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Abstract

This application note describes the implementation of a simple tracking ADC based on digital
rheostats of the SLG47004. No external components and no special tuning procedure are required
for the proposed ADC structure. Also, the circuit has much better PSRR and temperature drift than a
capacitor based counter type ADC.

The proposed ADC can be used for monitoring slow-changing signals like temperature, battery
voltage, and others.

This application note comes complete with design files which can be found in the References
section.
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1 Terms and Definitions
ACMP Analog comparator

ADC Analog to digital converter
DAC Digital to analog converter
IC Integrated circuit

OpAmp Operational amplifier

2 References

For related documents and software, please visit:

GreenPAK™ Programmable Mixed-Signal Products | Renesas

Download our free GreenPAK Designer software [1] to open the .gp files [2] and view the proposed
circuit design. Use the GreenPAK development tools [3] to freeze the design into your own
customized IC in a matter of minutes. Find out more in a complete library of application notes [4]
featuring design examples as well as explanations of features and blocks within the GreenPAK IC.

[1]
(2]
[3]
[4]
[5]

GreenPAK Designer Software, Software Download and User Guide
AN-CM-309 Tracking ADC.gp, GreenPAK Design File

GreenPAK Development Tools, GreenPAK Development Tools Webpage
GreenPAK Application Notes, GreenPAK Application Notes Webpage
SLG47004, Datasheet

Author: Vladyslav Kozlov
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https://www.renesas.com/us/en/products/programmable-mixed-signal-asic-ip-products/greenpak-programmable-mixed-signal-products
https://www.renesas.com/us/en/software-tool/go-configure-software-hub
https://www.renesas.com/us/en/document/scd/cm-309-gp-file
https://www.renesas.com/us/en/products/programmable-mixed-signal-asic-ip-products/greenpak-programmable-mixed-signal-products/greenpak-development-process
https://www.renesas.com/us/en/products/programmable-mixed-signal-asic-ip-products/greenpak-programmable-mixed-signal-products/greenpak-applications
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3 Introduction

The growing development of digital ICs like microcontrollers, microprocessors, FPGA, and others,
allows using complex digital processing techniques instead of analog signal conditioning. This
tendency made ADC a widely used component of mixed-signal circuits.

There are a lot of types of ADC: successive-approximation ADC, sigma-delta ADC, direct-conversion
ADC, capacitor charge/discharge based ADC, ADC with voltage-to-frequency converters, and others.
All these ADC types have different accuracy, frequency, and cost characteristics. The proposed
structure of ADC is the tracking ADC.

4  Tracking ADC Principle

The main components of the tracking ADC are:

e DAC. Current project uses buffered voltage reference output and digital potentiometer as DAC.
e ACMP.

e Counter with Up/Down control input. In the SLG47004 this counter is embedded into the digital
rheostats macrocells.

The operation principle of the tracking ADC is shown in Figure 1. When conversion starts, the
counter begins to change the resistance of digital potentiometer depending on the level at Up/Down
input. At each (Oscillator) step the voltage at the inverting input of ACMP increases (or decreases).
The conversion ends when ACMP changes its output. After the end of the conversion it's possible to
calculate sampled input voltage:

. Vre
Vin = L.
Ntaps

where Vin — input voltage at inverting input of ACMP; Vref — reference voltage; Ntaps — maximum
number of potentiometer taps; N — the value of counter after the end of conversion.

[ ]
Vin D SDA \
D | 12C
; —{ | SCL ViefF—|-—————= -———
4 Vin
[ -
Const Vref Vref \ t
Counter [~ 7
Rpot I CNT
. |
é‘—l— Oscillator I— :
|
e e e | t
Start Conv. End of Conv.

Figure 1: Basic Structure and Operation Principle of the Tracking ADC
Figure 2 shows the internal design of the tracking ADC based on the SLG47004.

Pulse at “Start Conversion” input begins conversion process. There are two options for initial
rheostats value:

e |f “Auto-Reload” input is floating, every new conversion starts from the rheostats default value of
512. This default value corresponds to Vref/2 voltage at dividers output.

e If “Auto-Reload” input is connected to ground, every new conversion starts from the previous
rheostat value. This option can speed up the conversion time for slow-changing processes.

Application Note Revision 1.0 03-Nov-2020
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The stop condition occurs when ACMP changes its input from Low to High the 3 time.

The User can hold a logic level High at “Start Conversion” input to track input voltage level. In this
case the rheostat will keep on switching and changing Vref voltage near Vin voltage level. Note that
“In Progress/Done” output will change its level to logic Low after ACMP changes its input from Low to
High the 3 time, even if logic level High is being kept at the “Start Conversion” input.

Auto Reload
C
(delay for
reloading def. value)
Edge Det
nOut
DFF3 DFF4 PTO, PT1
D/ nrst D] nRst Reload RHO
Ck| Initial: High|NQ Ck | Initial: Highl NQ
Start Convertion nRes nRes
Reload RH1| Pot Mode
| LUT3 RHO data = 511
RH1 data = 512,
Up/Down
(gated clock) Clk
LUT2
Q_ FIFO nRst
POR
i |InProgress/Done
DFF! D
osco o o
fason . TRAEE] _ . (e —
Set
pDown| Auto Power On | Outd Ck :l,lfi,, High o) AT
PreDiv =1 PO4B Hz | nSet 12¢
DivOut0 = 1 SDA
D SO SU RS scL

Figure 2: Internal Design of the Tracking ADC Based on SLG47004
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5 Internal Blocks Configuration

Figure 3 shows the design of the project in GreenPAK Designer Software.

Figure 3: Project Design in GreenPAK Designer Software

5.1 Chopper ACMP Configuration

Chopper ACMP
QUT polarity: Mon-inverted (O =
E-Vrefsource: HD buffer -
AT oo -
Auto-Trim: Disable
Channel 0

4

IN+ CHO source: | Ext. Vref (PIN 15 (G

4

IN- CHO source: Ext. Vref [PIN 18 |G

CHO clock: 0SCo -
Channel 1
IN+ CH1 source: | InAmp OUT

IN- CH1 source: Ext. Vref (PIN 18 (G

CH1 clock: Ext. Clk. [From mat

Figure 4: Chopper ACMP Configuration

Application Note Revision 1.0 03-Nov-2020
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5.2 Oscillators Configurations

0SCo 0sc1
Cm:'_‘d:?l pin | Farce on = | C“::LZ?I D | Power down = |
ﬁ:}m |Auto Power On s | ﬁ:ﬂw |Auto Power On h |
Clock selector: | OSC * ||| Clockselector: | OSC - |
'05C0° frequency:  2.048 kHz = '08C1 frequency: | 2.042 MHz -
"CLK' predivider | - - | 'CLK' predivider |1—v|
by: - by: _—
e )| |sme=
H - er " -
'OUTT" second - "OUT1" second
ivi | | | dovi i -]
divider by: = divider by: S

Figure 5: Oscillators Configurations

Digital Rheostats Configurations

Digital Rheostat0 Digital Rheostat1
Mode: Mone = Mode: | Potentiometer s |
Charge Pump Charge Pump
Enable: |Always Cn = | Enable: |Always Cn = |
Charge Pump Charge Pump
P | LPEG chopper OS¢ ™ | oo | LPBG chopper OS¢ ™ |
Auto-Trim: | Disable ~ || Auto-Tim: Disable -
Active level for Active level for -
DR |upwhentow  ~ | e Up when HIGH

Resistance (initial | 511 =
data):

[Range: O - 1023)

Resistance (initial | 512 =
data):

[Range: O - 1023)

Application Note

Connections Connections
UP/DOWN . UP/DOWN . _
source: |w| source: Ext. {From matrix]
@iz | Ext. Clk. (Frommat ~ | | Clock: Ext. Clk. (From mat ~

Figure 6: Digital Rheostats Configurations
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5.4 LUTs Configurations

2-bit LUTO/DFF/LATCHO 2-bit LUT1/DFF/LATCH1 2-bit LUT2/DFF/LATCH2 2-bit LUT3/PGEN
Type: |t | Type: | Lur | Type | Lut | Type: |t - |
N3 N2 N1 ND | OuT N3 INZ N1 N0 ouT IN3 | IN2 N1 INO N3 N2 N1 IND
0 0 0 o | o | 0 0 1] o | o | 0 0 1] 1] 0 0 0 0
0 0 1] 1 | o | 0 0 0 1| o | 0 0 0 1 0 0 1] 1
0 0 1 o | o | 0 0 1 o | o | 0 0 1 o 0 0 1 0
0 0 1 1 0 0 1 1 0 0 1 1 0 0 1 1
0 1 0 0 0 0 1 0 0 0 ] 1 ] 0 0 1 0 0
0 1 0 1 0 0 1 0 1 0 0 1 0 1 0 1 0 1
0 1 1 0 0 0 1 1 0 0 ] 1 1 0 0 1 1 0
0 1 1 1 0 0 1 1 1 0 0 1 1 1 0 1 1 1
1 0 0 0 0 1 0 0 0 0 1 ] ] 0 1 0 0 0
1 0 0 1 0 1 0 0 1 0 1 0 0 1 1 0 0 1
1 i 1 0 0 1 0 1 0 0 1 0 1 0 1 0 1 0
1 0 1 1 0 1 0 1 1 0 1 0 1 1 1 0 1 1
1 1 0 0 0 1 1 0 0 0 1 1 0 0 1 1 0 0
1 1 0 1 0 1 1 0 1 0 1 1 ] 1 1 1 0 1
1 1 1 0 0 1 1 1 0 0 1 1 1 0 1 1 1 0
1 1 1 1 0 1 1 1 1 0 1 1 1 1 1 1 1 1
Standard gates | Allto 0 | Standard gates | Allto O | Standard gates ‘ Allto 0 | Standard gates ‘ Allto 0 |
AND | | antet1 | | aND | | aite1 | | or +| | aite1 | |oOR v Alte1 |
Regular shape | Invert | Regular shape | Invert | Regular shape ‘ Invert | Regular shape ‘ Invert |
Figure 7: LUTs Configurations
5.5 DFFs Configurations
3-bit LUTO/DFF/LATCH3 3-bit LUT1/DFF/LATCH4 3-bit LUT2/DFF/LATCHS
Type: | DFF / LATCH - | | Type: | DFF / LATCH | Type: | DFF / LATCH - |
Mode: | DFF ~| | Mode: | DFF | Mode: | DFF - |
Second Q select: |Qoffirst DFF > | Second ( select: | None = Second ( select: | None &
nSET/nRESET nSET/nRESET nSET/nRESET
option: | nRESET | | option: | nRESET - | oplion: | nsET - |
Inftial polarity: | High = | | Initial polarity: | Low ~ | Initial polarity: | High - |
Q output - Q output Q output
i - Inverted [n B - -
poarity: mverted (00 ¥ || porarity: mvetted(ng) v | 0 verted 10} < |
Active level for |L level - | Active level for |Low|e'vel - | Active level for |Low| | - |
RST/SET: cowlevel T 1 | RSI/SET: e RST/SET: ot s
Inf . Inf i Inf i
Mormal operation Mormal operation | Mormal operation |
] CLE Qlt) nQit) D CLE qQit) niCit] 8] CLE Qit) nQt)
0 t 0 1 0 t 0 1 0 T 0 1
0 i t-1 t-1 1] L t-1 t-1 0 ! t-1 t-1
1 t 1 0 1 t 1 0 1 T 1 1]
1 ! t-1 t-1 1 i t-1 t-1 1 ! t-1 t-1
t -1 - previous state; t-1-previous state; t - 1 - previous state:
NRESET=0=> Q=0 nQ=1; NRESET=0=>Q=0n0=1; NRESET=0=> Q=0 n0=1;
NRESET = 1 => normal operation; nRESET = 1 => normal operation; NRESET = 1 => normal operation;
nsET=0=>0Q=1n0=0 nSET=0=>Q=1nQ=10 nSET=0=> Q=1 nQ=10
nSET = 1 == normal operation; n5ET = 1 => normal operation; nSET = 1 => normal operation;
Figure 8: DFFs Configurations
Application Note Revision 1.0 03-Nov-2020
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5.6

5.7

Filter/Edge Detector Configuration

FILTER/EDGE DET
Type: EDGE DET hd
Mode: Rising edge detec ™
Qutput polarity: | Mon-inverted (OU” =

Figure 9: Filter/Edge Detector Configuration

VrefO Configuration

To configure the VrefO macrocell, the ACMPOL should also be configured.

5.8

A CMPOL VREFO

Hysteresis: 0 mV mul{;.down From matrix -

Power down .

- Disable =

IN+ gain: Disable o L EkEE
Input LPF: Disable - :‘:"_‘e bandgap | g pie -
Vref LPF: & Disable A

Source selector: A CMPOL reference =
Low powerstart | . ) -
up:

Connections

Sampling mode: | Disable o

Qutput: PIM 12 [GPIO0)
Vrefs source ]
e 2,048V =

Connections
IN+ source: CpiAmpd Qut B
IMN- Low to High
SOUrce: A hy -
IN- High to Low
Source: 2 my M
Information

Typical ACMP thresholds

V_IH (mV]
2048

Figure 10: ACMPOL and VrefO Configurations

IO Pins Configurations

V_IL (mV)
2048

PIN 12 (GPIOO) PIN 16 (GPIO2) PIN 19 (GPIO5) PIN 20 (GPIO6)
170 selection: Analog input/out; = I/0 selection: Digital input = I/0 selection: Digital output - I/0 selection: Digital input -
g‘é’:‘n"me: Analog input/out] g‘g:‘o"me: Digital in without ~ g‘g:‘n““me: None :;‘E":tu"“”‘"’: Digital in without ~
g:trl:l L% Analog input/out; = g:trl:t = MNone g:tfult Tm= 1x push pull = g:tfl:t e MNaone
Resistor: Floating = Resistor: Floating = Resistor: Floating Resistor: Pull Up =
Resistor value: Floating Resistor value: Floating Resistor value: Floating Resistor value: 100K =
Figure 11: 10 Pins Configurations
Application Note Revision 1.0 03-Nov-2020
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5.9 1°2C Macrocell Configuration

I2C Macrocell uses default settings.

6 Design Verification Using Software Simulation and Hardware
Prototype

Figure 12 shows the results of software simulation of the tracking ADC with disabled auto-reload
feature. It can be seen that after a start pulse, the clock signals come to the digital potentiometer. At
each clock the potentiometer changes the wiper position (the 3 common terminal) and the reference
voltage approaches the input voltage. When the reference voltage at wiper terminal becomes equal
to the input voltage, the ACMP changes its level. After the 3™ rising edge of the ACMP signal the
process ends. The same process is demonstrated in Figure 13.

If auto-reload feature is disabled, the process begins from the current potentiometer state. But if
auto-reload feature is enabled, the digital potentiometer starts counting from the default value defined
by the User. The operation of the tracking ADC with enabled auto-reload feature is shown in

Figure 14.

Start Pulse

Vin and

GreenPAK -> CNT1/DLY1 -> OUT

In Progress / nDone

Figure 12: Software Simulation of ADC Operation with Disabled Auto-Reload Feature

Application Note Revision 1.0 03-Nov-2020
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RIGOL 200ms | Soomt = D

Harizontal

m
Rl

Petind=s+++

Harizantal

]
n

M

|

Feriod=+s++x

Figure 14: Waveforms of ADC Operation with Enabled Auto-Reload Feature
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7 Accuracy and Timing Characteristics

The most essential error sources of ADC are non-linearity (DNL and INL), gain error, and offset error.
The output voltage considering errors caused by the rheostats DNL and INL can be estimated using
formula (1). The digital rheostats of the SLG47004 have DNL and INL = +1 LSB (max).

_ Vref RRH | LLSBiNL
Vout = 2o ISBINL,,  2LS 1024 (N + 1LSBpy, £ 1024——N)' (1)

BDNLn.1024
RHT 1024 "+ 1024

where Vout — output voltage; Vref — reference voltage of divider; Rp; — maximum rheostat
resistance; N — number of bits that corresponds to sampled voltage.

According to formula (1), the maximum error caused by the rheostats DNL and INL is ~2LSB. The
next DC error source is the input offset voltage of the comparator. In the case of 2.048 V voltage
reference of divider:

% -V 1024
offsetLSB — YoffsetACMP 2.048’

where Vo rrserrsg @Nd Vo rrseracup — COMparator offset in LSB and in volts.
In the case of Chopper ACMP V¢ fers5 = 0.15 LSB (0.3 mV maximal offset).

The absolute value of Vref is another additional error source. The Vref with accuracy of +1 % causes
a gain error of 10 LSB. Eventually, full-scale error is 12.15 LSB max.

Note that both gain and offset errors can be easily compensated by software, unlike DNL and INL
errors.

Temperature drift of the system depends mainly on the temperature drift of internal Vref. It is equal to
40 uV/°C. It should be noted that the temperature change doesn't affect the potentiometer ratio.

Maximum time of the conversion depends on the maximum allowed switching frequency of rheostats.
The switching frequency of the rheostats is 1 kHz max in regular mode. Maximum time of the

conversion: Teony = fL (512 +5) =0.517s or ~2Hz

Application Note Revision 1.0 03-Nov-2020
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8 Conclusions

This application note describes the design of a simple tracking ADC based on the unigue analog
blocks within the SLG47004. Another popular type of ADC for the devices that don't have dedicated
embedded ADC is the capacitor based or the Wilkinson ADC. The main principle of that ADC is the
measurement of the time of an external capacitor charging (discharging). The comparison of these
two ADC types can be found in Table 1.

Table 1: The Comparison of Tracking ADC and Capacitor Based (Wilkinson) ADC

Parameter Tracking ADC Capacitor Based ADC
External components - One capacitor
>10 % for mainstream
The full-scale error without calibration, % of capacitors
1.2 % (max) .
full range >1 % for best in class

ceramic capacitors

From 30 ppm/°C to

Temperature drift, ppm 20 ppm/°C 2500 ppm/°C for ceramic
capacitors
Sample time, ms 517 (max) >7 (limited by the ACMP

propagation error)

The data from Table 1 shows that the tracking ADC has much better accuracy performance while
the Wilkinson is much faster.

Application Note Revision 1.0 03-Nov-2020
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