RENESAS Application Note

A Primer on Renesas Digitally Controlled Potentiometers (XDCPs)

Introduction

This application note provides the fundamentals of the operation and application of Renesas digitally controlled
potentiometers (XDCPs).
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1. Operation and Application

Figure 1 shows the schematic symbol of the potentiometer is a three-terminal variable, resistance-like device.

Ccw (VH or RH)
~a—e Wiper (Vyy or Ry)
CCw (VL or RL)

Figure 1. Schematic Symbol of the Potentiometer

There are two types of potentiometers: mechanical and electronic. The terminals of the mechanical potentiometer
are called CW (clockwise), CCW (counter clockwise), and wiper. The corresponding names or designations for
the terminals of the electronic version are VH or RH, VL or RL, and the wiper VW or RW. The mechanical
potentiometer is a three-terminal device, and the electronic potentiometer is an integrated circuit with a minimum
of eight terminals.

The Renesas digitally controlled potentiometer (XDCP) is an electronic potentiometer that controls the wiper
position using digital control signals. The electronic version of the potentiometer has memory to store the wiper
settings and data.

The XDCP is a system-level control device performing a component-level function.

Figure 2 shows the block diagram of a typical XDCP.

Ve (Supply Voltage)

Up/down (U/D) Control
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Figure 2. Block Diagram of the Digitally Controlled Potentiometer
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The CMOS implements the control and memory section of the device and is biased with a 3V or 5V digital or logic
supply. Three different serial buses can control the device; (1) three-wire, (2) two-wire similar to 12C, and (3) serial
peripheral interface (SPI). The control signals for the three-wire bus are up/down, increment, and device select.
The up/down control input is a level-sensitive signal that establishes the direction of the movement of the wiper.
The wiper moves on the falling edge of the increment control input in the direction established by the up/down
signal. The device select control input is an address line that enables or disables the device. The control inputs for
the two-wire bus are clock (SCL), a bidirectional serial data line (SDA), and address lines (ADDR). The control
inputs for the SPI bus are clock (SCK), serial in (SI) and serial out (SO) data lines, and address lines (ADDR). This
application note explains the protocols of the two-wire and SPI serial interfaces.

Figure 3 shows the implementation of the integrated circuit of the digitally controlled potentiometer. Polycrystalline
resistors connect in series between the RH and RL terminals, and solid-state switches implemented by nMOS or
CMOS transistors connect at each end of this resistor array and between the resistors. The switches are
equivalent to a single-pole, single-throw switch. One end of all the switches are tied together and are connected to
the wiper terminal. Only one switch is closed at a time connecting a node in the series resistor array to the wiper.
The resistors are polycrystalline silicon deposited on an oxide layer to insulate them from the other circuitry.
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Figure 3. Implementation of the Electronic Potentiometer

The potentiometer can be used in application circuits as either a three-terminal device or a two-terminal device.
The most common way to use the potentiometer as a three-terminal device is as a voltage divider circuit

(Figure 4). Positive and/or negative voltages are connected across the potentiometer. As the wiper goes from one
voltage limit to the other. the wiper is moved from the low-to-high terminals. In many applications, this circuit can
be substituted for a digital-to-analog converter because it performs a digital-input, analog-output function.

+5V

- 5V —>+5V

o Programmable Voltage

Figure 4. Three-Terminal Configuration and Application
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The XDCP can be used as a two-terminal variable resistor. Figure 5 shows the configuration where the
potentiometer functions as a variable resistor and varies the current through the LED because the voltage across
the potentiometer is relatively constant.

+5V

Figure 5. Two-Terminal Configuration and Application

The two basic applications illustrate the use of the digitally controlled potentiometer in a digital-to-analog voltage
circuit and in a digital-to-analog current circuit.

Figure 6 expands the block diagram of the XDCP to include the internal registers and data paths. The output of
the volatile wiper counter register (WCR) determines the position of the wiper by closing a switch connecting the
wiper terminal to a point in the resistor array. For the XDCPs with a two-wire or SPI bus, there are four nonvolatile
data registers (RO to R3) that can be used to store data or additional wiper settings. The wiper counter and data
registers can be programmed from the bus or can transfer data between the registers through the instruction set
of the device. Data register RO stores the wiper setting for the power-up sequence. Each XDCPs with a three-wire
interface has only one internal nonvolatile register per potentiometer that stores the wiper setting for restoration
during the power-up sequence.

(Clod |
OCl —o VH/
SDA—>1 Ro | R Wiper | ¢ Ry
(Data) | Interface [ E h o
20— AN 8 ey Counter |I" -
Control <¢'> Register |{—o— i/
Al — Data| R, | R, (WCR) j - L
A2 —» R
A3 —» LV
(Address Rw

Figure 6. XDCP System Control and Registers

The XDCPs with a two-wire (12C) or SPI serial bus have an instruction set. Figure 7 lists the instructions and
Figure 8 shows the bit structure. The instructions control the flow of data internally or through the bus, the
increment/decrement feature, and some specialized commands. The global transfer command transfers data
between registers in devices with multiple potentiometers and the write in progress (WIP) instruction monitors the
completion of the nonvolatile write process.

Read/Write <= Wiper Counter Register (WCR) _|
Read/Write == Data Regist D

ead/Write ata Registers (D) ScL —»
Transfer <= WCR and D SDA > Interface

A0 —> and
Global Transfer <= WCR and D £12 — Control
P —
Increment/Decrement Wiper A3 —»
Read “WIP” status bit
example: X9408
Figure 7. Instruction Set
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Write Wiper Counter Register (WCR)
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Figure 8. Bit Structure

Renesas digitally controlled potentiometers come with active devices like operational amplifiers and comparators.
Figure 9 shows the block diagram of the dual-potentiometer, dual-op amp device.

SCL—H ACR(OM)f---f--------- -
A3—- Control
A2 — and
A1— Memory

WP — Wer @) ---1- -+

Figure 9. Potentiometer and Operational Amplifier

The terminals of both the potentiometer and the op amp are brought out to accommodate all possible
configurations. The externally connected analog supplies, V+ and V-, power the op amp. The WCR programs the
location of the wiper of the potentiometer, and the Analog Control Register (ACR) programs features of the
operational amplifier.

The analog datasheet parameters reflect the limitations of the digitally controlled potentiometer. The key analog
datasheet parameters are number of taps, end-to-end resistance, maximum voltages on the potentiometer pins,
wiper resistance and current, power rating, resolution, noise, linearity, and temperature coefficient. Table 1 lists

the datasheet parameters and their values for a typical XDCP.

The number of taps in a potentiometer varies from 16 to 256 and reflects the resolution of the device or its ability
to select one of n tap positions. The end-to-end resistance (RH to RL) of the potentiometer is Ryg7a. @and comes
in 1k% to 1M% values. The voltage VCC, 3 to 5V, provides the voltage biasing for the digital control and memory
section and V+ and V- provide the voltage biasing for the analog section. The voltages VterminaL are the

maximum voltages, +5V to +15V, that can be applied to the potentiometer pins in their application. Wiper
resistance, nominally 40W, models the resistance RDS(on) of the MOSFET switches used to connect the wiper
terminal to a node in the resistor array. The wiper current spec, 1TmA to 3mA, limits the maximum amount of
current allowed through the wiper switches. Absolute linearity describes the difference between the actual and
expected wiper voltage when the device is used as a voltage divider, and is accurate within one least significant bit
or minimum increment (MI). Relative linearity describes the tap-to-tap accuracy thatis 0.2 of an LSB or MI. The
potentiometer has a maximum power rating between 10mW and 50mW. Two parameters describe the
temperature dependence of Rtgta, and the resistances in the series array. RTOTAL TC (temperature coefficient) is

a nominal 300ppm/°C and the ratiometric TC is within 20ppm/°C.

While the datasheet parameters reflect the performance limitations of the digitally controlled potentiometer, there
are a large number of circuit techniques that minimize these limitations. Renesas application notes and technical
briefs describe these techniques and are available on the Renesas website. These publications describe
numerous possible applications.
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2. Analog Characteristics

Unless otherwise stated, specifications apply over the recommended operating conditions.

Table 1. Analog Datasheet Parameters

Limits
Symbol Parameter Test Conditions
Min. Typ. Max. Units
RroTaL End-to-End Resistance -20 - +20 %
Power Rating - - 50 mWwW 25°C, each pot
Iw Wiper Current -3 - +3 mA -
- 40 100 Vee =5V, lyw=21TmA
Rw Wiper Resistance Q ce w
- 150 250 Vee =2.7-5.5V, lyy = +1mA

X9410 +4.5 - +5.5
Vv+ Voltage on V+ Pin Vv -

X9410-2.7 +2.7 - +5.5

X9410 -5.5 - -4.5
Vv- Voltage on V- Pin \% -

X9410-2.7 -5.5 - 2.7
VTERM Voltage on any Vi or V| Pin V- - V+ \ -
- Noise - -140 - dBv Ref: 1kHz
- Resolutionl'] - 1.6 - % -
- Absolute Linearitylz] -1 - +1 MI Vw(n)(actual) - Vw(n)(expected)
- Relative Linearityl?! -0.2 - +0.2 Mmi4l Vi(n + 1) = Mgy + mil
- Temperature Coefficient of RtotaL - +300 - ppm/°C | -
- Ratiometric Temp. Coefficient - - 20 ppm/°C -

1. Individual array resolution.
2. Absolute linearity determines the actual wiper voltage versus expected voltage as determined by the wiper position when used as a potentiometer.

3. Relative linearity determines the actual change in voltage between two successive tap positions when used as a potentiometer. It is a measure
of the error in step size.

4. MI=RTOT/63 or (VH — VL)/63, single pot.
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3. Revision History

Revision Date Description
= Applied the latest template
1.00 Nov6,2026 |, Added Revision History section
0.00 Jun 7, 2005 Initial release
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IMPORTANT NOTICE AND DISCLAIMER

RENESAS ELECTRONICS CORPORATION AND ITS SUBSIDIARIES (‘RENESAS”) PROVIDES TECHNICAL
SPECIFICATIONS AND RELIABILITY DATA (INCLUDING DATASHEETS), DESIGN RESOURCES (INCLUDING
REFERENCE DESIGNS), APPLICATION OR OTHER DESIGN ADVICE, WEB TOOLS, SAFETY INFORMATION, AND
OTHER RESOURCES “AS IS” AND WITH ALL FAULTS, AND DISCLAIMS ALL WARRANTIES, EXPRESS OR IMPLIED,
INCLUDING, WITHOUT LIMITATION, ANY IMPLIED WARRANTIES OF MERCHANTABILITY, FITNESS FOR A
PARTICULAR PURPOSE, OR NON-INFRINGEMENT OF THIRD-PARTY INTELLECTUAL PROPERTY RIGHTS.

These resources are intended for developers who are designing with Renesas products. You are solely responsible for (1)
selecting the appropriate products for your application, (2) designing, validating, and testing your application, and (3)
ensuring your application meets applicable standards, and any other safety, security, or other requirements. These
resources are subject to change without notice. Renesas grants you permission to use these resources only to develop an
application that uses Renesas products. Other reproduction or use of these resources is strictly prohibited. No license is
granted to any other Renesas intellectual property or to any third-party intellectual property. Renesas disclaims
responsibility for, and you will fully indemnify Renesas and its representatives against, any claims, damages, costs, losses,
or liabilities arising from your use of these resources. Renesas' products are provided only subject to Renesas' Terms and
Conditions of Sale or other applicable terms agreed to in writing. No use of any Renesas resources expands or otherwise
alters any applicable warranties or warranty disclaimers for these products.

(Disclaimer Rev.1.01)

Corporate Headquarters Contact Information

TOYOSU FORESIA, 3-2-24 Toyosu, For further information on a product, technology, the most
Koto-ku, Tokyo 135-0061, Japan up-to-date version of a document, or your nearest sales
www.renesas.com office, please visit www.renesas.com/contact-us/.
Trademarks

Renesas and the Renesas logo are trademarks of Renesas
Electronics Corporation. All trademarks and registered
trademarks are the property of their respective owners.
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