF CONV.
I 1
/ \ 4 ' | Data valid in ADAT
| EOC Flag set
Reset by Software (Noninterrupt Mode) | ADCLK Disabled

or Granting of Interrupt (Interrupt Mode)
Figure 12. Timing for the 12-Bit A/D Conversion

2.3.2 Software Example

The measurement of Rsens1 is shown in Figure 2. With MCLK = 2.2 MHz, the
result is always located in range B. The result must be converted to a 14-bit value
to be used by software routines written for 14-bit results.

MOV #ADCLK2+RNGB+CSA0+AO+VREF, &ACTL ; Define ADC

CALL #MEASR ; Measure with ADC

MOV &ADAT, R5 ; 12-bit ADC result to RS

ADD #1000h,R5 . ; Add start address of range B

; 1l4-bit value in RS

2-20 SLAA045



The A/D Controller Hardware

3 The A/D Controller Hardware

Paragraph 2 describes the analog-to-digital conversion. The mnemonics used
are defined in the appendix.

3.1 ADC Control Registers

The ADC control registers are in the MSP430 memory area where only word
addresses are possible. This means that all registers are word-structured and
should be accessed by word instructions only. Byte addressing results in a
nonpredictable operation.

The access description below the register bits has the following meaning:

e rw-0 read/write bit, reset after power-up clear (PUC)

e rw-1 read/write bit, set after power-up clear

° r0 read as zero

. r read only
L]

(w)r0  write only. Writing generates a pulse, no reset necessary. Read as
zero

3.1.1 ACTL Control Register

The ACTL control register is the main register for programming the ADC. Its
content (shown in Figure 13) defines the current operation. All of the bits should
be changed only after a completed conversion. Otherwise a faulty result will

occur. .
15 ]
ACTL e T T T T T T T
0 ADCLK Pp Range Select Current Source AD Input Select VREF | SOC
0114h L ] ] 1 L L ] L

0 rw0 rw0 rw-1 rw-0 rw-0 rw-0 rw-0 rw-0 rw-0 rw-0 rw-0 rw-0 rw-0 rw-0 (w)r0
Figure 13. ACTL Control Register
" 3.1.1.1 Conversion Start (SOC)

The SOC write-only bit (see Figure 14) starts an analog-to-digital conversion. The
conditions of the measurement are defined with the other bits of the ACTL
register. It is not necessary to reset the bit. The SOC bit is always read as a zero.

T ™ ™ ™ T
I 0 | ADCLK I PD I Range Select | Current Source I AD Input Select RE
L bl b b .

Figure 14. Conversion Start (SOC)
EXAMPLE: start the ADC as defined by the content of the ACTL register.

MoV #ADCLK2+RNGA+CSOFF+A0+VREF, &ACTL ; Define ADC
e ; Delay 6us to allow settling
BIS #S0C, &ACTL ; Start ADC conversion

3.1.1.2 Voltage Reference Bit (VREF)

The VREF bit (see Figure 15) defines whether an internal or an external reference
voltage is used for the A/D conversion.
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T T LA
I [ | ADCLK l Pnl Range Select
L L 2

T T T
Current Source | AD Input Select
TR L 4

Figure 15. Voltage Reference Bit (VREF)

VREF = 0: External reference. The transistor between AVcc and SVcc is
switched off. The SVcc terminal is an input pin for an external
reference voltage. The external reference source must be able to
supply a current up to 80 pA. The voltage range for the external
reference is AVcc/2 < VREF < AVce.

VREF = 1: Internal reference. The transistor between AVcc and SVcc is
switched on: the SVcc output terminal is connected to the analog
supply voltage AVcc. No external voltage should be supplied to the
SVcc terminal.

EXAMPLE: define an A/D conversion with the internal reference voltage AVcc.

MoV #ADCLK2+RNGAUTO+CSOFF+AQ+VREF, 8ACTL
Start an A/D conversion with an external reference connected to the SVcc
terminal (VREF = 0).

MOV #ADCLK2+RNGAUTO+CSOFF+A0, &ACTL ;i Vref = 0

CALL #MEASR ; Start the measurement

3.1.1.3  ADC Input Select Bits

The four ADC input select bits (see Figure 16) define which of the possible eight
analog inputs is selected for the A/D conversion.

T T T T T
I 0 l ADCLK |Po| Range Select IGlmemScurce
L L L L s

Figure 16. ADC Input Selection Bits
Table 2 lists the possible ADC input selections.
Table 1. ADC Input Selection Bits

SELECTINCopE  MNEMONIC Gl oc oy _ COMMENT

0 A0 A0 Signal at the pin A0 is selected

1 Al At Signal at the pin A1 is selected

2 A2 A2 Signal at the pin A2 is selected

3 A3 A3 Signal at the pin A3 is selected

4 A4 Ad Signal at the pin A4 is selected

5 A5 A5 Signal at the pin A5 is selected

6 - A6 Not implemented with the MSP430C32x

7 - A7 Not implemented with the MSP430C32x

8-15 - : None No analog input is selected

EXAMPLE: to start an ADC conversion for analog input A3 with unchanged
conditions: .

BIC #03Ch+PD, &ACTL ; Reset all input select bits

e ;i 6 us delay

BIS #A3+850C, &ACTL ; Start conversion for A3
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3.1.1.4 Current Source Output Select Bits

The three current source output select bits (see Figure 17) define the analog input
Ax where the output current of the current source is switched. To switch the
current source off, ACTL.8 (CSOFF) is set to one.

;D Inp'ut Sela’ci ;Iso:l -
Figure 17. Current Source Output Select Bits
Table 2. Current Source Output Select Bits

r T prry——
I 0 I ADCLK IPpl Range Select § Current Source
L — 15 e

OUTPUT MNEMONIC SELECTED COMMENT
SELECTION CODE CURRENT OUTPUT
0 CSA0 A0 Current source connected to pin A0
1 CSA1 Al Current source connected to pin A1
2 CSA2 A2 Current source connected to pin A2
3 CSA3 A3 Current source connected to pin A3
4-7 CSOFF Off Current source switched off

EXAMPLE: connect the current source to pin A3, and start measurement at pin
A4. All other ADC conditions stay unchanged. This example refers to the
hardware configuration for Rsens3 shown in Figure 2.

BIC #01FCh+PD, &ACTL ; Reset SOC and input sel. Bits
. ;6 us delay
BIS #CSA3+A4+S0C, &ACTL ; Start conversion for A4

3.1.1.5 Range Selection Bits

The three range select bits (see Figure 18) define the ADC range that is used for
the conversion.

g R ] T T L T T
Current Source I AD Input Select IVREFI SO(;I
i — " " L |

Figure 18. Range Select Bits
Table 3. Range Select Bits

RANGE MNEMONIC SELECTED COMMENT
SELECTION CODE RANGE
0 RNGA A 010 0.25 x SVce
1 RNGB B 0.2510 0.5 x SVee
2 RNGC C 0.510 0.75 x SVee
3 RNGD D 0.75 x SVce to SVee
4-7 RNGAUTO A,B,C,D Automatic range select

EXAMPLE: prepare the ACTL register for measurement of analog input A3 using
the internal reference, and with the current source connected to A3 and fixed to
range B.

MoV #RNGB+CSA3+A3+VREF, §ACTL

3.1.1.6 Power Down Bit (Pd)

The power-down bit (see Figure 19) reduces the power consumption of the ADC
to the lowest possible value. It switches off the comparator, the SVcc switch, and
the current source.
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T [
I 0 | ADCLK
L 5

L
Range Select
e

T T T T L}
Current Source l AD Input Select IVREFI SO?I
bk T i

Figure 19. Power Down Bit (Pd)

Pd=0: The ADC is switched on.

Pd=1: The SVcc switch is off, the comparator is powered down and the
current source is off. This ensures the minimum current consumption
for the ADC.

EXAMPLE: power down the ADC for minimum current consumption.

BIS #PD, &ACTL ; Power down the ADC
3.1.1.7 Clock Frequency Selection Bits

The two clock frequency selection bits (see Figure 20) select the optimum clock
frequency for the - ADC. This is necessary due to the relatively low maximum

ADCLK frequency (1.5 MHz) compared to the maximum MCLK frequency
(3.3 MHz).

T T T T
Pp I Range Select | Current Source | AD Input Select iVngpi SOCI
bl TR el . .

Figure 20. Clock Frequency Selection Bits
Table 4. Clock Frequency Selection Bits

SELECTIONCODE MNEMONIC DIVISION FACTOR ADCLK FREQUENCY COMMENT
0 ADCLK1 1 MCLK MCLK < 1.5 MHz
1 ADCLK2 2 MCLK/2 MCLK > 1.5 MHz
2 ADCLK3 3 MCLK/3 MCLK > 3.0 MHz
3 ADCLK4 4 MCLK/4 (MCLK > 4.5 MHz)

EXAMPLE: For MCLK = 2.5 MHz, the highest possible ADCLK frequency
(1.25 MHz) is set.

MOV #ADCLK2+RNGAUTO+A3+VREF , §ACTL
3.1.1.8 Bit15

Bit 15 (see Figure 21) should always be set to zero to maintain software
compatibility with future versions of the ADC.

T T T T L v T T
ADCLK l PDI Range Select I Current Source l AD Input Select lvagplsoq
1 il L (] 1 ! it 1

Figure 21. Bit 15
3.1.2 A/D Data Register ADAT

The ADC data register ADAT contains the result of the last A/D conversion. The
conversion data is valid in the ADAT register at the end of a conversion and stays
valid until another A/D conversion is started with the setting of the SOC bit
(ACTL.0). The read-only structure of the ADAT register does not allow
read/modify/write instructions like ADD or BIC with the ADAT register used as the
destination: only the instructions BIT, TST and CMP may be used this way. With
the ADAT register as a source, all instructions may be used.

Figure 22 shows the result of a 12-bit conversion: the value is always between
000h (underflow) and FFFh (overflow), independent of the ADC range used. The
missing range information (bits 12 and 13) must be added by the software.
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15 1" 0
APATL ol o o | o | mss Lss |ACTL.11=0
0118h
r0o ro ro ro r r r r r r r r r r r r
Figure 22. The Data Register ADAT, 12-Bit A/D Conversion
Figure 23 shows the result of a 14-bit conversion: the value is between 0000h
(underflow) and 3FFFh (overflow). Result bits 13 and 12 indicate the range of the
result:
e 00 Range A 0to 0.25 x SVcc
e 01 Range B 0.25 x SVcce to 0.50 x SVee
e 10 Range C 0.50 x SVcce to 0.75 x SVce
e 1 Range D 0.75 x SVcc to SVee
16 13 0
ADAT I 1 o | wse Lse |acTLA1=1
0118h

Figure 23. Data Register ADAT, 14-Bit A/D Conversion

To read the result of the last conversion, use a simple MOV instruction:

MOV &ADAT, RS ; Copy the ADC result to RS
; A new conversion may begin

3.1.3 Input Register AIN

Input register AIN (see Figure 24) is a read-only word register; however, only the
low byte of the register is implemented. The same access restrictions are valid
as described for the ADAT register. AIN.O to AIN.7 correspond to the input
terminals AO to A7. The high byte of the register is read as 00h. Input register AIN
shows the digital input information at the input terminals that are switched to the
digital mode (AEN.x = 1). The formula for the bit AIN.x is:

AIN.x = Ax .and. AEN.x
Where:
AIN.x = Bit x of the input register AIN
Ax = Logic level at the analog input Ax
AEN.x = Bit x of the input enable register AEN
This means, that analog inputs (AEN.x = 0) are read as zero.
15 7 0

AIN
0 0 0 0 0 ] 0 0 |AIN7 [ AIN.G6[ AIN.6 [ AIN.4[ AIN.3| AIN.2| AIN.1| AIN.O

0110h

0 r0 ro 0 r0 ro r0o (] r r r r r r r r

Figure 24. Input Register AIN

EXAMPLE: The A5 input terminalis used as a digital input. Test f this input is high;
if yes, jump to iabel A5HI:
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INITAS BIS  #20h,&AEN ; Use pin A5 as digital input
BIT #020h, &AIN ; Pin A5 high?
JNZ ASHI ; Yes, goto AS5HI

; No, A5 is low

NOTE: Only digital inputs with very low activity or controlied
access (e.g. keyboard scan) should be connected to inputs AO to
A7. Otherwise, this activity influences the measurement results of
the analog inputs.

3.1.4 Input Enable Register AEN
Input enable register AEN (see Figure 25) is a read/write word. However, only the
low byte of the register is implemented. AEN.O to AEN.7 correspond to input
terminals AO to A7. The high byte of the register is read as 00h. The initial state
of all bits is reset.
15 7 0

AEN
0 0 0 0 o] o 0 0 |AEN.7{ AEN.6| AEN.5| AEN.4| AEN.3 AEN.2| AEN.1 AEN.;l
0112h

ro r0 r0 ro ro ro o 0 rw0 rw-0 rw-0 rw-0 rw-0 rw-0 rw-0 rw-0

Flgure 25. Input Enable Register AEN
Input enable register bits AEN.x control the function of input pins A0 to A7:

AEN.x=0: Input terminal Ax is used as an analog input. Bit AIN.x is read as
zero.

AEN.x=1: Digitalinput. The bit read in the AIN register represents the logical
level at the appropriate Ax terminal.

EXAMPLE: The A5 and A4 input terminals are used as'digital inputs. An
application is given with the AIN terminal example.

BIS #030h, &AEN ; Pin A5 and A4 digital inputs
3.2 Current Source

A stable, programmable current source is available at the four analog inputs A0
to A3. With programming resistor Rex between terminals SVcc and Rext, it is
possible to get a defined current, Ics, out of the programmed analog input Ax. Ics
is directly related to the voltage at SVcc. This allows relative measurements to
be made using the current source that are independent from the ADC supply
voltage SVcc. The analog input to be measured and the analog input used for the
current source are independent of each other; this means that the current source
may be programmed to input A3 and the measurement taken from inputs A4 and
A5, as shown in Figure 6 for Rsens3.

3.2.1 Normal Use of the Current Source

Figure 26 shows the normal use of the current source: the generated current Ics
flows through the addressed analog input A0 and generates a voltage drop Vin
at the connected sensor Rsens. This voltage drop Vin is multiplexed to the ADC
and measured.
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The current Ics defined by the external resistor Rex is:

0.25 x Vref

les = = pex

The input voltage Vin at the selected analog input with the current Ics and a
connected sensor Rsens is:

Vin

— Rsens =
s Ies

Vin = Rsens x Ics = Rsens x 9:25 X VREF
Rex

The ADC result N for an input voltage Vin is:

14 Vin _, -Vrer x N
=2 x = Vrer Vin = 574

The above equations lead to the measured sensor resistance Rsens:

Rox___ « Vin = —BeX__ « VREF y N = Rex x N x 212

Rsens = 0.25 X VRer 0.25 x Vrer~ 214

The result N of the A/D conversion is:

0.25 x VREF _ Rsens 12
N = —Flex VRE <— x Rsens “Rox X 2
Where:
Rex = Resistor between pins SVcc and Rex (defines current Ics) [Q]
Rsens= Resistor to be measured (connected between Ax and AGND) [Q] .
VREF = Voltage at SVcc. External (VREF = 0) or internal (VREF = 1) [\

Avee
SVec Switch I__CCC ACTL.1 (VREF = 1)
svee ACTL.12 (Pd = 0)

Rex ﬁﬂl 0.25xSVo
128
Rext 1 -
Ics
128
VREF To
ACTL. 128 Resistor
\: — 6,7(00) B — Decod
e— ACTL. 8 (0)
Ll 128
ics A
J v
v __AGND > Bits ACTL.x indicate State
| For Given Example
Rsens 3 TVIn
3 Ics
A0
4 8:1
A3 oo To the ADC
At Input e ACTL.2,3,4(0,0,0)
A6 MUX 9,4 (0,0, Vin
A7 — ACTL.5(0)
AGND

Figure 26. The Current Source
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If the 12-bit conversion is used, the above equations change to:

0.25 x VRer _
“Rex X Rsens — n x 0.25 X VReF
VRer

N = ><214=(Rs—e"s—n)x212

Rex

This gives, for the unknown resistor Rsens:

Rsens = Rex x (A + n)
212

The code sequence for the measurement shown in Figure 26 is:
MOV #ADCLK1+RNGA+CSAO+A0+VREF, &ACTL ; Define ADC
CALL #MEASR ; Measure Rsens at AQ

; Result in ADAT

When using the current source, it is not possible to use the full range of the ADC:

- only the range defined with Load Compliancein the Electrical Description is valid
(0.5 x SVcc, which means only the ranges A and B). Figures 28 and 29 show the
typical error characteristics of the current source at its limit. Figure 28 shows the
error characteristic for Vcc = 4.5 V and a relatively high Rex (1 kQ). It shows that
up to a ratio of 0.745 for VAO/SVcc (which means range A, B, and nearly all of
range C) the current source works correctly. Then Alcs (the difference between
the programmed Ics and the real Ics) increases linearly with

av _
1] Rex

The reason is saturated transistor T1 of the current source. When T1 is saturated,
only the external resistor Rex determines the current Ics. Figure 27 shows the
measurement circuitry and an explanation of the error curves. The small dashed
box indicates the area that is magnified in Figures 28 and 29.

Svee

IAles!

5
Rex 3 08
0.25xVRer/Rex Rext
Rsens=Infinite

Al
Rsens=7xRex ‘_lcs
Rsens=Rex AV/Al=Rex Rsens |

0...Infinite ;ﬁ Va0

R 0 R %R Al
/ AV Avss Avee
0 A DVss DVcc
T 1
0.26 0.5
A

A0
MSP430C32x

T

VAO/AVce
0 0.75 1.0 »
B c D Range OV +45V/25V

Figure 27. Measurement Circuitry for the Error of the Current Source
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2.50E-05 AVce =4.5 V, Rex =1 kQ

2.00E-05

25C

/-400

1.50E-05 -
Alcs / /

1.00E-05 ,/

N
AN

A\

4%
5.00E-06 7 7
7

0'°°E+°°0.74 0741 0742 0.743 0.744 0.745 0746 0747 0.748 0.749 0.75

Ratio VA0 /AVce

Figure 28. Error of the Current Source at the Limit

Figure 29 gives the characteristic at the other extreme: Vcc = 2.5 V and
Rex = 150 Q. The slope beyond the operation limit of the current source (here at
VAO/AVce = 0.7125) is also:

A_V= Rex

al

AVcce = 2.5 V, Rex=150 Q, T=20°C

2.50E-04

2.00E-04

1.50E-04 /
Alcs /
1.00E-04 / 1/

5.00E-05 /

0.00E+00 /

0.7 0.7025 0.705 0.7075 0.71 0.7125 0.715 0.7175 0.72 0.7225 0.725 0.7275 0.73
Ratio VAO/AVce

Figure 29. Error of the Current Source at the Limit
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The characteristic shown in Figure 29 indicates that the current source works up
to 71% of the applied AVcc under worst case conditions; this includes ADC
ranges A, B and 84% of range C. If Rex is chosen as 1 kQ and SVccis 4.5V, then
the current source works up to a ratio of 0.745, which means it covers nearly 98%
of range C.

If the current source is used with an external amplifier (operational amplifier) that
amplifies the output signal coming from the current source, then the full range of
the ADC can be used with a different ADC input. Figure 30 shows such a circuit.
The signal at analog input AO can use the full range of the A/D converter; the
signal at A1 is restricted to the working area of Ics that is shown in Figures 28 and
29.

The equationé for the circuitry are explained in Application Basics for the MSP430
14-Bit ADC Application Report (SLAA046).[3]

Rex
Rext —-JW\;——l
SVee .
A1
—
R3
MSP430C32x os A1
‘L vm
A0 -
vp
v =R1/(R3|| R4) Rsens
,2?' R4
1
AVss »
DVss AVce

0V +3V{5V)
Figure 30. Application of the Current Source With the Full ADC Range at Input A0

3.2.2 Current Source Used for Level Shifting

If analog signals that lie partially or totally outside of the ADC range of the
MSP430 (AVss to SVcc), need to be measured then the current source can be
used to shift the signal level into the measurable range.

The current transformer, shown on the left in Figure 31, outputs a secondary
voltage that is proportional to the primary current, lac. The signed output voltage
(symmetrical to the AVss voltage) is shifted into the middle of the ADC range by
a current Ics through the resistor Rsh. This current Ics must be small, due to the
sensitivity of current transformers to dc biasing.
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To

Svee Load

Rext

A1
A0

MSP430C32x

Avss Avss

AC Measurement DC Measurement
VA2 = Vct + ics x Rsh VAO = Vsh +Ics x Re

Figure 31. Current Measurement With Level Shifting

The right side of Figure 31 shows the measurement of a signed dc current. Due
to the two directions of the accumulator current (charge and discharge current)
level shifting is necessary: the charge current generates a positive voltage, Vsh;
the discharge current generates a negative voltage, Vsh, at the shunt. The
current, Ics, together with resistor Rc, also shifts the voltage drop of the discharge
current into the ADC range.

The advantages of level shifting by the current source are:
o Possibility to measure signals that are outside of the ADC range
e Omission of the saturation area near the AVss voltage

o Possible readjustment of the zero current ADC value during periods with no
current flow

3.3 SVcc Terminal

The SVcc terminal is the reference for all ADC measurements. The voltage
applied to this terminal refers to the result value 214 (16,384), regardiess of
whether the reference voltage is applied internally or externally (external VREF).
The VREF bit located in the ACTL registers defines whether the internal reference
AVcc is used (VREF = 1) or an external voltage is used (VREF = 0).

3.3.1 SVcc Terminal Used as an Output for the ADC Reference Voltage

Typically, the SVcc terminal is used to supply the reference and voltage to the
ADC circuitry. It can be activated while measurements are being taken and
deactivated for low power periods. Figure 32 shows an example of this. All of the
sensors connected to the MSP430 are powered by the SVcc terminal.

The SVcc terminal outputs the AVcc voltage if the following conditions are true:
VSVee = VRer .and. @ Pd .and. VAVcc

Architecture and Function of the MSP430 14-Bit ADC 2-31



The A/D Controller Hardware

VREF

Isvee
» —<—]svee les
R % Rex %llcs as | —
<
Rext A6
. A4 Rsens3
Vin “VW\—¢ A2
R1 N
A1 < ‘
AS ics
R2 S Rsens2 | Rsenst A0 A7 —>
N >
2 Vs | mspasocazx l vrd l vrd
v Dr2 | Dri
—0— AVss AvVss & L g
AVce
Dvss DVec

ov +5VBV

Figure 32. SVcc Terminal Used as an Output

The voltage, Vin, at analog input A2 is measured in comparison to the voltage at
SVecc. If the voltage, VREF, at SVcc is known (AVcc is stable and known, ISVce
is small), then Vin can be measured exactly. Otherwise an external reference
diode (or equivalent) may be connected to a free analog input, and its voltage,
Vrd, is measured. See Figure 32. The formula for Vin is then:

. Nin ., R1 + R2
Vin = Vrderdx—RQ

Where:
Vrd = Voltage of the reference diode I\
Nin = 14-bit result for Vin
Nrd = 14-bit result for the voltage Vrd of the reference diode

3.3.2 SVcc Terminal Used as an Input for the ADC Reference Voltage

2-32

For absolute voltage measurements an external reference voltage, VREF, is
necessary (see Figure 33). The sensor measurements for Rsens1 to Rsens3 are
made the same way as with the internal reference voltage. The only difference
is the VREF bit of the ACTL register: it is set to zero to allow an external reference
voltage to be used. The formula for Vin is:

o N R+ R
Vin = VREFX214X———-—Hz
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Figure 33. SVcc Terminal Used as an Input for a Reference Voltage

NOTE: [f an external voltage reference is used, then it must be
able to deliver not only the current for the external circuitry but also
a maximum current of 80 pA at 5 V to supply the parts of the ADC
that are connected to SVcc.

The maximum voltage at SVcc when used as an input is. the
voltage applied to AVcc.

Measurements with the ADC using external reference voltages down to 1.2 V at
SVcc showed that the ADC does not change its characteristic. However, the
noise of the result doubles when compared to a 5-V supply. This is due to the
voltage-independent noise generated by the ADC.

3.3.3 Connection of Current Consuming Loads to SVcc

If the current drawn by the external ADC circuitry exceeds 8 mA, then an external
switch for the external analog voltage should be considered. A simple PNP
transistor can be used for this purpose as shown in Figure 34. The SVcc terminal
is used as an input pin for the external reference voltage (ADC control bit VREF
= 0). This method allows the full accuracy of the ADC also with current consuming
loads. Output TP.0 switches the power to the current consuming loads off and on.

The schematic in Figure 34 is simplified for clarity. The connection principle
shown in Application Basics for the MSP430 14-Bit ADC Application Report
(SLAA046)[3] needs to be applied, especially with the larger currents flowing
here.
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Figure 34. Connection of Current Consuming Loads to SVcc

The software for switching the PNP transistor follows. The TP-port handling may
be included in the MEASR subroutine if this is an advantage. The example refers
to the hardware shown in Figure 34. Rsens1 is measured.

BIC.B #TPO, &TPD ; TP.0 pin is low if enabled
BIS.B #TPO, &TPE ; Enable TPO: switch PNP on
MOV #ADCLK+RNGA+CSA2+A2, &ACTL ; ADC: ext. reference
CALL #MEASR ; Measure Rsensl at A2

BIC.B #TPO, &TPE ; Switch PNP off: TPO Hi-Z

; Result in ADAT
3.4  Interrupt Handling

All of the ADC software examples shown previously use polling techniques to
check for conversion completion. This takes up computing power that can be
used more effectively if interrupt techniques are used.

3.4.1 Interrupt Flags

ADC interrupt flags are not located in the ACTL control register. This allows
advanced interrupt handling. Severalinterrupt enable flags in a common byte can
be disabled and enabled together with minimal effort, something that is
impossible with flags located in the individual control words. The two flags
controlling the interrupt of the ADC are:

IE2 .EQU 01h ; Interrupt Enable Register 2
ADIE .EQU 04h ; ADC interrupt enable bit (IE2.2)
i

IFG2 .EQU 03h ; INTERRUPT FLAG REGISTER 2

ADIFG .EQU 04h ; ADC "EOC” Bit (IFG2.2)

3.4.2 Interrupt Handlers

The interrupt structure of the ADC allows the conversion time to be used for other
calculations or procesor tasks. Two ADC interrupt handler examples follow:
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EXAMPLE: analog input A0 {without current source) and A1 (with the current
source enabled) are measured alternately. The measured 14-bit results are
stored in address MEASO for input AO and MEAS1 for input A1. The time interval
between the two measurements is defined by the 8-bit timer: each timer interrupt
starts a new conversion for the previously prepared analog input. Other timers
may also be used for the generation of the time interval.

; Analog input AO Al

; Current Source OFF ON

; Result to MEASO MEAS1
; Range selection AUTO AUTO
; Reference  SVee SVee

Initialization part for the ADC:

MOV #RNGAUTO+CSOFF+AQ+VREF, &ACTL
BIS.B #ADIE,&IE2 ; Enable ADC interrupt

MOV.B #0FFh-3,&AEN ; Only A0 and Al analog inputs
; Initialize other modules

ADC interrupt handler: A0 and Al are measured alternately.
The next measurement is prepared but not started.
The interrupt flag ADIFG is reset automatically

i

ADC_INT  BIT #Al, &ACTL ; Al result in ADAT?
JINZ ADI ; Yes
MOV &ADAT , MEASO ; A0 value is actual
MOV #RNGAUTO+CSON+A1+VREF, &ACTL ; Al next meas.
RETI
ADI MOV &ADAT,MEAS1 ; Al value is actual
MOV #RNGAUTO+CSOFF+AO+VREF, §ACTL ; A0 next meas.
RETI

; 8-bit timer interrupt handler: the ADC conversion is started
; for the previously prepared ADC input

i

T8BINT BIS #S0C, &ACTL ; Start conversion for the ADC
; Execute other timer tasks
RETI
.SECT ”INT_VECO0”,0FFEAh ; Interrupt vectors
.WORD ADC_INT ; ADC interrupt vector
.SECT ”INT_VEC1”,0FFF8h
.WORD TB8BINT ; 8-bit timer interrupt vector

The software for the 12-bit conversion is similar to that for the 14-bit conversion,
the only difference being the replacement of the RNGAUTO bit during the
initialization of the ACTL control register. Instead, the desired range (RNGA,
RNGB, RNGC, or RNGD) is inclutled in the initialization part of each
measurement.
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NOTE: An independent timer—like that used in the example
above—is recommended; do not use the ADC interrupt handler
to restart the ADC. If the ADC interrupt handler starts the next
conversion, then any interrupt failure leads to a flip-flop effect; the
missing ADC interrupt does not start a new conversion, and the
ADC activity ceases.

EXAMPLE: for best results the CPU is switched off during the ADC
measurement. The measurement subroutine starts the conversion and switches
off the CPU afterwards. The interrupt routine called by the conversion completion
resets the CPUoff bit (SR.4) of the stored status register SR and allows the CPU
to continue with the measured ADC result. The 12-bit result is moved to R5.

CPUoff .equ 010h ' ; SR: CPU off bit
GIE .equ 008h ; SR: General Intrpt enable
RNGB .equ 0200h ; ACTL: Select Range B

i

BIC.B #ADIFG,&IFG2 ; Reset ADC flag

BIS.B #ADIE,&IE2 ; ADC Intrpt Enable

EINT ; Enable GIE interrupt
MoV #RNGB+CSOFF+A1+VREF, &4ACTL ; Define ADC
CALL #MEASURE ; Measure with ADC

MoV &ADAT, R5 ; Result to RS

; Process result in RS
; Subroutine: CPU is switched off to get minimum noise

i

MEASURE BIS #S0C, &ACTL ; Start ADC conversion
BIS #CPUoff, SR ; Switch CPU off, MCLK active
NOP ; Wait for completion of ADC
RET ) i

; Interrupt Handler for the Analog-to-Digital Converter

; The CPUoff bit of the saved SR is cleared to allow the

; software to continue after the RETI

ADC_INT BIC #CPUoff,0(SP) ; Allow SW run (CPUoff = 0)
RETI

i

; Interrupt Vectors
.sect "INT_VEC1l”,0FFEAh
.WORD ADC_INT ; ADC Vector
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3.5 ADC Clock Generation

The frequency of the ADC clock, ADCLK, mustbe in a certain range as discussed
in section 2.1.1 ADC Timing Restrictions. To allow the adaptation of the ADCLK
to the full range of the MCLK frequency, four possibilities of prescaling are
provided:

e MCLK if MCLK < 1.5 MHz

e MCLK/2 if MCLK > 1.5 MHz

e MCLK/3 if MCLK > 3.0 MHz
This allows an MCLK/ADCLK combination to be selected for nearly all

applications that fits the calculation needs, while providing the necessary A/D
conversion speed.

4 ADC Characteristics

ADC Error [Steps]

ADC Error [Steps]

The next four figures show typical measured ADC characteristics: the absolute
error (ADC steps) is dependent on the input value (ADC steps from 5 to 16380).
Error characteristics like these are used with Additive Improvement of the
MSP430 14-Bit ADC Characteristic (SLAA047)[4], Linear Improvement of the
MSP430 14-Bit ADC Characteristic (SLAA048)[5], and Nonlinear Improvement
of the MSP430 14-Bit ADC Characteristic (SLAA050)[6] to illustrate the
improvements possible by methods using different hardware and software.

8 g g
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ADC Steps

Figure 35. Error Characteristic Device 1
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Figure 36. Error Characteristic Device 2
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5 Summary

This application report complements Application Basics for the MSP430 14-Bit
ADC (SLAA046)[3] that contains applications of the 14-bit ADC. Additive
Improvement of the MSP430 14-Bit ADC Characteristic (SLAA047)[4] explains
different methads to minimize the ADC error, and the limitations of the ADC.

Alifive of the application reports in the MSP430 14-bit ADC series include system
applications (hardware and proven software) using all parts and modes of the
ADC.
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Appendix A Definitions Used With the Application Examples

; HARDWARE DEFINITIONS

AIN
AEN

ACTL
soc
VREF
A0

Al

A2

a3

A4

aS
Csa0
CSAal
CSA2
CSA3
CSOFF
CSON
RNGA
RNGB
RNGC
RNGD
RNGAUTO
PD
ADCLK1
ADCLK2
ADCLK3
ADCLK4
ADAT
IFG2
ADIFG
i

IE2
ADIE

i

TPD
TPE
TPO

TPl

.equ

.equ

.equ
.equ
.equ
.equ
.equ
.equ
.equ
.equ
.equ
.equ
.equ
.equ
.equ
.equ
.equ
.equ
.equ
.equ
.equ
.equ
.equ
.equ
.equ
.equ
.equ

.equ

.equ

.equ

.equ
.equ

.equ
.equ
.equ

.equ

0110h
0112h

0114h
01h
02h
00h
04h
08h
0Ch
10h
14h
00h
40h
80h
0C0h
100h
000h
000h
200h
400h
600h
800h
1000h
0000h
2000h
4000h
6000h

0118h

03h
04h

0lh
04h

04Eh
04Fh

Input register (for digital inputs)
0: analog input 1: digital input

ADC control register: control bits
Conversion start

0: ext. reference 1: SVcc on
Input AO

Input Al

Input A2

Input A3

Input A4

Input A5

Current Source to A0

Current Source to Al

Current Source to A2

Current Source to A3

Current Source off

Current Source on

Range select A (0 ... 0.25xSVcc)
Range éelect B (0.25..0.50xsvcc)
Range select C (0.5...0.75xSvcc)
Range select D (0.75..SVcc)

1: range selected automatically
1: ADC powered down

ADCLK = MCLK

ADCLK = MCLK/2

ADCLK = MCLK/3

ADCLK = MCLK/4

ADC data register (12 or 1l4-bits)

Interrupt flag register 2
ADC ”"EOC” bit (IFG2.2)

Interrupt enable register 2
ADC interrupt enable bit (IE2.2)

TP-port: address data register
TP-port: address of enable register
Bit address of TP.0

Bit address of TP.1
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Application Basics for the MSP430 14-Bit ADC

Lutz Bierl

ABSTRACT
This application report gives a detailed overview of several applications for the 14-bit
analog-to-digital converter (ADC) of the MSP430 family. Proven software examples and
basic circuitry are shown and explained. The 12-bit mode is also considered, when
possible. The References section at the end of the report lists related application reports
in the MSP430 14-bit ADC series.

1 Introduction

The application report Architecture and Function of the MSP430 14-Bit ADC{1]
explained the architecture and function of the MSP430 14-bit analog-to-digital
converter (ADC). The hardware (registers, current source, used reference,
interrupt handling, clock generation) was explained in detail and typical ADC
characteristics were shown.

Figure 1 shows the block diagram of the MSP430 14-bit ADC.

ACTL.1 (Vref)

ACTL.12(Pd) ooz ) Canc. Pd
:

C 2 4C sc&wc P
128 | o Range
| Mux IR ARIR 2R SR
VH
128 | o)
Resistor
—® o2 Capacitor
128 dacoder | o0 Array
S ey ot er VL
Delay
L 128
S |
AGND —> l’7 1 2 5
(hissy ACTLS, 10(Range) i +
ACTL.11(Auto) ::I Successive Approximation r@
AQ <> Register >
ACTLO(SOC) >
~ et | ey T ADCLKZ] £ou
A3 oo
% ok be— AcTLza 0 =
A8 MUX 4
A7 e— AGTLS (None) L e i
L1222 2227 oK
o SAR13 SARO ACTL14 ACTLO
o = i N
8
| inputButer AN Input Buffer Enable AEN I | oupuraurer apar | | contro Regiter acTL |

{a MDB 0-7 ta MDB 0-7 {,4 115

16-Bit Memory Data Bus, MDB

Figure 1. MSP430 14-Bit ADC Hardware
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Applications

2 Applications

This application report shows several methods for connecting resistive sensors,
bridge assemblies, and analog signals to the ADC. Solutions are given for the
12-bit and 14-bit conversions, with and without using the integrated current
source. The equations shown result in voltages and resistances. To calculate the
sensor values (pressure, current, temperature, light intensity a.s.o) normally with
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non-linear equations, refer to the following sections of Chapter 5:

1.
2
3.
4

5.
6.

Table Processing (Section 5.2)
e Temperature Calculations for Sensors (Section 5.5.6)
— Table Processing for Sensor Calculations

~ Algorithms for Sensor Calculations

— Coefficient Calculations for the Equations
The Floating Point Package (Section 5.6)

2.1 Connection of Analog Signals and Sensors

Figure 2 shows possible methods for connecting analog signals to the ADC. The
methods shown are valid for the 12-bit and 14-bit conversion modes:

Current supply for resistive sensors

.. Voltage supply for resistive sensors

Direct connection of input signals

. Four-wire circuitry with current supply

Reference diode with voltage supply
Reference diode with current supply
The resistance of the wiring, Rwire, in the following equations may be neglected

Rsens1 at analog input A0
Rsens2 at analog input A1

Vin at analog input A7

Rsens3 at output A3 and inputs

A4 and A5

Dr1 at analog input A6
Dr2 at analog input A2

-if it is low compared to the sensor resistance.

SVce SVee
RVS  Rex ‘lcsH A3
<
Rext A6
A4
A7
MSP430C32x
Al
AS
Rsens2| _ Rsenst Ao A2
N <
A 4 ¢|“
AvVss Avss
DVss DVee
oV 5Vvi3v

Figure 2. Possible Connections to the ADC
2.1.1 -Current Supply for Sensors

The ADC formula for the resistor Rx in figure 3 (Rsens1 in Figure 2) which is fed
from the current source is (14-bit conversion):
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N = Viao 214 lcs x (Rx + 2 x H‘wirea))< o4
VRer VRer

0.25 x VREeF, (Rx + 2 x Rwire)
X

N = Rex ot4 . Ax+ 2 x Rwire, 12

Vref Rex
This leads to:

_ N i
Rx = Rexx-21—2—2x Rwire

For the 12-bit conversion the formula is:

N = VA0 -1 x 0.25 x VREF, 14 _ (w - n) x 212
VREF Rex

This leads to:

Rx=Fiex><(-2%+n)—2waire

Where: N ADC conversion result for resistor Rx
Rx Sensor resistance [Q]
Rex Current source resistance (defines Ics) Q]
Rwire  Wiring resistance (one direction only) [
VRer  Voltage at terminal SVcc (internal or external reference) [V]
Vao Voltage at the analog input AQ \Y
n Range number (0,1,2,3 for ranges A,B,C,D)
Ics Current generated by the current source [A]
VREF SVce
Rex
Icsi Rext
Rwire
- Ios A0 MSP430
Rx Rwire ml
* AVss AVce
DVss DVce
ov 5V

Figure 3. Current Supply for the Sensor Rx

Application Basics for the MSP430 14-Bit ADC

2-47



Applications

If the resistance of the wires may be neglected (Rx >> Rwire) then the above
formulas simplify to (14-bit conversion):

Rx = Flexx—N—

_ Bx 12
N = Rex %2 21

For the 12-bit conversion the formulas become:

Rx _ 12 = « [N
N = (R n)x2 Rx Rexx(212+n)

2.1.2 Voltage Supply for Sensors

The ADC formula for the resistor Rx in figure 4 (Rsens2 in Figure 2) which is
connected to Vref through the series resistor Rv is (14—bit conversion):

_ Vai 14 _ ___Rx+ 2 x Rwire 14 - N
N= Vrer % 2 I?v+Px+2><Ffwire>(2 — Ax Hvx214—N

— 2 x Rwire
For the 12-bit conversion the formula is:

= (JA - nx 025) x 21 = (AT 2 X AW _ x 0.25) x 21

VRE} Rv + Rx + 2 x Rwire
This leads to: _
Rx = RV x ——s—— — 2 x Rwire
N+nx 22
Where: Rv Resistance of the series resistor [Q]
Va1 Voltage at the analog input A1 vl

VRer

MSP430

AVce
DVss DVece
ov 5V

Figure 4. Voltage Supply for the Sensor Rx

If the resistance of the wires can be neglected (Rx >> Rwire), the above formulas
simplify for the 14-bit conversion to:

N Frv+Hxxz Rx Rv><214_N
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For the 12-bit conversion the formula becomes:

Rx 14, Py = 1
N = (B - 0.25) x 21 — Ax = Av x —5z ,

N+nx2%2

2.1.3 Four-Wire Sensors Circuit

Four-wire circuits eliminate errors due to the voltage drop caused by the
connection lines (Rwire) to the sensor. Instead of two lines, four are used—two
for the measurement current, and two for the sensor voltages. The two sensor
lines do not carry current; the current at the analog inputs is in the nanoamp
range, so no voltage drop falsifies the measured values. The four-wire circuit is
used with a heat volume counter shown in the Section 4.5, Heat Volume Counter.”

Figure 5 shows the four-wire circuit with its current supply.

VREF 4 SVee
Rex A
Rwire ¢ lcs ext
——WWA————0——— A2
T I=0 " MSP430
Lax =0
Va1 A0
Rwire
R2 Vao
& Avss
DVgg DVe¢e
oV 5V

Figure 5. Four-Wire Circuit With Current Supply
The difference AN of the two measurement results for the analog inputs A1 and
AQ is:

AN = (Va1 - Vao) x 5— Vn = lcs x ((Rx + Rwire + R2) — (Rwire + R2)) x =—

EF VREF

AN = 925 x VRer  p o 2 _ RBx  o12
Rex

VRer  Rex
This gives for Rx:
Rx = Rex x ‘z'N

Where: AN Difference of the two ADC results (here NA1 — NAQ)

As the two final equations for AN and Rx show, the influence of the Rwire
resistances disappears completely.
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NOTE'
The two formulas above are valid for 14-bit and 12—b|t conversions. If
the 12-bit ADC results are measured in different ADC ranges, then the
12-bit results need a correction (the missing two MSBs—13th and 14th
bits—of the ADC results must be added):
RangeA:0 RangeB:1000h Range C:2000h Range D: not possible

Resistor R2 is necessary, because the ADC cannot measure down to AVss (0 V)
due to saturation effects. R2 may be quite small; it is only necessary to get above
the saturation voltage—normally less than 30 ADC steps.

The software to measure AN is shown next. The hardware of Figure 5 is used:

; Measure upper leg of Rx at input Al and store ADC value.
The Current Source is connected to A2

i

MOV #RNGAUTO+CSA2+A1+VREF, &ACTL ; Define ADC
CALL  #MEASR ; Upper leg voltage of Rx (Al)
MoV &ADAT, R5 ; Store Al value in R5

Measure lower leg of Rx at input AO0. Current Src to A2

MOV #RNGAUTO+CSA2+A0+VREF, &ACTL ; Define ADC .
CALL  #MEASR ; Lower leg voltage of Rx (A0)

The difference delta N of the 2 measurements 1s proportional
to the value Rx: Rx = Rext x deltaN x 2a-12

SUB &ADAT, R5 ; R5 contains delta N
; Calculate Rx

2.1.4 Connectlon of Bridge Assemblies
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Bridge assembly sensors are best known for pressure measurement The
voltage difference (Vp — Vm) between the two bridge legs changes with the
pressure to be measured. For clarity, the temperature measurement circuitry that
is normally necessary is not included.

Bridge A y1
‘VREF SVee Bridge Assembly 2
R1

Rext n:b : Rb

A1 + —AWA \'/

vm {vp A3 m

A2 L . Vp

Rb Ly A4 Reference Rb ¥

< <
/S Rb 2 Rb
MSP430C32x

AVss  Avss

DVss DVss
-1
oV 3V(YV)

Figure 6. Connection of Bridge Assemblies

On the left side of Figure 6, a bridge assembly creates a voltage difference large
enough to be measured by the ADC with appropriate resolution. The
measurement result is the difference of the two ADC results measured at the A1
and A2 analog inputs.
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Va - Va1 14 _, 14 _ ARb

AN = Ve x 2 AV = AN x VRer x 27 VREF x 52 Bb

Where: AN Difference of the two ADC results (here Na2—Na1)
VAx Voltage at the ADC input Ax measured to AVss vl
AV Difference of the two bridge leg voltages (here Va2-Va1)  [V]
ARb Change of a single bridge resistance due to measured value

Q]

ARb  Nominal value of a single bridge resistor Q]

With the above equations, the interesting bridge output value ARb/Rb becomes:

4Rb _ 14
Bb AN x 2~

If the difference of the two measurements is too small to be used, an operational
amplifier may be used as shown on the right of Figure 6. Here the possibility to
measure the reference voltage (one of the two bridge legs) is shown too: analog
input A4 measures the reference that can be used for a better result together with
the input A3.

The voltage difference AV between the analog inputs A3 and A4 is:

4V = VA3_ VA4 =(vx(Vp—Vm)+ Vp) - Vp=vx (Vp— Vm)

_ R _ =R _Vrer - _,31_ ARb
= m X (Vp— Vm) B X7 x Rb((Rb+ARb) (Rb — ARD)) X VREF x &&= “Fb

The same voltage difference AV described with the ADC equation is:

AV = Vaz - Vas = (g’ﬁ’ ’;jf:) x VREF = (Nas - Naa) x ‘;F:EF

Combining the two equations above delivers the interesting two equations:
= vx4Bb 514 - Bl ARb . 514
AN = v x Rb x 2 mebXZ

For the bridge output value ARb/Rb, the following equation is used: the value
ARb/Rbis necessary for the final calculation of the measured item, e.g., pressure
= f(ARb/RD):

4Rb _ AN __ B2 . Nas = Nas

“Rb T vx 2% R 214

Where: AN Difference of the two ADC results (here NA3-NA4)
AV Voltage difference of analog inputs A3 And A4

(VA3-VA4)
v Amplification of the operational amplifier: v=R1/R2
Vp Voltage of the bridge leg connected to the

noninverting input Vi
Vm Voltage of the bridge leg connected to the

inverting input vl
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If the reference input (analog input A4 in Figure 6) is not implemented, then the
difference of two measurements at the amplifier output (analog input A3 in
Figure 6) is used. The voltage difference AV between two measurements is:

ARb1 — ARbO

AV = VA31 - VA30 = (v+ 0.5) x Vref x Bb

The same voltage difference AV described with the ADC equation is:

AV = Vast - Vago = (Az’%—ﬁz"f’—f)x VREF=(N431-NAao)x-‘§§§E

The two equations above deliver the equation for AN, e.g., the ADC value
representing the difference of two weights:

(ARbT — ARbO) 14

_ _ ARb1 — ARBO ., 514 _ (R1
AN = st - Nao = (v + 0.5) x AFBLARE0 (m+o.5) —

And for the difference of the two bridge output values that represent for example
a weight difference. The value ARb/Rb is used for the final calculation of the
measured item, e.g., the weight G = f(ARb/Rb):

ARb _ ARb1 — ARDO _ _ Nas1-Naso  _ __ Nast - Naso
Rb Rb (v+ 05) x 214 (% + 0.5) x 214

Where: AN Difference of the two ADC results (here Na31—Na3o)
Nazo  ADC result of the 1st measurement, e.g., the zero point
of the bridge
Nas1 . ADC result of the 2nd measurement, e.g., a weight
measurement
AV Voltage difference of two analog measurements
(VA31-VA30) Vi
Vaso  Voltage at the analog input A3, e.g., for the zero point
of bridge \Y
Vas1  Voltage at the analog input A3, e.g., a weight
measurement
v Amplification of the operational amplifier: v=R1/R2
ARbO Resistor deviation (Rb0-Rb) of the 1st measurement [Q)]
ARb1 Resistor deviation (Rb1-Rb) of the 2nd measurement [Q]
ARb  Resistor difference (Rb1-Rb0)
Rb Nominal value of a single bridge resistance [Ql

2.1.5 Reference Measurements

The simplest way to get a reference voltage is to use the supply voltage of the
MSP430. If this is not possible, and a stable reference voltage is needed, e.g. for
voltage measurements, then a reference diode can be used. Figure 7 shows two
ways to connect a reference diode to the MSP430:

e The reference diode Dr1 is fed via the series resistor Rvd
e The reference diode Dr2 is fed by the current source of the MSP430
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VSVee
— Svee

Rvd Rex v"s MSP430G32x
Rext

Vin —VW\—¢ A2
R1

A1

A0

A2 vnnl ¥v0rz % vcs
Dr1
L g * AVss

DVss DVee

—t |

ov 5V/I3V

Figure 7. Connecting Reference Elements

If the external voltage Vin shown in Figure 7 is to be measured, then the following
equations may be used. For reference purposes the voltage VDr is used, not the
unknown supply voltage Vsvcce:

A+ R2 Nm
2

B x Vsvee

Vin = T=E

The unknown voltage Vsvcc is fixed by the measurement of the reference voltage
VDr:

NDr - 214
Vor = 14 x Vsveec — Vsvee = o X VDr ;
This leads to:
in=f1+FR2  Nin

Vin = A X Nor % Vor

Where: Vin Input voltage to be measured I\
Vsvec  Supply voltage at terminal SVcc vi
Vor Voltage of the reference diode Dr V]
Nin ADC measurement result for the input voltage Vin
Nor ADC measurement result for the reference voltage Vor
R1, R2 Voltage divider for input voltage Vin Q]

If the supply voltage Vsvce is overlaid by hum (mains driven supply), then the

referencing method shown above gives much better results if the reference diode

Dr is measured twice—once before the input voltage Vin (Nbro), and once

afterwards (Nor1). The two ADC results, Noro and Nor1, are used as follows:

Rl+ R, _2xNin ”
2

Noo + Nom = Vo

Vin =

The calculation above uses the mean value of the measured values of the voltage
Vsvce (linear correction).

Application Basics for the MSP430 14-Bit ADC
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a

2.2 14-Bit Analqg—t’o—Digital Conversion With Signed Signals

The MSP430 ADC measures unsigned signals from Vref, the voltage applied to
the terminal SVcc (internal or external), to AVss. If signed measurements are
necessary then a virtual zero point has to be provided. Signals above this zero
point are treated as positive signals; signals below it are treated as negative ones.
Four possibilities for a virtual zero point are shown in this chapter:

e Virtual ground IC: The zero point is provided by a special IC

e Split power supply:  The zero point is provided by two power supplies

e Current source: The zero point is provided by the current source and
a drop resistor
e Resistor divider: The zero point is provided by a resistor divider

The signal source is connected to the virtual zero point with its reference potential
(first two solutions) or to the AVss potential (last two solutions).

2.2.1 Virtual Ground IC
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With the phase splitter TLE2426, a common zero point is provided which lies
exactly in the middle of the voltage between the Vref and the AVss potential. The
reference voltage Vref may be internal (AVcc) or external. All signed input
voltages are connected to this virtual ground with their reference potential. The
virtual ground voltage (at analog input A0 in Figure 8) is measured after regular
time intervals, and the measured ADC value is stored and subtracted from the
measured analog input signal V1 (here atinput A1). This results in a signed, offset
corrected ADC value for the signal at the analog input A1. The virtual ground
method is used with some electronic electricity meters shown in Section 4.1,
Electricity Meters.

VREF

-25Vto25V

TLE2426

A0 MsP430

AVss
DVss DVee
NOTE: The V1 rangeis—1.5V to 1.6 V for Vygf=3.0 V |
ov 5V

Figure 8. Virtual Ground IC for Signed Voltage Measurement
The formula for the difference of the ADC results AN is:

AN=(NA1-NAo)=ﬂv%E‘:—VQx2‘4—%x214=%x214
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This leads to the formula for V1:

AN
Vi = VREF x 214
Where: V1 Voltage to be measured Vi
AN Difference of the two ADC results (here NA1 — NAo)
VrRer  Voltage at the SVcc terminal measured against AVss
terminal \Y!
Wvg Voltage at the AO terminal (0.5 x Vref) V]

EXAMPLE: The virtual ground voltage at AO is measured and stored in location
VIRTGR (register or RAM). The value of VIRTGR is subtracted from the ADC
value measured at input A1; this gives the signed, offset corrected value for the
input signal at the A1 input. The measurement subroutine MEASR shown in
Section 4.1 is used.

VIRTGR .EQU R6 ; Virtual Ground ADC value
; Measure virtual ground voltage at input A0 and store value
; for reference. MCLK = 3MHz: divide MCLK by 2

MoV #ADCLK2+RNGAUTO+CSOFF+A0+VREF, &ACTL
CALL #MEASR ; Measure A0 (virtual ground)
MOV &ADAT,VIRTGR ; Store result: l4-bit value
; Measure analog input signal V1 (0 ...03FFFh) and compute
; a signed, offset corrected value for V1 (0E000h ...O0lFFFh)

MoV #ADCLK2+RNGAUTO+CSOFF+A1+VREF, &ACTL

CALL  #MEASR ; Measure Al (input voltage V1)
Mov &ADAT, R5 ; Read ADC value for V1
SUB VIRTGR, RS ; R5 contains signed delta N

V1l = vref x deltaN x 2"-14
2.2.2 Split Power Supply

With two power supplies, for example with 2.5 V and —2.5 V, a potential in the
middle of the MSP430 ADC range can be created. Figure 9 shows this
arrangement. All signed input voltages are connected to this voltage with their
reference potential (0 V). The mid range voltage (at analog input A0) is measured
after regular time intervals and the measured ADC value is stored and subtracted
from the measured signal (here at analog input A1). This gives a signed, offset
corrected result for the analog input A1. The split power supply method is used
with some of the electronic electricity meters shown in Section 4.1, Electricity
Meters.
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25V
SVee
-25Vtio25V
| A1
Vi
VRer :
ov A0 MsP430
0.5xVREF
-25V
AVss
DVss DVce
25V 25V

Figure 9. Split Power Supply for Signed Voltage Measurement
The formula for the difference of the ADC results AN is:

V1 + (0.5 x VREF) o1 (0.5 x VREF) oV o
F

AN = (Nat — Nuo) = VREF VREF

This leads to the formula for V1:

= VREFxé’—N

214

Where: V1 Input voltage to be measured [\
AN Difference of the two ADC results (here Na1—Nao)
VREF Voltage between the SVcc and the AVss terminals I\

The same software example can be used as shown before with the virtual ground
IC. )

2.2.3 Use of the Current Source

With the current source method shown in Figure 10, a voltage that is partially or
completely below the AVss potential can be shifted into the middle of the used
ADC range of the MSP430. This is accomplished by a drop resistor Rh whose
voltage drop shifts the input voltage accordingly. This method is especially useful
if differential measurements are necessary, because the ADC value of the
signal’s midpoint (zero point) is not available as easily as with the two methods
shown previously. If absolute measurements are necessary, then a calibration or
a measurement with a known input voltage equal to the zero point is needed.
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VREF SVece
Rex l fes
| Rext
Rh
|A1
'Csl MSP430
Vi VA1

-1.26V 101.25V@5V

L g AVss
Dvss Dvcc
ov 5v/3v

NOTE: The V1 rangeis —0.75 V...+0.75 V for Vret = 3 V

Figure 10. Current Source Used for Level Shifting

The example of Figure 11 shows an input signal V1 ranging from —1.25 V to
1.25 V. To shift the signal’s zero voltage (0 V) to the midpoint voltage Vzv of the
usable ADC range (this range is approximately 0.5 x Vref, so Vzv is 0.25 x Vref)
a current Ics is used. The necessary current Ics to shift the input signal is:

Vv gy Vev_ _ Vzv
fes = Rh R Ics 0.25 x VREF
Rex

vi T ADC Value
VREF 03FFFh

0.75 x VREF  03000h

0.5 X VREF  02000h — vi /\ Input Voltage
0.25 x VREF  01000h l t Signal Zero Voltage
vzvl U l VA\—
0 00000h
Time

0

Figure 11. Signed Signals Shifted With the Current Source

Therefore the necessary shift resistor Rh is (Rh includes the internal resistance
of the voltage source V1):

_ _Vzv x Rex
Rh = 0.25 x VREF

with Vzv chosento: Vzv = 0.25 x VREF — Rh = Rex
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Where: Vzv Voltage of the signal midpoint (signal zero voltage) I\Y]
VRer  Voltage at the SVcc terminal (external or AVcce) I\
Rex Resistor between SVcc and Rext terminal (defines'Ics) []
Rh Shift resistor Q]

The voltage VA1 at the analog input A1 is:

Vat = Vi + Rh x lcs = Vi + Rh x 0:25.X VREF

- Rex
The offset part (Rh x Ics) of the last equation is typically measured during a time
when V1is known to be zero. This offset is stored in the RAM and subtracted from
any measured value for V1. This leads to signed, offset corrected values for V1.

The unknown voltage V1 is:

_ _ 0.25 x VREF _ N _ Rhx0.25
VI = Van - A x Q28 XCVREE — yger x (N, - Bih < 0.25)

With Rh=Rex: V1 = VAEF x (—N— - 0.25)

214
Figure 12 gives two practical examples for dc and ac measurements using the
current source. Both applications measure signed voltages that are partially (the
negative parts) out of the ADC range of the MSP430.

To Charger —-1>_T— TolLoad
Avee/2
Aveel4 Svee t
AVss -1 Rex |
‘ les o Accumulators
Rext R1g |
<
At ————”——4‘?‘“ " 1
urren
A2 A0 —>
Re ics
Iac¢ P >
MSP430C32x vao  ven| 3R2 Shunt
Avss Avss ov
AC Measurement DC Measurement

Figure 12. Signed Current Measurement With Level Shifting (Current Source)

AC Measurement: A current transformer CT is shown. Its output voltage is
shifted into the ADC range by the current Ics of the current source and the resistor
Rsh. The tolerable range for Ics is:

Icsmin < Ics < ldemax

Icsmin is defined by the ADC specification, and Idcmax is given by the current
transformer specification. Current transformers normally are sensitive to dc bias
currents. Reu is the resistance of the transformer’s secondary winding (normally
Rid >> Rcu).

Va2 = Vet + (Rsh + Rcu) x Ics
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This leads to:

N__ 0.25 x (Rsh + ARcu)
214 Rex

Vet = VA2 - Rsh x Ics = VREF x (—

DC Measurement: The charge and discharge currents of an accumulator cause
a voltage drop at the shunt resistor. This signed voltage drop Vsh is shifted into
the ADC range by the resistor Rc (normally Rshunt << Rc).

VAo = Vsh + Rc x Ics

This leads to:

— _ _ N _ 025 x Rc
Vsh = VAo - Rc x Ics = VREF x (21 T Rex )

2.2.4 Resistor Divider

If the input voltages are high — which means normally higher than 10 x VREF —
then, as shown in Figure 13, a simple resistor divider may be used for the level
shift into the ADC range.

Vi VA1 VREF SVee
VREF R1
VREF/2 -}
0 Rh
MSP430
vi VA1
R2
1Vii>>
VReF
" g L g AVss
DVss DVce

oV 5Vor3v

Figure 13. Resistor Divider for High Input Voltages

For input voltages V1 that are much higher than VREF, the following equation is
valid (Rh >> R2):

Var = V1 x——ﬂl—ﬁ2—+ VREF x R2__ _ Nm X VREF

R1lIR2 + Rh R+ R 214

214 Rl + R2

To get the full accuracy of the ADC, the condition R111R2 < 27 kQ rust be
fulfilled.

; . - Nat R2 _Rh
This leads to: V1 = VREF x ( ) X (1 + R1IIR2)

Application Basics for the MSP430 14-Bit ADC



Applications

For high input voltages V1 the resistors R1 and R2 are normally equal—it is not
possible or necessary to correct the small error of the input signal—so the
equation simplifies to:

= . { N = Nat
Var = Wi xm+2th+0.5x VREF 214x VRerF

This leads to: V1 = VREF ( b - 0.5) x (1+ 2280

The dc offset part (0.5 x VREF) of the last equation is typically measured during
a time when V1 is known to be zero. This measured offset is stored in the RAM
and subtracted from any measured value for V1. This leads to signed, offset
corrected values for V1.

For input voltages that have no dc-part (e.g., sinusoidal signals), the zero point
can be calculated by an integration of the input signal. After a multiple m of the
signal period, the integrated sum of ADC results equals mtimes the value of the
zero point. i

2.3 12-Bit Analog-to-Digital Conversion With Signed Signals

The asymmetrical arrangement of the four ADC ranges reduces the number of
solutions that are possible with the 12-bit conversion:

¢ Normal phase splitter circuits are not able to shift the virtual ground into the
middle of range A, B C or D as it is necessary here. See Table 2 column Vvg
for the center values of the four ADC ranges.

e The split power supply method would need two voltages to get the zero point
into the center of the used range: e.g., 0.625 V and 4.375 V for range A if a
5-V supply is used.

NOTE: The formulas given in this section are valid only if both
measurements for differences (AN) are measured in the same
ADC range. Ifthey are measured in different ADC ranges, then the
12-bit results need a correction (the missing two MSBs of the
ADC result must be added). The correction numbers are:

Range A: 0

Range B: 1000h

Range C: 2000h

Range D: 3000h

2.3.1 Virtual Ground Circuitry
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The phase splitter TLE2426 delivers only one half of the input voltage at its output
terminal; it cannot be used here. With a simple op amp as shown in Figure 14,
the necessary output voltages for the four ADC ranges can be obtained:

R =R1 + R2. See Table 1 for the relative resistor values.
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Table 1. Resistor Ratios

ADC Range Voltage VVG R2 R1
A 0.125 x VREF 0.125x R 0.875 xR
B 0.375 x VREF 0.375x R 0.625 x R
C 0.625 x VREF 0.625 x R 0.375 xR
D 0.875 x VREF 0.875 x R 0.125 x R

Resistors R1 and R2 can have relatively high resistances. Only the offset current
of the op amp limits these resistor values.

VRer
SVee
R1 At
@ ~0.6V100.6V@5V l"‘
A0
4
R2 Vvg
MSP430
AVss
oV
DVss DVee
NOTE: The range for V1 is -0.37 V t0 0.37 V if VRer is 3V
ov 5V/3V

Figure 14. Virtual Ground Circuitry for Level Shifting

The formula for the difference of the ADC results AN measured at the analog
inputs A1 and AQ is:

AN=(/\/A1—NA0)=%J><2M—‘yT"Engz‘u%Exz14

This leads to the formula for V1:

= AN
Vi = VREFXEﬁ

Where: V1  Voltage to be measured inside of one ADC range V]
AN  Difference of two ADC results (here Na1—Nao)
VRer Voltage at the SVcc terminal measured against AVss terminal [V]
Vvg Voltage at the AO input (center of the used ADC range) V]

EXAMPLE: The center voltage of the C range (at analog input AQ) is measured
and stored in location VIRTGR (register or RAM). The value of VIRTGR is
subtracted from the ADC value measured at analog input A1; this gives the
signed, offset corrected value for the input signal at the A1 input. The
measurement subroutine MEASR of section 4.1 is used.
; Measure center voltage of range C at analog input A0 and
; store value for reference. MCLK = 3.3MHz: divide MCLK by 3

MOV #ADCLK3+RNGC+CSOFF+A0+VREF, &ACTL

CALL  #MEASR ; Measure A0 (center voltage)

Application Basics for the MSP430 14-Bit ADC
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MOV &ADAT , VIRTGR ; Store result: 12-bit value

Measure analog input signal V1 (0 ...0FFFh) and compute
a signed, offset corrected value for V1 (0F800h...07FFh)

MoV #ADCLK3+RNGC+CSOFF+AL1+VREF, &8ACTL

CALL  #MEASR ; Measure Al (input voltage V1)
MOV &ADAT, R5 ; Read ADC value for V1

SUB VIRTGR, RS ; R5 contains signed delta N
. ;

V1l = Vref x deltaN x 27-14
2.3.2 Use of the Current Source

For signed signals it is necessary to shift the input signal V1 to the center of the
ranges A or B. See Figure 15.

Vi VA1 VA1 VREF SVoc

2000h |
Range B -| Rex cs

1000h -
Range A - Rext

01 Rh
Al
les l MSP430
Vi VA1

-1.6V to0.6V@5V

© AVss
DVss DVee

3

ov 5Vor3v

NOTE: The range for V1 is —0.37 V 10 0.37 V if VRer is 3 V

Figure 15. Current Source Used for Level Shifting
To get into the center of range n the necessary shift resistor Rh is:

= 2n+1 Rex _
Rh = 0.25 x VREF x 5 X 035 x VreF Rh = (n + 0.5) x Rex

The unknown voltage V71 measured to its zero point in the center of range n is:

V1 = Vax- Rh x lcs

With the above equation for Rh this leads to:

- N, ,_Bh
V1 =0.25 ><. VREF x (212 +n Rex)
2.3.3 Resistor Divider

The same circuitry is used as shown for the 14-bit conversion. See Figure 13.
With the 12-bit conversion, it only makes sense to use the A range. This means
for resistors R1 and R2, if R = R1 + R2:

R1 = 0.875 x Rand R2 = 0.125 x R.
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For input voltages V1 that are much higher than VRer, the following equation is
valid (Rh >> R2):

R1lIR2

R__ Na
X m+ VREF x = x VREF

var =t R+ R 21

With the above values for R1 and R2 this leads to:

= Nai _ ____Rh
Vi = VREF x 0.125 x (211 1) 1+ gise s os7s )

To get the full accuracy of the ADC, the condition R11IR2 <27 k2 must be fulffilled.
This means R < 247 kQ.

2.4 Reference Resistor Method

A systemthat uses sensors normally needs to be calibrated, due to the tolerances

of the sensors themselves and of the ADC. A way to omit this costly calibration

procedure is the use of reference resistors. Two methods can be used, depending
on the type of sensor:

1. Platinum sensors (e.g., PT500, PT100): These are sensors with a precisely
known temperature/resistance characteristic. Two precision resistors are
used with the sensor resistances of the temperatures at the two limits of the
temperature range.

2. Other sensors: Nearly all other sensors have insufficiently tight tolerances.
This makes it necessary to group sensors with similar characteristics, and to
select the two reference resistors according to the sensor resistances at the
upper and the lower measurement range limits of these groups.

If the two reference resistors have—within the needed accuracy—the values of
the sensors at the measurement range limits (or at other well-defined points) then
all tolerances are eliminated during the calculation. Therefore, no calibration is
necessary.

NOTE: For voltage measurements, the reference method
described above can be used with two reference voltages instead
of two resistors. In this case, substitute voltages for the
resistances used with the next equations.

2.4.1 Reference Resistor Method Without Amplification

This method can be used for the input range given by the current source—the A
and B ranges and part of range C. For details, see Architecture and Function of
the MSP430 14-Bit ADC[1]
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The nominal formulas given in the previous section need to be modified if the
tolerances of the ADC, the current source, the external components, and the
sensor are considered. The ADGC value Nx for a given resistor Rx is now:

_ Bx 12
Nx = Fox < 2% x Slope + Offset

The slope and the offset are used for the correction of the measured result Nx.
For the calculation of the slope and offset measurements with different resistors,
Rx are necessary. With the hardware shown in figure 16 this calibration process
can be omitted.

Rex SvVee
Icsl %
\ Rext
A0
At
A2 MSP430
Rref1 Rx Rref2 |
S
S
L g Avss
DVss Dvee
ov 3Visv

Figure 16. Referencing With Precision Resistors — No Amplification

With two known resistors Rref1 and Rref2 as shown in Figure 16, it is not
necessary to know the slope and the offset to measure the value of the unknown
resistor Rx exactly. Measurements are made for Rx, Rref1, and Rref2. The ADC
results for these three measurements are:

_ ﬁ)& 12 _ Rrefl 12 _ Rref2 12
Nx = Rox 2 Nrefl = - 2 Nref2 = “Fax X 2

The result of the solved equations shown above leads to:

Nx — Nref2
Rx = m X (RrefZ—Rreﬂ) + Rref2
Where: Nx ADC conversion result for sensor Rx

Nreft  ADC conversion result for reference resistor Rref1
Nref2  ADC conversion result for reference resistor Rref2
Rreft  Resistance of Rref1 (equals Rxmin) [Q]
Rref2  Resistance of Rref2 (equals Rxmax) Q]

As shown, only known or measurable values are needed for the computation of
Rx from Nx. Slope and offset influences of the ADC disappear completely:

e The offset disappears due to the two subtractions, one in the numerator and
one in the denominator of the fraction above.
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e The slope disappears due to the division

EXAMPLE: The values of these two reference resistors are chosen here for a
PT1000 temperature sensor:
Rref1: 1000 Q: The vaiue of Rxmin. The resistance of a PT1000 sensor at
0°C (Tmin)
Rref2: 1380 Q: The value of Rxmax. The resistance of a PT1000 sensor at
100°C (Tmax)

2.4.2 Reference Resistor Method With Amplification

If amplification is necessary to get a better resolution, then the solution shown
below may be used. The full ADC range (0 to 3FFFh) can be used at analog input
A1 despite the use of the current source at analog input A0. As with the section
above, the offset and slope disappear; this is also true for the voltage drop at the
outputs TP.x due to RDSon. The TP port of the measured resistor is switched to
AVss potential; the other ones are set to Hi-Z.

The only error source of this arrangement is the difference of the internal
resistances of the TP outputs (ARDSon). To minimize the influence of different
internal resistances RDSon, only sensors with a minimum resistance should be
used, e.g., PT1000 not PT100.

For the full 14-bit resolution at the analog input A1 the following design equations
are valid (Rref2 > Rref1). They simplify this way if Rex is chosen to:
Rex = Brer
2
This results in a maximum voltage of VREF/2—the safe maximum output voltage

the current source can deliver—at the analog input A0 for the maximum resistor
value Rref2. )

- Rreft
VM = Breft + Rref2

The calculated amplification v of the op amp needs to be reduced by 10 to 15%
to be sure that Va1 does not saturate under worst case conditions.

- VREF __R
x VRer V= VREF2 x Vm -~ RRIR3
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o—|svee
R2 R1 Rex %_
V=R1/(R21IR3) R

ext
oy MSP430C32x
A1

\ 4
o—©-

= |
- A0
>
Rref2

Vm

R3

AN

les
Rref1 Rx

TP.0

TP1

TR.2

AVss

ov DVss DVee

ov 5vV/3Vv

Figure 17. Referencing With Precision Resistors — With Amplification

As Figure 17 shows, with two known resistors Rref1 and Rref2 it is possible to get
the values of unknown resistors exactly. The result of the solved equations gives:

ANx — ANref2
Rx = m X (Rref2 - Rref1) + Rref2
Where: ANx Difference of the two ADC results for Rx (Na1-Nao)

ANref1  Difference of the two ADC results for Rref1 (NA1-NA0)
ANref2  Difference of the two ADC results for Rref2 (NA1-Nao)
Vm Voltage generated by the resistor divider R2 and R3

The differences named above are the differences between the ADC conversion
results measured at the analog inputs A1 and AO for each resistor:
AN = NA1 — Nao.
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3 Hum and Noise Considerations

3.1 Connection of Long Sensor Lines

If the distance from the MSP430 to the sensor is long (>30 cm) then it is
recommended to use a shielded cable between the microcomputer and the
sensor. This avoids spikes at the ADC input that cause measurement errors, and
also gives protection to the ADC input. Figure 18 shows this schematic on the left
side. In the same way, four-wire circuitry may be connected to the MSP430.

If a shielded cable cannot be used, the circuitry shown on the right side of Figure
18 should be used; the AVss line in parallel to the signal line gives a relatively
good screening. Twisting the two lines increases the protection.

To protect the measurement against spikes, hum, and other unwanted noise see
Section 5.3, Signal Averaging and Noise Cancellation. This section shows
additional possibilities for the minimization of these influences by software.

Svee Svee

Long Cable

|
| Rseng At A2
: - MSP43032x Rsens
| P
Shield No Shield, Twisted Pair
AVss AVss
DVss  DVcc
~1
~4—
ov 6V

Figure 18. Sensor Connection via Long Cables With Voltage Supply

With the circuitry of figure 18, the minimum time tdelay between the switch-on of
the voltage SVcc and the actual measurement—to get the full 14-bit
accuracy—is:

tdetay > In2'% x tmax = 9.704 X Tmax = 10 X Tmax
The value of tmax is:

Tmax = (Rp + RsensmaxllRv) x C

If the current source is used, then:

Rv= o : 7m = (Rp+ Asensmax) x C

Application Basics for the MSP430 14-Bit ADC 2-67



Hum and Noise Considerations

3.2 Grounding

Correct grounding is very important for ADCs with high resolution. There are
some basic rules that need to be observed!. See Figure 19 also.

1.

2.

Use a separate analog and digital ground plane wherever possible: thin
traces from the battery to terminals DVss and AVss'should be avoided.
The AVss terminal should serve as a star point for all analog ground
connections e.g. sensors, analog input signals. The DVss terminal should
serve as a star point for all digital ground connections e.g. switches, keys,
power transistors, output lines, digital input signals.

The battery and storage capacitor Cb should be connected close together
(the capacitor Cb is needed for batteries with a relatively high internal
resistance). From this capacitor two different paths go to the analog and the
digital supply terminals. Two small capacitors are connected across the
digital (Cd) and the analog (Ca) supply terminals. See Figure 19.

Rules 1 to 3 above are also true for the Vcc paths (DVce and Avcc).

The AVss and DVss terminals must be connected together externally; they
are not connected internally. The same is true for the AVcc and DVec
terminals. These connections should be made with the configuration shown
in Figure 19.

The coil L should be used in very difficult cases.

The connections of the capacitor Cb are the star point of the complete system.
This is due to the low impedance of this capacitor.

SVee

Rext
Al
A0

MSP430C32x

Rsens2 RsEeNst

AVss Avec DVss DVce

ANA
V

To Other Digital Parts
To Other Analog Parts

AGND

To Metalllzation of Case
Battery

Figure 19. Analog-to-Digital Converter Grounding

If a metalized case is used around the printed circuit board containing the
MSP430 then it is very important to connect the metallization to the ground
potential (0 V) of the board. Otherwise the behavior is worse than without the
metalization.

1 These grounding rules were developed by E. Haseloff of TID.
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3.3 Routing

Correct routing for a PC board is very important for minimum noise. Figure 20
shows a simplified routing that is not optimal; the gray areas receive EMI from
external sources. For a minimum influence coming from external sources these
areas must be as small as possible.

Sensor
————— L]
| | Long
| Rsens
|
| |
| I, 4

Shield

Figure 20. Routing That is Sensitive to External EMI

Figure 21 shows an optimized routing; the areas that may fetch noise have a

minimum size.

Shield

r———

Battery

Figure 21. Routing for Minimum EMI Sensitivity
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4 Enhancement of the Resolution

Many applications need a higher resolution than the 14-bit ADC can provide. For
these applications the following hints may be helpful.

NOTE: These enhancements make it necessary to pay attention
to the rules given in Chapter 3. Without observing these rules
strictly, no enhancement will be seen.

4.1 16-Bit Mode With the Current Source

With the use of two additional output terminals (I/O-ports or TP-outputs) the 14-bit
ADC may be expanded to a resolution of nearly 16 bits. The principle is simple:
the resistor Rex of the current source is modified by paralleling two additional
resistors (see Figure 23). These resistors have values that represent one half and
one quarter of a single ADC-step. Due to the fact that these fractions of a step
are accurate only at one point of the ADC-range, this enhancement gives only
better resolution, not better accuracy. To get the 16-bit result, four measurements
are necessary: one for every combination of the two additional resistors. If the
results of these four measurements are added, a 16-bit result is reached. See

Figure 22.
T ADC Value
XXXX + 1 = ——
XXXX -1 + t y
XXXX =1 = om——
00000h — ——— + + + + ADC Input Voitage

0 Vo Vvi v2 vs —

Figure 22. Dividing of an ADC-Step Into Four Steps

Table 2 shows the different results of these four measurements for the four
possible input voltages VO to V3 inside of one ADC-step; the table refers to the
hardware shown in Figure 23.

Table 2. Measurement Results of the 16-Bit Method

INPUT MEA;U:.IE':J:.EZNT 1 MEATsPtTEmszNT 2 “E#sﬁ"ﬁ'fﬂf 3 MEASL.IREMENT 4 MEAN VALUE
VOLTAGE 1: 1 HI- .1: TP.A: HIOUT (BINARY)
TRO: Hi-Z TP.O: HIOUT TPO: HI-Z TP.0: HIOUT
VO XXXX XXXX XXXX XXXX XXXX.00
V1 XXXX XXXX XXXX XXXX+1 XXxx.01
V2 XXXX XXXX XXXX+1 XXXX+1 XXXX.10
v3 XXXX XXXX+1 XXXX+1 XXXX+1 XXXX. 11
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TPO
TRA
Simplified Circuity of a TP-Output SVee
TP e RI6S RISS  Rex MSP430C32x
O Hi-Z Rext
Rpson [e
Rn Vss | A1
Rext Rx
& AVss
DVss DVce
—
ov 5V
Figure 23. Hardware for a 16-Bit ADC
The values for resistors R16 and R15 are:
_ 21 x 0.25 x AX0 _ 2'2 x Rx0
Rp = m ==m
Where: Rp Parallel resistor to Rex (here R14 and R15) Q]
Rx0 Sensor resistance at the point of the highest accuracy [Q]
m Fraction of an ADC step (0.25 or 0.5)

EXAMPLE: With the hardware shown in Figure 23, four 16-bit measurements
are made. The result is placed into R5. The software may also be written with a
loop. The software assumes ascending order for the two TP outputs.

MoV #RNGAUTO+CSA1+A1+VREF, &ACTL

BIC.B #TP1+TP0, &TPE

BIS.B #TP1+TP0, &TPD

CALL  #MEASR

MOV &ADAT, R5

ADD.B #TPQ,&TPE

CALL  #MEASR

ADD &ADAT, R5

ADD.B #TPO,&TPE

CALL  #MEASR

ADD &ADAT, RS

ADD.B #TPO, &TPE

CALL  #MEASR

ADD &ADAT, R5
#TP1+TPO, &TPE

BIC.B
; The measurement routine used above:
MEASR BIC.B #ADIFG, &IFG2

BIS

#80C, &ACTL
MO BIT.B #ADIFG,&IFG2
Jz MO
RET

Application Basics for the MSP430 14-Bit ADC

Define ADC

TP.0 and TP.1 to Hi-2
Set TPD.0 and TPD.1 to Hi
Measure with R15 = R16 =
Hi-Z

14-bit value to result
Set R16 to Hi-Out
Measure

Add 14-bit value to
result

Set R15 to Hi-Out,R16 to
Hi-2

Measure

Add 14-bit value to
result

Set R15 and R16 to Hi-Out
Measure

Add 14-bit value to
result

TP.n off

16-Bit result 4N in RS

Clear EOC flag

Insert delays here (NOPs)
; Start measurement
Conversion completed?

No
Result in ADAT
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4.2 Enhanced Resolution Without Current Source

2-72

The principle is explained in the last section. Figure 24 shows a hardware
proposal for the measurement part of a scale using the MSP430C32x. With the
resistor Rn, the resolution of the MSP430 ADC is increased to 15 bits:

e TPR.0is off (Hi-Z): normal measurement
e TP.0 is switched to Vce: the current into the right bridge leg increases the
voltage at A1 by 0.5 steps of the ADC

Two differential ADC measurements (Nao — Na1)—one with TP.0 off and one with
TP.0 switched to Vcc—are summed-up and provide (nearly) 15-bit resolution.
The result of these four measurements is 2 x AN.

The formulas derived in the Connection of Bridge Assemblies section are valid
here as well.

VREF Pressure Bridge Assembly
SVce
R1 V = R1/(R2+Rb/ 2)
MSP430C32¢ VYV
<
3 Rb
e ARA
L W—Vm
AQ N Vp = VReF/2
Reference
A1 N
Rn Icorr o3 Rp=350Q
TRO W—
Avss
DVec DVss
3viyv) ov

Figure 24. ADC-Resolution Expanded to 15 Bits

The formula for Rn to cause a voltage difference AVao (here 0.5 ADC steps) at
the ADC input is:

— VREF _ Rb _ VRer
AVAo 215 —2xﬁn+ﬁb (Vcc 5 )x v

This gives an approximate value for Rn (Vcc = VReF):

anbe213x%

Where: AVao Change of the input voltage at input A0 due to Rn V]

Rb Resistance of a half bridge leg (here 350 Q) Q]
Rn Resistance of the resistor for 15 bits resolution [Q]
v Amplification of the operational amplifier: v = R1/R2

VRer  Supply voltage at the SVcc terminal (int. or ext.) WY
DVecc  Supply voltage at DVce terminal (output voltage of TP.0)[V]
R1,R2 Resistors defining the amplification of the op amp
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Without any change to the hardware above, the resolution of the ADC can be
increased to 15.5 bits (this method is only possible with sensor assemblies like
those shown in Figure 24, that deliver output voltages near 0.5 x Vref):

e TP.0is off (Hi-Z): normal measurement

e TP.0 is switched to Vcc: the current into the right bridge leg increases the
voltage at A1 by 0.5 steps of the ADC

e TP.0is switched to Vss: the current out of the right bridge leg decreases the
voltage at A1 by 0.5 steps of the ADC

Three differential ADC measurements (NAo — NA1)—one with TP.0 switched to
Hi-Z, one with TP.0 switched to Vss, and one switched to Vcc—are summed-up
and provide (nearly) 15.5-bit resolution. The calculations following these six
measurements must be changed for an input value of 3 x N.

AVaois chosen to: A Vao = —VBEE

3 x 214
The circuitry of Figure 24 leads to very high values of Rn with high amplifications
v: for the above example Rn = 286 MQ for v = 100. If these resistor values are
too high, then the circuitry shown in Figure 25 should be used. The registor values
of R15 and R16 have the same effect as the circuitry in Figure 24, but are much
smaller.

VREF Pressure Bridge Assembly

SVce

R1
MSP430C32x hh

R A& Rb
W vm

A\
S
S

0 <

Reterence IS

A1
R15 3

PO —wWA—9 A
R16 Rs (1M)

TP

Avss

DVec DVss

T T

3v/isv ov

Vp=Vret/2

Rb=350Q

Rp (1kQ)

Figure 25. ADC-Resolution Expanded to 16 Bits

The formula for R15 and R16 to cause a voltage difference AVao of 0.5 ADC steps
for R15 and 0.25 ADC steps for R16 at an ADC input is now:
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~ony A, 0P

Rn = 2" x A X

Bit number of resolution resistor (15 or 16)
Resistance of resolution resistor (bit n)

Where: n
Rn

Rp _ Rb
Rs X2

Rb Resistance of a half bridge leg (here 350 Q)

Rp Parallel resistor (chosen to be 1k: small compared to 1 M)
Serial resistor (chosen to be 1M: large compared to 350 Q) [Q]

Rs

Q]
9]
Q]

With the circuitry of Figure 25 (v = 100) R15 now becomes 573 k and R16

becomes 1.15M.

The necessary four measurements are described in Table 2. Each measurement
consists of two ADC conversions that are subtracted afterwards (AN = Nao—NAt).
The four differences AN are summed and deliver a 16-bit result with nearly two
bits more resolution than the normal 14-bit result. The result in RS is 4 x AN.

EXAMPLE: With the hardware shown in Figure 25, four differential
measurements for AN are made (AN = NAo — NA1). The four values for AN are
summed in R5. The software assumes ascending order for the two TP outputs

(TPx and TP.x+1).

BIC.B
BIS.B
MoV
CALL
MoV
MoV
CALL
SUB

ADD.B
MOV
CALL
ADD
MOV
CALL
SUB

ADD.B
Mov
CALL
ADD
MOV
CALL
SUB

ADD.B
MOV
CALL
ADD
MOV
CALL
SUB

BIC.B
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#TP1+TPO, &TPE
#TP1+TPO, &TPD
#RNGAUTO+AO0+VREF, &ACTL
#MEASR

&ADAT, R5
#RNGAUTO+A1+VREF, &ACTL
#MEASR

&ADAT, R5

#TPO, &TPE
#RNGAUTO+A0+VREF, &ACTL
#MEASR

&ADAT, R5
#RNGAUTO+A1+VREF, &ACTL
#MEASR

&ADAT, R5

#TPO, &TPE
#RNGAUTO+A0+VREF, &§ACTL
#MEASR

&ADAT, RS
#RNGAUTO+A1+VREF, &ACTL
#MEASR

&ADAT, R5

#TPO, §TPE
#RNGAUTO+AQ+VREF, &ACTL
#MEASR

&ADAT, RS
#RNGAUTO+A1+VREF, &ACTL
#MEASR

&ADAT, RS

#TP1+TPO, &TPE

TP.0 and TP.1 to Hi-2Z
Set TPD.0 and TPD.1 to
Define ADC

Measure with R15 = R16
14-bit value to result
Define ADC

Measure with R15 = R16
(NAO - NAl) to result

Set R16 to Hi-Out, R15
Define ADC

Measure

Add 14-bit value to res
Define ADC

Measure

(NAO - NAl) to result

Set R15 to Hi-Out,R16 t
Define ADC

Measure

Add 14-bit value to res
Define ADC

Measure

(NAOQ - NAl) to result

Set R15 and R16 to Hi-O
Define ADC

Measure

Add 14~-bit value to res
Define ADC

Measure

(NAO0 - NAl) to result

TP.n off
16-Bit result 4xN in R5

Hi

= Hi-2Z

= Hi-2

= Hi-2

ult

o Hi-Z

ult

ut

ult
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4.3 Calculated Resolution of the 16-Bit Mode

4.3.1 16-Bit Mode With the Current Source

To give an idea of how much better the results of the 16-bit mode can be
compared to the 14-bit mode of the ADC, the results of four calculations are
shown in Table 3. The table shows the statistical results for the deviations of the
corrected result in ADC-steps:

e The first column shows the statistical results for the normal 14-bit ADC

e The second column shows the statistical results for measurements that have
the highest accuracy at the lowest sensor value: Rx0 = 1000 Q

o The third column shows the statistical values if the point of highest accuracy
is moved to the midpoint of the sensor resistance: Rx0 = 1190 Q

e The fourth column shows the same as before if the highest sensor value is
used for the highest accuracy: Rx0 = 1380 Q

Calculation values and explanations:

1380.0 Q Highest sensor resistance (100°C for PT1000)

1000.0 Q@ Lowest sensor resistance (0°C for PT1000)

Rx0: Sensor resistance for highest accuracy (3 different values)
ARX:

Rxmax:
Rxmin:

0.01Q Step width for resistance value during calculation
Rex: 690.0 Q Calculated external resistor for the Current Source
R15: Calculated resistor for the 15th bit
R16: Calculated resistor for the 16th bit
Table 3. Calculation Results for Different 16-Bit Corrections
ITEM NO CORRECTION | Rx0=1000CQ [ Rx0=1190Q | Rx0 = 1380 Q
14-BIT 16-BIT 16-BIT 16-BIT
R15 N/A 8.2MQ 9.7MQ 11.3MQ
R16 N/A 16.4MQ 19.5MQ 22.6MQ
Mean value -0.5001 -0.0538 -0.1250 -0.1767
Standard deviation 0.2887 0.1019 0.0841 0.0898
Variance 0.0833 0.0104 0.0071 0.0081

Table 3 shows the improved resolution especially if the best resolution is
programmed for the lowest sensor resistance (Rx0 = 1000 Q). The result is
derived from 38,000 measurements with a step width of 0.01 Q. The 14-bit results
show the (correct) inherent error of minus 0.5 steps that is enhanced with the
three 16-bit modes by a factor of 3 to 9.

4.3.2 16-Bit Mode Without the Current Source

Circuitry like shown in Figure 25 is normally used: this means the input voltage
of the analog inputs is always near 0.5 x Vref. Therefore the results of Table 3
column Rx0 =1190 Q (highest accuracy at the center of the resistance range) are
valid.
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5 Hints and Recommendations

5.1 Replacement of the First Measurement

In certain cases the first measurement is discarded. Instead, a second
measurement is started and used. This method is especially useful if the settling
time for the ADC is insulfficient.

MOV #XX, &ACTL . ; Define ADC

CALL #MEASR ; lst measurement (not used)
CALL #MEASR ; 2nd measurement is used

MoV &ADAT, R5 ; for calculations. Result to R5

6.2 Grounding and Routing

With increasing ADC accuracy and CPU frequency, the board layout becomes
more important. A few hints may help to increase the performance of the ADC:

e To avoid cross talk from one ADC input line to the other one, grounded lines
(AVss potential) between the analog input lines are recommended.

e Large ground planes (0V potential) should be used wherever possible. Any
free space on the board should be used for this purpose.

e Analog input lines should be as short as possible. If this is not possible, input
filtering may be necessary.

¢ To get reliable ADC results in noisy environments, additional hardware and
software filtering should be used. Chapter 5 describes several methods to do
this in Section 5.3, Signal Averaging and Noise Cancellation: over sampling,
continuous averaging, weighted summation, rejection of extremes, and
synchronization to hum. Tested software examples are included.

See also sections 3.2 and 3.3.

5.3 Supply Voltage and Current

Completely different environments exist for battery and mains driven systems. A
few hints are given for these two supplies. More information concerning this topic
is included in Section 3.8, Power Supplies.

5.3.1 Influence of the Supply Voltage

The supply voltage is used for reference purposes if the Vref-bit (ACTL.1) is set.
This means a change of the analog supply voltage AVcc during the measurement
influences the final ADC result. The same is true for an external reference
voltage.

Figure 26 shows a decreasing analog supply voltage with the ADC timing. The
error of the ADC result N is mainly introduced during the conversion time for the
12 LSBs of the ADC result. The input sample is taken with an AVcc voltage Vref0,
the LSB is generated with an AVcc voltage Vref1. The two results have the ratio:

N _ Vref0
No ~ Vrefl
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The maximum error emax in per cent is therefore:

emax=N—1ﬁ0—w ><1oo=( Vrefo 1) x 100

Vref1
Where: No ADC result measured with a stable AVcc of VrefO
N1 ADC result measured with a stable AVcc of Vref1
emax Maximum error caused by unstable AVcc [%]
Vrefo  Value of AVce during the sampling of the conversion
sample \Y]
Vref1 Value of AVcc at the end of conversion V]

AVCCT

Vret0 + — — — — ——— Decreasing AVce

vrett -} —————— A ===

Range |
Sampling | i Sample | | Conversion Sample End of Conversion

l_

Time
Figure 26. Influence of the Supply Voltage

The result caused by an unstable AVcc can normally be detected by its trailing
series of zeroes or ones. If, during the conversion, one of the leading bits is set,
or reset, and this bit has the wrong state for the changing reference voltage, then,
all remaining bits will have the same value, e.g., 1 for a decreasing AVcc.

5.3.2 Battery Driven Systems

If the battery used has a high internal resistance Ri (like some long-life batteries)
then the parallel capacitor Cb (see Figure 19) must have a minimum capacity
Cbmin: the supply current for the measurement part—which cannot be delivered
by the battery—is delivered mainly by Cb; the approximate equation includes the
small current coming from the battery:

dam 1

AVb  Ri

If the battery has a high impedance Ri, then it is recommended to use the kind
of measurement shown in Architecture and Function of the MSP430 14-Bit
ADC:[1] the CPU is switched off during the ADC measurement which lowers the
current out of the battery.

Between two ADC measurements, the capacitor Cb needs a time tch to become
charged to Vce potential for the next measurement. During this charge-up time
the MSP430 system runs in low power mode 3 to have the lowest possible power
consumption. The charge time tch to charge Cb to 99% of Vcc is:

Cbmin = tmeas x
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tchmin = 5 x Cbmax x Rimax

Where: Cb Capacitor in parallel to the battery [F]
1AM Medium system current (MSP430 and ADC) [A]
tmeas  Discharge time of Cb during measurement
AVD Tolerable discharge voltage of Cb during time tmeas [V}
Ri Internal resistance (impedance) of the battery Q]
tch Charge-up time for the capacitor Cb [s]

5.3.3 Mains Driven Systems

No hum, noise, or spikes are allowed for the supply voltages AVcc and DVcc. If
present, the reliability of the system and the accuracy of the ADC will decrease.
Thisis especially true for applications where the AVcc voltage is used for the ADC
reference [ACTL.1 = 1 (Vref bit)]. See Section 5.3, Signal Averaging and Noise
Cancellation for ways to overcome this problem.

5.3.4 Current Consumption

Often it is important to know the current consumption of the complete MSP430
system—uwhich means including the supply current of the MSP430 and its ADC.
The supply current of the CPU increases nearly linearly with the MCLK frequency
and the applied supply voltage DVcc, but this is not the case for the ADC: the main
component of the ADC supply current is drawn by the resistor divider with its

4 x 128 resistors. An approximate formula for the nominal current consumption
Icc of the MSP430C32x is (internal ADC reference):

_ - _ VDVOC fMcLK VAvee )
log = lccdgtal + 1CCansiog = ( Doz ¢ o X 750 uA) + ( Vaves 200 pa
Where: Icc Complete current consumption of MSP430 (nominal) [uA]
Iccdigitat - Current consumption of the digital parts [nA]
IcCanalog  Current consumption of the ADC [uA]

Vovee Voltage at the DVcc terminal
Vavee Voltage at the AVce
fMCLK Frequency of the system clock generator (MCLK) [Hz]

5.4 Use of the Floating Point Package

For the MSP430 a Floating Point Package exists with two selectable bit lengths:
32 bit and 48 bit. For calculations with the ADC, results consisting of several
multiplications and divisions, it is recommend to use this package: no decrease
of accuracy is caused by the calculation itself. A detailed description of the
Floating Point Package and all available mathematical functions is given in the
MSP430 Application Report. See Section 5.6, The Floating Point Package.

A small example is given below: the measured ADC result—in ADC buffer
ADAT—is corrected with slope and offset. The result (BCD format) is placed into
the locations BCDMSD, BCDMID and BCDLSD (RAM or registers).

DOUBLE .EQU 0 ; Use .FLOAT format (32 bits)
i .
MOV #xxx, SACTL ; Define ADC measurement
CALL #MEASR ; Measure. Result to ADAT
CALL #FLT_SAV ; Save registers R5 to R12
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i

SUB #4,SP ; Allocate stack for FP result
MOV #ADAT, RPARG ; Load address of ADC buffer
CALL #CNV_BIN16U ; Convert ADC result to FP

Calculate: ADCcorr = (ADC result x Slope) + Offset

MoV #Slope, RPARG ; Load address of slope
CALL #FLT_MUL ; ADC result x Slope
MOV #0ffset, RPARG ; Load address of offset

CALL #FLT_ADD ; ADC result x Slope + Offset
P Continue with calculations

The final result is converted to BCD format for the display

CALL #CNV_FP_BCD ; Convert FP result to BCD

JN CNVERR ; Result too big for BCD buffer
POP BCDMSD ; BCD number: sign and MSDs
POP BCDMID ; BCD digits MSD-4 to LSD+4
POP BCDLSD ; BCD digits LSD+3 to LSD

; Stack is corrected by POPs

CALL #FLT_REC ; Restore registers R12 to RS
e ; Continue with program
Slope .FLOAT -1.2345 ; Slope (fixed, RAM, EEPROM)
Offset .FLOAT 14.4567 ; Offset (fixed, RAM, EEPROM)

CNVERR

Start error handler

6 Additional Information

This application report is complemented by the Additive Improvement of the
MSP430 14-Bit ADC Characteristic application report[5] that explains several
methods to minimize the error of the 14-Bit ADC. For all methods (linear,
quadratic, cubic and others) the actual improvement for a measured ADC
characteristic is shown. The enhancement methods discussed are compared
completely with statistic results, advantages and disadvantages, necessary CPU
cycles, and storage needs.
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Appendix A Definitions Used With the Application Examples

; HARDWARE DEFINITIONS

i
AIN
AEN

ACTL
socC
VREF
A0

Al

A2

A3

A4

AS
CSA0
Csal
CSA2
csa3
CSOFF
CSON
RNGA
RNGB
RNGC
RNGD
RNGAUTO
PD
ADCLK1
ADCLK2
ADCLK3
ADCLK4

ADAT
i
IFG2
ADIFG
IE2
ADIE
TPD
TPE

TPO
TP1

.equ
.equ

.equ
.equ
.equ
.equ
.equ
.equ
.equ
.equ
.equ
.equ
.equ
.equ
.equ
.equ
.equ
.equ
.equ
.equ
.equ
.equ
.equ
.equ
.equ
.equ
.equ

.equ

.equ
.equ

.equ
.equ

.equ
.equ
.equ
.equ

0110h
0112h

0114h
0l1h
02h
00h
04h
08h
0Ch
10h
14h
00h
40h
80h
0COh
100h
000h
000h
200h
400h
600h
800h
1000h
0000h
2000h
4000h
6000h

0118h

03h
04h

0lh
04h

04Eh
04Fh

Input register (for digital inputs)
0: analog input 1: digital input

ADC control register: control bits
Conversion start

0: ext. reference 1: SVcc on
Input AQ

Input Al

Input A2

Input A3

Input A4

Input AS

Current Source to A0

Current Source to Al

Current Source to A2

Current Source to A3

Current Source off

Current Source on

Range select A (0 ... 0.25xSVcc)
Range select B (0.25..0.50xSVcc)
Range select C (0.5...0.75xSVecc)
Range select D (0.75..SvVce)

1: range selected automatically
1: ADC powered down

ADCLK = MCLK

ADCLK = MCLK/2

ADCLK = MCLK/3

ADCLK = MCLK/4

ADC data register (12 or 1l4-bit)

Interrupt flag register 2
ADC "EOC” bit (IFG2.2)

Interrupt enable register 2
ADC interrupt enable bit (IE2.2)

TP-port: address data register
TP-port: address of enable register
Bit address of TP.0

Bit address of TP.1
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Additive Improvement of the MSP430 14-Bit ADC Characteristic

Lutz Bierl

ABSTRACT

This application report shows different simple methods to improve the accuracy of the
14-bit analog-to-digital converter of the MSP430 family. They all use only addition for the
correction of the analog-to-digital converter characteristic. Different correction methods
are explained—all without the need for multiplication—which makes them usable for real
time systems like electronic electricity meters. The methods used differin RAM and ROM
allocation, reachable improvement, and complexity. The external hardware for the
measurement of the analog-to-digital converter characteristic is also described. For all
correction methods, proven, optimized software examples are given. The References
section at the end of the report lists related application reports in the MSP430 14-bit ADC
series.

1 Introduction

The application report Architecture and Function of the MSP430 14-Bit ADC{1]
gives a detailed overview to the architecture and function of the 14-bit
analog-to-digital converter (ADC) of the MSP430 family. The principle of the ADC
is explained and software examples are given. Also included are the explanation
of the function of all hardware registers contained in the ADC.

The application report Application Basics for the MSP430 14-Bit ADC[2] shows
several applications of the 14-bit ADC of the MSP430 family. Proven software
examples and basic circuitry are shown and explained.

Figure 1 shows the block diagram of the 14-bit analog-to-digital converter of the
MSP430 family.
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Figure 1. The Hardware of the 14-Bit Analog-to-Digital Converter

The methods for the improvement of the ADC described in the next sections are:
e Correction with the mean value of the full ADC range
e Correction with the mean values of the four ranges

e Correction with the centers of the four ranges

e Correction with multiple sections

Linear, quadratic, and cubic corrections are explained in Linear Improvement of
the MSP430 14-Bit ADC Characteristic[3) and nonlinear improvements are
discussed in the Nonlinear Improvement of the MSP430 14-Bit ADC

Characteristic(4].
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2 The External Calibration Hardware for the ADC

All of the methods of improvement discussed in this report need to know the
actual errors of the ADC at different points of the four ADC ranges. See Figure
7 for an example of a noncorrected ADC characteristic.

2.1 Measurement Methods for the ADC Reference Samples

The characterization of the ADC for this report is made with three different

methods: \

e External digital-to-analog converter (DAC): an accurate DAC—controlled by
the measured MSP430—produces precise analog output voltages that are
measured with the 14-bit ADC. The difference of the two numbers is the
absolute error of the ADC.

e External discrete, precise voltages: the MSP430 controls its input voltage via
an external analog multiplexer. If only a few accurate input voltages are
needed, then this method is best.

e External precision resistors: the MSP430 controls which resistor is
measured. For systems that measure the resistance of sensors, this method
is best.

Several other methods exist to measure the errors of different reference points

for improvement of the ADC characteristic including:

o Measurement of a single ADC sample: fastest way, but not recommended
due to statistical reasons.

e Multiple measurements of the same point and calculation of the mean value:
e.d. 16 measurements.

* Multiple measurements of the errors around a given point and calculation of
the mean value: e.g. 16 measurements +8 (or +32) around the center point
of interest.

e External 16-bit DAC: measurement of all possible four points (xxx.00, xxx.01,
xxx.10, xxx.11 for the 14-bit value xxx) and summing them up. This gives an
additional 2 bits of resolution.

e Sophisticated statistical methods.

e Measurement of 12 samples for the same ADC point and rejection of the two
extreme values. The remaining 10 samples are averaged.

These error measurement methods may be used for all of the given improvement
methods in this report. However, they are not discussed with the description of
the improvement methods. See also Section 5.3, Signal Averaging and Noise
Cancellation.

This application report only uses simple measurement methods.

2.2 External Digital-to-Analog Converter

The external hardware connected to the MSP430-PC board (see Figure 3) is
used to obtain the necessary information about the characteristic of the ADC. Its
main part is a precise 14- or 16-bit digital-to-analog converter (DAC). Figure 2
shows the calibration process:
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Callbration? ~
Yes
¢

]| initialization

1

Next ADC Value Store Error in Table
out of Table
l All
Output to DAC ‘alues Measured?
. Yes
Measure ADC Value Calculate Coefficients
T for all Ranges
Calculate Error; |
ADC - DAC = Error Store Coefficients In

RAM or EEPROM
é Initialization
Figure 2. Flowchart 1: Calibration With an External Digital-to-Analog Converter

The measurement sequence for an ADC point is as follows (see also Figure 2):

e The MSP430 outputs via its select lines (parallel DAC) or via an output line
(serial DAC) a 14- or 16-bit number. This number programs the DAC. The
LCD is not damaged, due to the short duration of the signals (microseconds).

o The external DAC converts the digital number into a precise output voltage
that corresponds to the input number.

e The MSP430 measures the output voltage of the DAC and compares the
result with the number that was the output. The difference (measured ADC
value — output DAC value) is the absolute error of the ADC at that given point.

e The measured errors are used for the calculation of the correction values.
These are stored in the RAM orin an EEPROM and are used for the correction
of the ADC characteristic. The format and the number of the stored correction
values depend on the correction method used: 1 to 64 bytes for the examples
given here. .
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MSP430 PC Board External Digital-to-Analog Hardware
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Figure 3. External, Serially Controlled DAC for ADC Measurement

The loop from Port to CIN that is closed by the external hardware indicates to the
MSP430 during the initialization that the measurement of the ADC characteristic
is active. Like the other DAC control lines, these two I/Os may be used for other
system tasks when not in calibration mode.

It is also possible to use a parallel DAC for the calibration of the MSP430 ADC.
The time needed for the measurement of the ADC characteristic is shorter than
with a serial DAC, but the number of connections between the MSP430 board and
the calibration unit are much higher than for a serially controlled DAC. Figure 4
shows this arrangement.
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MSP430 PC Board External Digital-to-Analog Hardware
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Figure 4. External, Parallel Controlled DAC for ADC Measurement

2.3 External Discrete, Precise Voltages

If only a few points of the ADC characteristic need to be known, then only a few
discrete input voltages are necessary for the calibration process. These few
points can be generated with a precise, external reference voltage or the supply
voltage of the MSP430 and a resistor divider providing some defined output
voltages. Figure 5 shows both possibilities.

MSP430 PC Board External Digital-to-Analog Hardwars

- - a

5618 —

mm | Rel. Reference

oo+ — Voo
SVee 1A 1B
Ax |4 : [—
2 wux L Vref|
EEPROM }¢-p{ ox 4 aa TPCAO1S T {
AVss |
Calibration | 4A 4B |
c XC  ygs :
MSP430Ca2x o . |
——d
;)é'\)l < > To Host Computer

-l
Figure 5. External, Precise Voltages for Calibration
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2.4 External Discrete Precision Resistors

If the task for the MSP430 ADC is to precisely measure resistance—for example
resistive sensors or platinum—and not external voltages, then this method
should be considered. The external hardware is a multiplexer that connects
precision resistors to one of the analog inputs of the MSP430. For external
resistors with low resistance it may be necessary to use reed relays for this task
due to the Rpson resistance of the multiplexer paths. Figure 6 shows this solution
for two external reference resistors: the current source outputs the current Ics at
the analog input Ax, the voltage drop at the selected external reference resistor
is measured with the same analog input. The number of the external precision
resistors may be adapted to the application needs.

This calibration method includes all onboard error sources such as Rext and the
ADC characteristic.

MSP430 PC Board External Reference Resistors
T e e e i
345678
[wr]
sor-saf 1 by -——_-;
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| Callbration
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T
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Avss } : * : |
i DVce : i o1 |
ToHost <4—]TXD Dvss |
Computer —p-{RcV Ox 2 | 6.2V 6.2V
L —— — - - |
. e oV
Figure 6. External Precision Resistors for Calibration
2.5 Storage of the Correction Data
The correction coefficients as calculated by the MSP430 or a host computer are
stored in the RAM or in an external EEPROM:
e The RAM may be used if a battery is permanently connected to the MSP430
system.
e An EEPROM is necessary if the supply voltage of the MSP430 system can
be interrupted e.g. due to the mains supply or a switch.
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The format of the used8-bit coefficients is given in Nonlinear Improvement of the
MSP430 14-Bit ADC Characteristic, SLAA050 [4]. If the accuracy that can be
reached with these 8-bit numbers is insufficient, then 16-bit numbers—with
doubled RAM space and calculation time—may be used. Also the MSP430
floating point package can be a solution in this case.

3 Different Inprovement Methods

2-94

To allow a comparison between the different improvement methods, the mean
value, the range, the standard deviation, and the variance of the corrected ADC
characteristic are given. The nearer these values are to zero, the better the
performance of the used improvement method.

The mathematical equations for the used statistical methods follow. They are
applied to every fourth value of the 16383 corrected samples.

The mean value x is calculated by summing all of the errors (ei) of all corrected
samples Ni and dividing this sum by the number of samples k. The mean value
X is:
3

ei

k

The range R is the difference between the largest error emax and the smallest
error emin (e.g. the most negative error value). The range R is defined as:

R = emax — emin

X
]
[ s

i

The standard deviation S is defined as:

—k
o=

The formula for the variance V is:
2

™M

i=k
. 6i ) n
i=k > = =k =k
> iz — A= Deiz—xx > ei
_ =1 _ =1

i=1
V= K = K

Where:
k = Number of included ADC errors ei
el = ADC error at ADC step i, ranging from e1 to ek  [Steps]
i = Index for ADC errors
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NOTE: Each measured ADC value needs to be corrected
individually to get a correct result. If differences are measured
(AN) then both values have to be corrected and then the
subtraction executed. A correction of the difference AN alone
leads to false results.

ltisimportant to note the different scaling that is used for the y-axis
of the graphs with the corrected ADC characteristic. They differ
significantly, dependent on the amount of improvement.

The correction coefficients for all improvement methods are
calculated in such a way that allows addition for the final correction
of the measured ADC result. This saves execution time and
program space.

All of the calculations used for the correction are made with a fioating point
package (like the MSP430 FPP4 software). If—as is necessary in real-time
systems—an integer package is used, then small rounding errors will occur. In
Nonlinear Improvement of the MSP430 14-Bit ADC Characteristic{4] the software
routines and their influence on the accuracy of the final result are explained.

The improvement methods and their results for this report are demonstrated with
the characteristic of device 1 due to its worst characteristic compared to the other
three devices shown in Architecture and Function of the MSP430 14-Bit ADC[1].

The ADC samples used for the following improvement methods and calculations

‘were measured the following way:

¢ Twelve samples with the same ADC input voltage—generated by a 16-bit
DAC—were measured and stored.

e The maximum and the minimum value of these twelve samples were rejected
(rejection of extremes).

e Out of the remaining ten samples the mean value was calculated and used
afterwards.

The improvement methods are always shown for the full ADC range (ranges A,
B, C, and D). If the current source is active, then only ranges A, B, and part of C
can be used: the same improvement methods with the same formulas are valid
but with less needed RAM or EEPROM space for the correction coefficients. Due
to the importance of the current source for several applications, the statistical
results are also shown for ranges A and B only.

The 14-bit oriented correction software is also usable if the 12-bit ADC mode is
used: only the correction coefficients of the applied ADC range are used in this
case.

The orientation of this application report to the ADC ranges (single or multiple
corrections per range) is applicable, due to the visibly different slopes of the four
ranges inside of an ADC characteristic. See the noncorrected ADC
characteristics of device 1 (Figure 7) and devices 2 to 4 in [1] for examples.

3.1 The ADC Characteristic of Device 1 Without Correction

The noncorrected ADC characteristic of device 1 is shown in Figure 7. Its.
statistical values are given in the table below Figure 7.
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ADC Error [Steps]

The circle in Figure 7 indicates the irregularity located in range B. This irregularity
is the reason why more sophisticated methods sometimes have worse resuits
than simpler ones.

Device 1 Umlw

ADC Steps [0 to 16383]

Figure 7. The Noncorrected Characteristic of Device 1

The statistical results of the original ADC characteristic of device 1 are:

Full range Ranges A and B only
Mean Value: -6.95 Steps -10.51 Steps
Range: ) 17.00 Steps 10.80 Steps
Standard Deviation: 4.74 Steps 2.61 Steps
Variance: 22.51 Steps 6.80 Steps

3.2 Correction Methods Using Addition Only

These four methods are the fastest because they omit the multiplication. The main
disadvantages are the gaps between the ADC ranges e.g. from ADC step 4095 to 4096,
and the amount of RAM used, but these methods not only show speed advantages but
also the best results. The four methods explained below are best for real-time
applications, where the 50 to 100 cycles that are necessary for a correction that uses
multiplication cannot be spent: they are the fastest way possible for correction.

3.2.1 Correction With the Mean Value of the Full ADC Range

2-96

The ADC is measured at k equally spaced points. The errors of these k
measurements are calculated and the mean value of these errors is stored and
used for the correction of the ADC. The correction formula for each ADC sample
Ni to get the corrected value Nicorr is:
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ADC Error [Steps]

i=k
—ei
Nicorr = Ni + ,—=—17—
Where:
Nicorr = Corrected ADC sample [Steps}
Ni = Measured ADC sample (noncorrected) [Steps]
k = Number of included ADC errors ei
ei = ADC error i, ranging from e1 to ek [Steps]

The principle is shown in Figure 8, the full ADC range is corrected with its mean
value. As with all future principle figures in this repor, the black straight line
indicates the correction value, the scribbled black line indicates the noncorrected
ADC characteristic, and the white line shows the corrected ADC characteristic.
The smali circles indicate the measured ADC points (the 128 circles of Figure 8
are not shown).

Device 1

ADC Steps

Figure 8. Principle of the Error Correction by the Mean Value of the Full Range

For k = 128—which means 128 samples over the complete ADC range—the
statistical results are:

Full range Ranges A and B only
Mean Value: -0.44 Steps 0.15 Steps
Range: 17.10 Steps 10.80 Steps
Standard Deviation: 4.74 Steps 2.61 Steps
Variance: 22.51 Steps 6.80 Steps

Figure 9 shows the result in a graph. The corrected characteristic is displayed for
the full range and for the ranges A and B only:
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Device 1 Corrected with the Mean Value of the used Range
(Full Range and A and B only)

A and B Only

ADC Error [Steps]

Full Range

ADC Steps [0 to 16383]

Figure 9. Error Correction With the Mean Value of the Used Range

Advantages: Only one addition is necessary
Very fast due to no missing multiplication or shifts
No gaps; the monotonicity of the ADC characteristic remains
Only one byte of RAM is needed for the correction coefficient

Disadvantages: Range, standard deviation and variance are not improved
Many calibration measurements are necessary

NOTE: Within the software examples, the format of the integer number
is noted at the right margin. The meaning of the different notations is:
0.7  Zero integer bits, 7 fraction bits. Unsigned number
+4.3 Four integer bits, 3 fraction bits. Signed number
8.0  Eight integer bits, no fraction bits. Unsigned integer number
+7.0 Seven integer bits, no fraction bits. Signed integer number

The software part after each ADC measurement is as follows:
; Correction with the mean value of the full range. 7 cycles

i

MOV.B TAB, R5 ; Correction for full range +7.0
SXT RS ; Sign extend byte to word +15.0
ADD &ADAT, RS ; Corrected ADC value in R5 14.0

Proceed with corrected ADC value

i .
; The RAM byte TAB contains the correction for the full range:
; the negated mean value

.bss TAB, 1 ; Signed 8-bit number £7.0
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EXAMPLE: The ADC is measured at nine points (rather than 128 to keep the
example under control) and the calculated mean value is used for the correction
of the full ADC range. The measured (k+1) errors (for device 1) are shown below.
The numbers used for the correction are slightly shaded.

ADC Step 50 2048 4096 6144 8192 10240 12288 14336 16330
=130 =10 3

Error [Steps] '

i=k
— ei

i=1 -6+8+13+183+10+500+3_58_ , 45

Correction: ~ k 9 9 i
Corrected ADC sample: Nicorr = Ni + 6.5 Valid for the Full ADC range
7 0
Format: +7.0 6.5/20=6.5=07h Lofo o o0 o 1t 1 194
7 L]
+6.1 6.5/2-1 = 13 = 0Dh [oJo 0 o0 171" 0g7]

3.2.2 Correction With the Mean Values of the Four Ranges
The ADC is measured at (4xk) equally spaced points. The mean value of the k
errors per range is calculated and used individually for the correction of the four
ranges A to D. The correction formula for each one of the four ranges is:
i=k
> —ei

Nicorr = Ni + %——-

The principle is shown in Figure 10, each range is corrected with its mean value
(the eight used samples are drawn only in the range A):
Device 1 Corrected with the centers of the four ranges

ADC Error [Steps]

ADC Steps
Figure 10. Principle of the Error Correction With the Mean Values of the Four Ranges
For k = 8 (8 samples per range) the statistical results are:

Full range Ranges A and B only
Mean Value: -—=0.31 Steps 0.15 Steps
Range: 13.5 Steps 9.80 Steps
Standard Deviation: 2.49 Steps 2.10 Steps
Varlance: 6.20 Steps 4.41 Steps

Figure 11 shows the graph for k = 8 (eight samples per range, 32 samples over
the full ADC range):

Additive Improvement of the MSP430 14-Bit ADC Characteristic
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Device 1 Corrected with the Mean Values of the Four Ranges

n

ADC Error [Steps]
o

ADC Steps [0 to 16383]

Figure 11. Error Correction With the Mean Values of the Four Ranges

Advantages: Only one addition is necessary for the correction
Fast due to no multiplication )
Only four bytes are needed for the storage of the correction

values

Disadvantages: Range, standard deviation and variance are only slightly

improved

Monotonicity is not preserved: gaps appear at the range

borders.

The software part after each ADC measurement is as follows:

; Correction with the mean values of the four ranges. 16 cycles
; The four signed correction values are located in four RAM

; bytes starting at label TAB

i

MoV SADAT, RS
MOV R5,R6

SWPB R6

RRA.B R6

RRA.B R6

RRA.B R6

RRA.B R6

MOV.B TAB(R6),R6
SXT R6

ADD R6,R5

H

ADC result Ni to R5 (0...3FFFh)
Copy result for correction 14.0
Range bits of result to low byte

Calc. byte address for corr. 5.0
Shift two range bits to LSBs 4.0
3.0
Range bits now 0 to 3 2.0
Correction from table TAB +7.0
Signed byte to signed word +15.0

Corrected result Nicorr in R5 14.0
Proceed with corrected Nicorr 14.0

i
; The four signed correction values are located in four RAM bytes

; starting at label TAB.
.bss TAB, 4
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EXAMPLE: Range A of the ADC is measured at four points and the mean value
is used for the correction of this ADC range. The corrections for the other three
ranges (B, C and D) are calculated the same way. The measured errors for range
A are shown below (for device 1):

ADCStep 1024 2048 3072 4096

Error [Steps]
i=k
- ei
i=1 _6+8+12+13 _ 39 _
Correction: =~ k 4 4 + 9'75‘
Corrected ADC sample: Nicorr = Ni + 9.75 Valid for range A
7 0
Format: 7.0 9.75/20 = 10 = 0Ah I o srirorirog
7 0
+6.1  9.75/2-1 =19.5 = 14h I IR A N
7 0
+52 0.75/2-2 =39 =27h O A B S |

3.2.3 Correction With the Center Points of the Four Ranges

ADC Error [Steps]

The ADC is measured at the four center points of the ranges A, B, C and D: the
ADC steps 2048, 6144, 10240 and 14336. The four errors (ec) at these four
center points are calculated and stored. To each measured ADC sample Ni the
negated error ec of the pertaining range is added. The correction formula for each
one of the four ranges is:

Nicorr = Ni + ec

Where:
ec = Negated error at the center of the actual ADC range [Steps]

The principle is shown in Figure 12, the four A/D ranges are corrected individually
with the errors of their center points:

Device 1

-15 &

ADC Steps
Figure 12. Principle of the Error Correction With the Centers of the Four Ranges

Additive Improvement of the MSP430 14-Bit ADC Characteristic
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The statistical results of this simple kind of correction are:

Full range Ranges A and B only
Mean Value: 0.20 Steps _ 0.29 Steps
Range: 13.5 Steps 9.80 Steps
Standard Deviation: 2.56 Steps 2.27 Steps
Variance: 6.53 Steps 5.15 Steps

Figure 13 shows the resulting graph:

Device 1

N

-2

ADC Error [Steps]
o

:
ES

-8
ADC Steps [0 to 16383]

Figure 13. Correction With the Centers of the Four Ranges

Advantages: Only one addition is necessary for the correction
Fast due to no multiplication
Only four bytes are needed for the storage of the correction

values

Disadvantages: The range, standard deviation and variance are only slightly
improved
Monotonicity is not preserved: gaps appear at the range
borders.

The software part after each ADC measurement is the same one as shown for
the correction with the mean values of the four ranges.

EXAMPLE: The center point of range C (10240 steps) of the ADC is measured

and the result is used for the correction of this ADC range. The other three ranges

are treated the same way. The measured errors of the centers of the four ADC
ranges are shown below (for device 1):

ADCStep 2048 6144

Error [Steps] -6 -13

14336
0
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Correction: ec=—-(-5)=5
Corrected ADC sample: Nicorr = Ni + 5 Valid for range C

7 0

Format: +7.0 5/20 = 5=05h i ° 0 = ' 4

3.2.4 Correction With Multiple Sections

The ADC is measured at (p+1) equally spaced points of the full range of the ADC.
This leads to p sections. The resulting errors (ek) are used to calculate the mean
value for each section and the result (ekm) is stored. To each ADC sample Ni the
appropriate negated error (ekm) is added. This method can be enhanced up to
the measurement of all ADC points. The correction formula is:

Nigorr = Ni + ekm olm = — Skt 1+ ok
Where:
ekm = Mean value of the ADC errors at the borders of ADC section ek [Steps}
k = Index for ADC sections (length 214/p), ranging from 0 to p
p = Number of sections (1< p<2)
ek = ADC error at the ADC step Ni =k x 214/p © [Steps]
ek+1 = ADC error at the ADC step Ni= (k +1) x 214/p [Steps]

The principle is shown in Figure 14. The full ADC range is divided into eight
sections (p = 8). The nine measured ADC samples are indicated with circles.

Device 1

ADC [Steps]

ADC Steps
Figure 14. Principle of the Additive Correction With Multiple Sections (8 sections)
For p = 8 (section length is 2048 steps) the statistical results are:

Full range Ranges A and B only
Mean Value: -0.14 Steps 0.22 Steps
Range: 8.40 Steps 6.30 Steps
Standard Deviation: 1.47 Steps 1.37 Steps
Variance: 2.16 Steps 1.89 Steps

Figure 15 shows the resulting graph for an additive correction with 8 sections
(p = 8) over the full ADC range:
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Device 1 C d with Eight s over the Full ADC Range
-
3
@,
g
w
(3]
o
<
ADC Steps [0 to 16383]
Figure 15. Additive Correction With 8 Sections Over the Full ADC Range
For p = 16 (section length is 1024 steps) the statistical results are:
) Full range Ranges A and B only
Mean Value: -0.29 Steps 0.05 Steps
Range: 6.40 Steps 4.85 Steps
Standard Deviation: 1.04 Steps 1.01 Steps
Variance: 1.08 Steps 1.02 Steps
Figure 16 shows the resulting graph for an additive correction with 16 sections
(p = 16) over the full ADC range:
Device 1 Corrected with Sixteen Sections Over the Full ADC Range
3
Z
2
g
w
8
<
5

ADC Steps [0 to 16383]

Figure 16. Additive Correction With 16 Sections Over the Full ADC Range
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ADC Error [Steps]

o

.
-

For p = 32 (section length is 512 steps) the statistical results are:

Full range Ranges A and B only
Mean Value: —-0.14 Steps -0.05 Steps
Range: 5.20 Steps 3.65 Steps
Standard Deviation: 0.77 Steps 0.65 Steps
Variance: 0.59 Steps 0.42 Steps

Figure 17 shows the resulting graph for an additive correction with 32 sections
(p = 32) over the full ADC range:

Device 1 Corrected with 32 Sactions Over the Full ADC Range

v,
*1!‘ N Wi

ADC Steps [0 to 16383]
Figure 17. Additive Correction With 32 Sections Over the Full ADC Range
For p = 64 (section length is 256 steps) the statistical results are:

Mean Value: -0.08 Steps 0.02 Steps
Range: 4.60 Steps 3.10 Steps
Standard Deviation: 0.64 Steps . 0.53 Steps
Variance: 0.41 Steps 0.28 Steps

Figure 18 shows the resulting graph for an additive correction with 64 sections
(p = 64) over the full ADC range. Note the scaling of Figure 18: only +3 steps!

Additive Improvement of the MSP430 14-Bit ADC Characteristic
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ADC Error [Steps]
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Device 1 Corrected with 64 Sections Over the ADC Range

1.5

0.5

-0.5

-1

-1.5

-2.5

ADC Steps [0 to 16383] ’
Figure 18. Additive Correction With 64 Sections Over the Full ADC Range

Advantages: Very good improvement with large section counts p
Fast due to no multiplication
The section count p is adaptable to specific applications.
Disadvantages: Relative large RAM storage is needed for a large section count p
Gaps appear at the section borders: they get smaller with
increasing p :

The results for the additive correction with multiple sections are summarized
below for section counts p ranging from 8 to 64. For comparison purposes, the
results for p = 4 ( the center of ranges method is used) are given as well.

p=4 p=8 p=16 p=32 p=64
Mean Value: +02 -0.14 -029 -0.14 = -0.08 Steps’
Range: 13.5 8.40 6.40 5.20 4.60 Steps
Standard Deviation: 2.56 1.47 1.04 0.77 0.64 Steps
Variance: 6.53 2.16 1.08 0.59 0.41 Steps

The improvement of the statistical results with increasing section count p can be
clearly seen. Figure 19 illustrates this. ’

SLAA047



Different Improvement Methods

ADC Error

Varlance

Standard
Deviation

p=8 p=16 p=32 p=64 Mean
Section Count Value x10

Figure 19. Improvement of the ADC Results With Increasing Section Count p
The software part after each ADC measurement follows. The addressing of the
correction byte can be adapted easily also to 4, 8, 16, and 32 sections.

; Additive correction for 64 sections over the full ADC range.
; The 64 signed correction values are located in the RAM
; bytes starting at label TAB. 11 cycles

;

MoV &ADAT, R5 ; ADC result Ni to R5 (0...3FFFh)
MOV R5,R6 ; Copy Ni for correction 14.0
SWPE R6 ; MSBs of result to low byte 6.0
MOV.B R6,R6 ; 00h...3Fh to R6 (0..63) 6.0
MOV.B TAB(R6),R6 ; Corr. eim from table TAB t4.0
SXT R6 ; Extend sign of correction +4.0

ADD R6,R5 ; Nicorr = Ni + eim 14.0

Proceed with corrected Nicorr

; The 64 RAM bytes starting at label TAB contain the corrections
; eim for the 64 sections: each one for 256 ADC points.
; The bytes are loaded during initialization Signed 8-bit numbers
.bss TAB,64 ; 0..255..511....16127,.16383 +4.0
EXAMPLE: The ADC is measured at nine points (8 sections) like shown in
Figure 14. The measured errors for device 1 are shown below. The correction
coefficient ekm of the 2nd section (2048 to 4095 ADC steps, upper half of range
A) is calculated.
ADC Step 50 2048 4096 6144 8192 10240 12288 14336 16330
Error [Steps] -6 -13 -10 -5 ] 0 -3
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_ _6k+1+ek _ _—13-8 _
Correction: K™ = 2 2 + _10'5
Corrected ADC sample: Nicorr = Ni + 10.5 Valid for the 2nd section
Format: +7.0 10.5/20 = 10.5~0Bh g
7 ) []
6.1 10.5/2-1 =21 =15h fefo o0 170" 1 ogi]

3.2.5 Summary of the Additive Corrections
Figure 20 gives an overview of all of the described additive correction methods.
The results are given for different section counts p:
* N.C.: the noncorrected device 1
* p = 1: correction with the mean value of the full ADC range
e p = 2: correction with the mean values of ranges A/B and C/D
e p = 4: correction with the center values of the four Ranges
e p=8...64: correction with 8 to 64 (multiple) sections over the full ADC range

As can be seen, the improvement increases significantly from the noncorrected
device 1 to the additive correction with 64 sections.

ADC Error

Variance

Standard
Deviation

p=4 p=8 p=16 p=32 p=64 Mean
Section Count Value

Figure 20. Overview of the Additive Correction Methods

3.3 Additional information

The Linear Improvement of the MSP430 14-Bit ADC Characteristic[3] shows
linear methods for the correction of the 14-bit analog-to-digital converter of the
MSP430. Different correction methods are explained: some with guaranteed
monotonicity and some using linear regression. The methods discussed differ in
RAM and ROM allocation, calculation speed, reachable improvement, and
complexity.
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Definitions Used With the Application Examples

Appendix A Definitions Used With the Application Examples

; HARDWARE DEFINITIONS

'; ADAT .equ 0118h ; ADC data register (12 or 14-bits)
; ACTL .equ 0114h ; ADC control register: control bits
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Linear Improvement of the MSP430 14-Bit ADC Characteristic

Lutz Bierl

ABSTRACT

This application report shows different linear methods to improve the accuracy of the
14-bit analog-to-digital converter (ADC) of the MSP430 family. Different correction
methods are explained: some with monotonicity and some using linear regression. The
methods used differ in RAM and ROM allocation, calculation speed, reachable
improvement, and complexity. For all correction methods, proven, optimized, software
examples are given with 8-bit and 16-bit arithmetic. The References section at the end
of the report lists related application reports in the MSP430 14-bit ADC series.

1 Introduction

The application report Architecture and Function of the MSP430 14-Bit ADC[1]
gives a detailed overview to the architecture and function of the 14-bit
analog-to-digital converter (ADC) of the MSP430 family. The principle of the ADC
is explained and software examples are given. Also included are the explanation
of the function of all hardware registers contained in the ADC.

The application report Application Basics for the MSP430 14-Bit ADC[2] shows
several applications of the 14-bit ADC of the MSP430 family. Proven software
examples and basic circuitry are shown and explained.

The application report Additive Improvement of the MSP430 14-Bit ADC
Characteristic{3] explains the external hardware that is needed for the
measurement of the characteristic of the MSP430’s analog-to-digital converter.
This report also demonstrates correction methods that use only addition. This
allows the application of these methods in real time systems, were execution time
can be critical.

Figure 1 shows the block diagram of the 14-bit analog-to-digital converter of the
MSP430 family.
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Figure 1. The Hardware of the 14-Bit Analog-to-Digital Converter

The methods for the improvement of the ADC described in the next sections are:
e Linear equations with border fit: single linear equation per range

e Linear equations with border fit: multiple linear equations per range

e Linear equations with linear regression: single linear equation per range

o Linear equations with linear regression: muiltiple linear equations per range

Quadratic and cubic corrections are explained in the application report Nonlinear
Improvement of the MSP430 14-Bit ADC Characteristic{4].

1.1 Correction With Linear Equations

2-118

A good error correction with low RAM requirements is possible if not only the
offset error—like with the additive methods—but also the slope error of the ADC
characteristic can be corrected. However, this requires the use of a multiplication.
The multiplication subroutine used here is is optimized for real time
environments: it terminates immediately after the unsigned operand—the ADC
result—becomes zero due to 