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18-Bit, Single-Channel, Low-Noise, Voltage-Output
DIGITAL-TO-ANALOG CONVERTER

FEATURES

18-Bit Monotonic Over Temperature Range
Relative Accuracy: 2L SB Max

Low-Noise: 24nV/\NHz

Fast Settling: 5us

On-Chip Output Buffer Amplifier with
Rail-to-Rail Operation

Single Power Supply: +2.7V to +5.5V

DAC Loading Control

Selectable Power-On Reset to Zero-Scale or
Midscale

Power-Down Mode

Unipolar Straight Binary or
Twos Complement Input Mode

Fast SPI™ Interface with Schmitt-Triggered
Inputs: up to 50MHz, 1.8V/3V/5V Logic

Small Package: QFN-24, 4mm x 4mm

APPLICATIONS

A

Automatic Test Equipment
Precision Instrumentation
Industrial Control

Data Acquisition Systems

DGND  10Vp,  AGND

DESCRIPTION

The DAC9881 is an 18-bit, single-channel,
voltage-output digital-to-analog converter (DAC). It
features 18-bit monotonicity, excellent linearity, very
low-noise, and fast settling time. The on-chip
precision output amplifier allows rail-to-rail output
swing to be achieved over the full supply range of
2.7V to 5.5V.

The device supports a standard SPI serial interface
capable of operating with input data clock frequencies
up to 50MHz. The DAC9881 requires an external
reference voltage to set the output range of the DAC
channel. A programmable power-on reset circuit is
also incorporated into the device to ensure that the
DAC output powers up at zero-scale or midscale, and
remains there until a valid write command.

Additionally, the DAC9881 has the capability to
function in either unipolar straight binary or twos
complement mode. The DAC9881 provides
low-power operation. To further save energy,
power-down mode can be achieved by accessing the
PDN pin, thereby reducing the current consumption to
25pA at 5V. Power consumption is 4mW at 5V,
reducing to 125uW in power-down mode.

The DAC9881 is available in a 4mm x 4mm QFN-24
package with a specified temperature range of —40°C
to +105°C.
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SPI, QSPI are trademarks of Motorola, Inc.
MICROWIRE is a trademark of National Semiconductor.

All other trademarks are the property of their respective owners.
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Please be aware that an important notice concerning availability, standard warranty, and use in critical applications of Texas
Instruments semiconductor products and disclaimers thereto appears at the end of this data sheet.

PRODUCTION DATA information is current as of publication date.
Products conform to specifications per the terms of the Texas
Instruments standard warranty. Production processing does not
necessarily include testing of all parameters.
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This integrated circuit can be damaged by ESD. Texas Instruments recommends that all integrated circuits be handled with
A appropriate precautions. Failure to observe proper handling and installation procedures can cause damage.

‘m ESD damage can range from subtle performance degradation to complete device failure. Precision integrated circuits may be more
susceptible to damage because very small parametric changes could cause the device not to meet its published specifications.

ORDERING INFORMATION®

RELATIVE DIFFERENTIAL SPECIFIED
ACCURACY NONLINEARITY PACKAGE- PACKAGE TEMPERATURE PACKAGE
PRODUCT (LSB) (LSB) LEAD DESIGNATOR RANGE MARKING
DAC9881S +3 -1/+2 QFN-24 RGE —40°C to +105°C DAC9881
DAC9881SB 2 +1 QFN-24 RGE —40°C to +105°C DAC9881B

(1) For the most current package and ordering information, see the Package Option Addendum at the end of this data sheet, or see the Tl
website at [vww.fr.com.

ABSOLUTE MAXIMUM RATINGS®

Over operating free-air temperature range (unless otherwise noted).

PARAMETER DAC9881 UNIT
AVpp to AGND -0.3t0 6 \Y
IOVpp to DGND -0.3t0 6 \Y
Digital input voltage to DGND -0.3to IOVpp + 0.3 \
Vout to AGND -0.3to AVpp + 0.3 \Y
Operating temperature range —40 to +105 °C
Storage temperature range —65 to +150 °C
Maximum junction temperature (T; max) +150 °C
Thermal impedance (8;4) 46 °C/W
. Human body model (HBM) 3000 \
ESD ratings -
Charged device model (CDM) 1000 \

(1) Stresses above those listed under Absolute Maximum Ratings may cause permanent damage to the device. Exposure to absolute
maximum conditions for extended periods may affect device reliability.
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ELECTRICAL CHARACTERISTICS: AVpp = 5V

All specifications at Ta = Ty t0 Tyax, AVpp = +4.75V to +5.5V, 10V = +1.8V to +5.5V, Vgery = 5V, Vger = 0V, and gain =
1X mode, unless otherwise noted.

DAC9881
PARAMETER CONDITIONS MIN TYP MAX UNIT
ACCURACY®
Measured by line DAC9881S +2 +3 LSB
Integral linearity error Egjzggégg)gﬁz DAC9881SB " 12 LSB
260096
Meas_ured by line DAC9881S -1 +0.75 +2 LSB
Differential linearity error Egjg?%g?:gg DAC9881SB 105 " LSB
260096
Monotonicity 18 Bits
ero-scale error Ta = +25°C, code = 2048 +16 LSB
Twin t0 Tyax, code = 2048 +32 LSB
Zero-scale drift@ Code = 2048 +0.25 +0.8 | ppm/°C of FSR
Gain error 'all'ﬁd=2+6205c;’gc6, measured by line passing through codes 2048 +16 +30 LSB
Gain temperature drift@® Measured by line passing through codes 2048 and 260096 +0.25 +0.4 ppm/°C
PSRR® Vour = full-scale, AVpp = +5V +10% 32 LSB/V
ANALOG OUTPUT®
Voltage output® 0 AVpp \Y
. . Device operating for 500 hours at +25°C 0.1 ppm of FSR
Output voltage drift vs time
Device operating for 1000 hours at +25°C 0.2 ppm of FSR
Output current® 25 mA
Maximum load capacitance 200 pF
Short-circuit current +31/-50 mA
REFERENCE INPUT®
VRern iNput voltage range AVpp = +5.5V 1.25 5.0 AVpp \%
VRgern iNput capacitance 5 pF
VRrern input impedance 4.5 kQ
VgerL iNput voltage range -0.2 0 +0.2 \%
VgerL input capacitance 4.5 pF
VgerL input impedance 5 kQ
DYNAMIC PERFORMANCE®
Settling time 3'80186?103% FS, R_ = 10kQ, C_ = 50pF, code 04000h to 5 us
Slew rate From 10% to 90% of OV to +5V 25 V/us
Vgern = 5V, gain = 1X mode 37 nv-s
VRern = 2.5V, gain = 1X mode 18 nVv-s
Code change glitch (2:8(?(‘)90?1 g?ﬁggéﬁ Vrern = 1.25V, gain = 1X mode 9 nVv-s
VRery = 2.5V, gain = 2X mode 21 nV-s
Vgery = 1.25V, gain = 2X mode 10 nv-s
Digital feedthrough CS = high, fsc k = 1kHz 1 nv-s
Output noise voltage density I: 1kHz to 100kHz, Ga?n -1 24 %0 vz
ull-scale output Gain = 2 40 48 nVv/NVHAZ
Output noise voltage f = 0.1Hz to 10Hz, full-scale output 2 UVpp

(1) DAC output range is 0V to +5V. 1LSB = 19uV.
(2) Ensured by design. Not production tested.

(3) The output from the Voyr pin = [(VrerH — VRerL)/262144] x CODE x Buffer GAIN + Vggg, -
The full-scale of the output must be less than AVpp; otherwise, output saturation occurs.

(4) Refer to Figure 2§, Figure 24, and Figure 29 for details.

The maximum range of Vgt is OV to AVpp.
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ELECTRICAL CHARACTERISTICS: AVp, = 5V (continued)

All specifications at Ta = Ty t0 Tyax, AVpp = +4.75V to +5.5V, 10V = +1.8V to +5.5V, Vgery = 5V, Vger = 0V, and gain =
1X mode, unless otherwise noted.

DAC9881
PARAMETER CONDITIONS MIN TYP MAX UNIT
DIGITAL INPUTS®
IOVpp = 4.5V to 5.5V 3.8 IOVpp + 0.3 v
High-level input voltage, V|4 I0Vpp = 2.7V to 3.3V 2.1 10Vpp + 0.3 \Y,
IOVpp = 1.7V to 2.0V 15 IOVpp + 0.3 v
IOVpp = 4.5V to 5.5V -0.3 0.8 v
Low-level input voltage, V, I0Vpp = 2.7V to 3.3V -0.3 0.6 \Y
I0Vpp = 1.7V to 2.0V -0.3 0.3 \Y
Digital input current (l,\) +1 +10 HA
Digital input capacitance 5 pF
DIGITAL OUTPUT®
IOVpp = 2.7V t0 5.5V, loy = —1mA IOVpp — 0.2 v
High-level output voltage, Vou
I0Vpp = 1.7V t0 2.0V, loy = ~500pA I0Vpp — 0.2 Y,
IOVpp = 2.7V t0 5.5V, Io, = 1ImA 0.2 Y
Low-level output voltage, Vo
IOVpp = 1.7 to 2.0V, o, = 500pA 0.2 v
POWER SUPPLY
AVpp +4.75 +5.0 +55 v
10Vpp +1.7 AVpp v
Alpp Vi = IOVpp, Vi = DGND 0.85 15 mA
10lpp Vi = IOVpp, Vi = DGND 1 10 PA
Alpp power-down PDN pin = I0Vpp 25 50 HA
Power dissipation AVpp = 5.0V 4.3 7.5 mwW
TEMPERATURE RANGE
Specified performance -40 +105 °C
(5) Ensured by design. Not production tested.
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ELECTRICAL CHARACTERISTICS: AVpp = 2.7V

All specifications at Ta = Ty t0 Tyax, AVpp = +2.7V to +3.3V, IOVpp = +1.8V to AVpp, Vrery = 2.5V, Vger = 0V and gain =
1X mode, unless otherwise noted.

DAC9881
PARAMETER CONDITIONS MIN TYP MAX UNIT
ACCURACY®
Measured by line DAC9881S +2.5 +3.5 LSB
Integral linearity error Egjzggégg)gﬁz DAC9881SB “ 3 LSB
262143
Meas_ured by line DAC9881S +1 +2 LSB
Differential linearity error Egjg?%g?:gg DAC9881SB 1075 e LSB
262143
ero-scale error Ta = +25°C, code = 2048 +32 LSB
Twmin to Tyax, code = 2048 +64 LSB
Zero-scale drift® Code = 2048 £0.5 +1.6 | ppm/°C of FSR
Gain error ;gdzzzzzsl"g measured by line passing through codes 2048 +32 +64 LSB
Gain temperature drift® Measured by line passing through codes 2048 and 262143 +0.5 +0.8 ppm/°C
PSRR® Vour = full-scale, AVpp = +3V +10% 64 LSB/V
ANALOG OUTPUT®
Voltage output® 0 AVpp v
. . Device operating for 500 hours at +25°C 0.2 ppm of FSR
Output voltage drift vs time
Device operating for 1000 hours at +25°C 0.4 ppm of FSR
Output current® 25 mA
Maximum load capacitance 200 pF
Short-circuit current +31/-50 mA
REFERENCE INPUT®
VRgery input voltage range AVpp = +3V 1.25 25 AVpp \%
VRern iNput capacitance 5 pF
Vgery input impedance 4.5 kQ
VgerL input voltage range -0.2 0 +0.2 \%
VRerL INpUt capacitance 4.5 pF
VgerL input impedance 5 kQ
DYNAMIC PERFORMANCE
Settling time ;gggdtr)]os% FS, R_ = 10kQ, C, = 50pF, code 04000h to 5 us
Slew rate From 10% to 90% of OV to +2.5V 25 Vius
VRern = 2.5V, gain = 1X mode 18 nVv-s
Code change glitch ggggoi %;EEEE;?] Vgern = 1.25V, gain = 1X mode 9 nv-s
Vgern = 1.25V, gain = 2X mode 10 nVv-s
Digital feedthrough CS = high, fscix = 1kHz 1 nv-s
_ . f= 1kHz to 100kHz, |Gain=1 24 30|  nvAHz
Output noise voltage density full-scale output Gain = 2 2 8 Y
Output noise voltage f = 0.1Hz to 10Hz, full-scale output 2 UVpp

(1) DAC output range is OV to +2.5V. 1LSB = 9.5uV.
(2) Ensured by design. Not production tested.
(3) The output from the Vout pin = [(VrRern — VRer1)/262144] x CODE x Buffer GAIN + Vggg . The maximum range of Vgyt is OV to AVpp.

The full-scale of the output must be less than AVpp; otherwise, output saturation occurs.

(4) Refer to Figure 59, Fiqure 54, and Figure 51 for details.
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ELECTRICAL CHARACTERISTICS: AVp, = 2.7V (continued)

All specifications at Ta = Ty t0 Tyax, AVpp = +2.7V to +3.3V, IOVpp = +1.8V to AVpp, Vrery = 2.5V, Vger = 0V and gain =
1X mode, unless otherwise noted.

DAC9881
PARAMETER CONDITIONS MIN TYP MAX UNIT
DIGITAL INPUTS®
] ] I0Vpp = 2.7V to 3.3V 2.1 I0Vpp + 0.3 Y
High-level input voltage, V|,
I0Vpp = 1.7V to 2.0V 15 I0Vpp + 0.3 v
. 10Vpp = 2.7V to 3.3V -0.3 0.6 \
Low-level input voltage, V.
I0Vpp = 1.7V to 2.0V -0.3 0.3 Y,
Digital input current (l,\) +1 +10 HA
Digital input capacitance 5 pF
DIGITAL OUTPUT®
I0Vpp = 2.7V 10 3.3V, lgy = -1mA I10Vpp — 0.2 \%
High-level output voltage, Vou bp o Lo
10Vpp = 1.7V to 2.0V, oy = —500pA I0Vpp — 0.2 \
IOVpp = 2.7V t0 3.3V, Io, = IMA 0.2 v
Low-level output voltage, Vo,
I0Vpp = 1.7 to 2.0V, lo. = 500pA 0.2 Y%
POWER SUPPLY
AVpp +2.7 +3.0 +3.3 \Y
10Vpp +1.7 AVpp v
Alpp Viy = 10Vpp, V. = DGND 0.75 1.2 mA
10lpp Vi = IOVpp, Vi = DGND 1 10 HA
Alpp power-down PDN pin = 10Vpp 25 50 HA
Power dissipation AVpp = 3.0V 2.3 3.6 mw
TEMPERATURE RANGE
Specified performance —40 +105 °C
(5) Ensured by design. Not production tested.
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PIN CONFIGURATION

RGE PACKAGE

QFN-24
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(1) The thermal pad is internally connected to the substrate. This pad can be connected to the analog ground or left
floating. Keep the thermal pad separate from the digital ground, if possible.

TERMINAL FUNCTIONS

TERMINAL
NO. NAME 110 DESCRIPTION
1 SCLK | SPI bus serial clock input
2 SDI | SPI bus serial data input
Load DAC latch control input (active low). When LDAC is low, the DAC latch is transparent, and the contents of the input
3 LDAC | register are transferred to the DAC latch. The DAC output changes to the corresponding level simultaneously when the
DAC latch is updated. It is recommended to connect this pin to IOVpp through a pull-up resistor.
4 AGND | Analog ground
5 AVpp | Analog power supply
6 VRerL-S | Reference low input sense
7 VRerH-S | Reference high input sense
8 Vout (o] Output of output buffer
9 Reg | Feedback resistor connected to the inverting input of the output buffer.
10 VrerL-F | Reference low input force
11 Vrern-F | Reference high input force
12 NC — Do not connect.
13 NC — Do not connect.
14 RSTSEL | Selects the value of the output from the Vqyt pin after power-on or hardware reset. If RSTSEL = IOVpp, then register data
= 20000h. If RSTSEL = DGND, then register data = 00000h.
15 GAIN | Buffer gain setting. Gain = 1 when the pin is connected to DGND; Gain = 2 when the pin is connected to IOVpp.
== Input data format selection. Input data are straight binary format when the pin is connected to IOVpp, and in twos
16 USB/BTC | S
complement format when the pin is connected to DGND.
17 RST | Reset input (active low). Logic low on this pin causes the device to perform a reset.
18 PDN | Power-down input (active high). Logic high on this pin forces the device into power-down status. In power-down, the Voyr
pin connects to AGND through a 10kQ resistor.
19 Cs | SPI bus chip select input (active low). Data bits are not clocked into the serial shift register unless CS is low. When CS is
high, SDO is in a high-impedance state. It is recommended to connect this pin to IOVpp through a pull-up resistor.
SPI serial data output selection. When SDOSEL is tied to I0OVpp, the contents of the existing input register are shifted out
20 SDOSEL | from the SDO pin; this is Stand-Alone mode. When SDOSEL is tied to DGND, the contents in the SPI input shift register
are shifted out from the SDO pin; this is Daisy-Chain mode for daisy-chained communication.
21 AVpp | Analog power supply. Must be connected to pin 5.
22 DGND | Digital ground
23 SDO (e} SPI bus serial data output. Refer to the for further detail.
24 10Vpp | Interface power. Connect to +1.8V for 1.8V logic, +3V for 3V logic, and to +5V for 5V logic.
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TIMING DIAGRAMS

Case 1: Standalone operation without SDO, LDAC tied low.
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Case 2: Standalone operation without SDO, LDAC active.
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Figure 1. Timing Diagram for Standalone Operation without SDO
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TIMING CHARACTERISTICS for Figure V®@®
At —40°C to +105°C, unless otherwise noted.

PARAMETER CONDITIONS MIN MAX UNIT
i 2.7 < AVpp < 3.6V, 2.7 < 10Vpp < AVpp 40 MHz
fscLk Maximum clock frequency
3.6 < AVpp < 5.5V, 2.7 < I0Vpp < AVpp 50| MHz
— 2.7 < AVpp < 3.6V, 2.7 < 10Vpp < AV, 50 ns
t1 Minumum CS high time oo oo oo
3.6 < AVpp 5.5V, 2.7 = I0Vpp < AVpp 30 ns
; Delay from CS falling edge to SCLK rising 2.7 < AVpp <3.6V, 2.7 = 10Vpp £ AVpp 10 ns
2 edge 3.6 < AVpp < 5.5V, 2.7 < I0Vpp < AVpp 8 ns
; Delay from SCLK falling edge to CS falling 2.7<AVpp < 3.6V, 2.7 < 10Vpp < AVpp 0 ns
3 edge 3.6 < AVpp < 5.5V, 2.7 < I0Vpp < AVpp 0 ns
2.7 < AVpp < 3.6V, 2.7 < 10Vpp < AV, 10 ns
ty SCLK low time oo oo oo
3.6 < AVpp < 5.5V, 2.7 < I0Vpp < AVpp 10 ns
2.7 < AVpp < 3.6V, 2.7 < 10Vpp < AV, 15 ns
ts SCLK high time oo SEistALLL
3.6 < AVpp < 5.5V, 2.7 < I0Vpp < AVpp 10 ns
2.7 < AVpp < 3.6V, 2.7 < 10Vpp < AV, 25 ns
ts SCLK cycle time oo oo oo
3.6 <AVpp 5.5V, 2.7 = I0Vpp < AVpp 20 ns
; Delay from SCLK rising edge to CS rising 2.7<AVpp < 3.6V, 2.7 < 10Vpp < AVpp 10 ns
7 edge 3.6 < AVpp < 5.5V, 2.7 < 10Vpp < AVpp 10 ns
i 2.7 < AVpp < 3.6V, 2.7 < 10Vpp < AVpp 8 ns
tg Input data setup time
3.6 < AVpp < 5.5V, 2.7 < I0Vpp < AVpp 5 ns
2.7 < AVpp < 3.6V, 2.7 < 10Vpp < AV, 5 ns
tg Input data hold time oo oo oo
3.6 < AVpp < 5.5V, 2.7 < I0Vpp < AVpp 5 ns
; Delay from CS rising edge to LDAC falling 2.7 AVpp <3.6V, 2.7 = 10Vpp £ AVpp 10 ns
14 edge 3.6 < AVpp < 5.5V, 2.7 < 10Vpp < AVpp 5 ns
- 2.7 < AVpp < 3.6V, 2.7 < 10Vpp < AV, 15 ns
tis LDAC pulse width oo oo oo
3.6 < AVpp < 5.5V, 2.7 < I0Vpp < AVpp 10 ns

(1) Allinput signals are specified with tg = tr = 2ns (10% to 90% of I0Vpp) and timed from a voltage level of IOVpp/2.
(2) Ensured by design. Not production tested.
(3) Sample tested during the initial release and after any redesign or process changes that may affect these parameters.

Copyright © 2008, Texas Instruments Incorporated Bubmit Documentation FeedbacK 9
Product Folder Link(s):



http://focus.ti.com/docs/prod/folders/print/dac9881.html
http://www.go-dsp.com/forms/techdoc/doc_feedback.htm?litnum=SBAS438A&partnum=DAC9881
http://focus.ti.com/docs/prod/folders/print/dac9881.html

DAC988

SBAS438A—-MAY 2008—-REVISED AUGUST 2008

13 TEXAS

INSTRUMENTS

www.ti.com

Case 1: Standalone operation with output from SDO, LDAC tied low.
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, Bit 23 = MSB
: = Don’t Care BitO = LSB
Figure 2. Timing Diagram for Standalone Operation with SDO
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Case 1: Daisy Chain, LDAC tied low.

Y t»
(}—
[ ™~ Input Register
4 and DAC Latch
> Updated
L -t

{(
))

/ a \ /
¢
))
(I(l (‘

SDI X Bit 23 (N) Bit 22 (N) Bit 0 (N) Bit 23 (N + 1) x Bit 0 (N 4 1)X
1)’) [) [J
t11 t t
« e lt——TLj o ——m . ety 3|
)) )
SDO High-Z Bit 23 (N)™ Bit 0 (N) High-Z
1)’) [J
- tio
_C Low (C (¢ (¢
LDA )) ))

Y t
e
Cs ™~ Input Register
( (
: )} )T Updated
- -3
tl, —la—t5—e tg .
))
7 [\ [\ 7/
{( O —
)T
‘)‘) t8 tg ‘} ‘J
SDI X Bit 23 (N) Bit 22 (N) Bit 0 (N) Bit 23 (N + 1) x Bit 0 (N 4 1)X
l)‘) () ()
t11
« || <—t12—> . <-t13->
)) )
SDO High-Z Bit 23 (N)™ Bit 0 (N) High-Z
l)‘) t ()
-
—— High 10 ( e—tig—mta—tis
LDAC 0 b
DAC Latch
Updated
! Bit 23 = MSB
: = Don't Care Bit 0 = LSB

NOTE: (1) SDO data delayed from SDI by 24 clock cycles.

Figure 3. Timing Diagram for Daisy Chain Mode, Two Cascaded Devices
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TIMING CHARACTERISTICS for and Figure 3®@®

At —40°C to +105°C, unless otherwise noted.

PARAMETER CONDITIONS MIN MAX UNIT
i 2.7 < AVpp < 3.6V, 2.7 < 10Vpp < AVpp 20 MHz
fscLk Maximum clock frequency
3.6 < AVpp < 5.5V, 2.7 < I0Vpp < AVpp 25| MHz
- 2.7<AVpp <3.6V, 2.7 < 10Vpp £ AV, 50 ns
t1 Minumum CS high time oo oo oo
3.6 < AVpp 5.5V, 2.7 = I0Vpp < AVpp 30 ns
‘ Delay from CS falling edge to SCLK rising 2.7<AVpp < 3.6V, 2.7 < 10Vpp < AVpp 10 ns
2 edge 3.6 < AVpp < 5.5V, 2.7 < I0Vpp < AVpp ns
; Delay from SCLK falling edge to CS falling 2.7 < AVpp < 3.6V, 2.7 < I0Vpp < AVpp ns
3 edge 3.6 < AVpp < 5.5V, 2.7 < I0Vpp < AVpp ns
2.7<AVpp <3.6V, 2.7 < 10Vpp £ AV, 25 ns
ty SCLK low time oo oo oo
3.6 <AVpp 5.5V, 2.7 = I0Vpp < AVpp 20 ns
2.7<AVpp <3.6V, 2.7 < 10Vpp £ AV, 25 ns
ts SCLK high time oo SEistALLL
3.6 <AVpp 5.5V, 2.7 = I0Vpp < AVpp 20 ns
2.7<AVpp <3.6V, 2.7 < 10Vpp £ AV, 50 ns
ts SCLK cycle time oo oo oo
3.6 < AVpp < 5.5V, 2.7 < I0Vpp < AVpp 40 ns
; Delay from SCLK rising edge to CS rising 2.7 < AVpp < 3.6V, 2.7 < I0Vpp < AVpp 10 ns
7 edge 3.6 < AVpp < 5.5V, 2.7 < 10Vpp < AVpp 10 ns
i 2.7 < AVpp < 3.6V, 2.7 < 10Vpp < AVpp 5 ns
tg Input data setup time
3.6 < AVpp < 5.5V, 2.7 < I0Vpp < AVpp 5 ns
2.7<AVpp <3.6V, 2.7 < 10Vpp £ AV, 5 ns
tg Input data hold time oo oo oo
3.6 < AVpp < 5.5V, 2.7 < I0Vpp < AVpp 5 ns
J— i i 2.7 < AVpp < 3.6V, 2.7 < 10Vpp < AVpp 15 ns
tio Delay from CS falling edge to SDO valid
3.6 < AVpp < 5.5V, 2.7 < I0Vpp < AVpp 10 ns
i i 2.7 < AVpp < 3.6V, 2.7 < 10Vpp < AVpp 20 ns
t11 Delay from SCLK falling edge to SDO valid
3.6 < AVpp < 5.5V, 2.7 < I0Vpp < AVpp 15 ns
2.7<AVpp <3.6V, 2.7 < 10Vpp £ AV, t ns
t SDO data hold from SCLK rising edge Do po = 7B &
3.6 <AVpp 5.5V, 2.7 = I0Vpp < AVpp ts ns
[ i 2.7 < AVpp < 3.6V, 2.7 < 10Vpp < AVpp ns
t13 Delay from CS rising edge to SDO high-Z
3.6 <AVpp 5.5V, 2.7 = I0Vpp < AVpp ns
‘ Delay from CS rising edge to LDAC falling 2.7<AVpp < 3.6V, 2.7 < 10Vpp < AVpp 10 ns
14 edge 3.6 < AVpp < 5.5V, 2.7 < 10Vpp < AVpp 5 ns
- 2.7<AVpp <3.6V, 2.7 < 10Vpp £ AV, 15 ns
tis LDAC pulse width oo oo oo
3.6 < AVpp < 5.5V, 2.7 < I0Vpp < AVpp 10 ns

(1) Allinput signals are specified with tg = tr = 2ns (10% to 90% of I0Vpp) and timed from a voltage level of IOVpp/2.

(2) Ensured by design. Not production tested.
(3) Sample tested during the initial release and after any redesign or process changes that may affect these parameters.
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TYPICAL CHARACTERISTICS: AVpp = +5V
At Tp = +25°C, Vgern = 5.0V, Vger = 0V, and Gain = 1X Mode, unless otherwise noted.

LINEARITY ERROR
vs DIGITAL INPUT CODE

2.0 2.0
Tp=+25°C
1.5 1.5
1.0 1.0
o o
9 0.5 | g 0.5
5 0 S o
o i}
= 05 > -0.5
z a
-1.0 -1.0
-15 -15
2.0 -2.0
0 32768 65536 98304 131072 163840 196608 229376 262144
Digital Input Code
Figure 4.
LINEARITY ERROR
vs DIGITAL INPUT CODE
2.0 2.0
T, = -40°C
15 1.5
1.0 1.0
o [y
@ 0.5 ﬁ 0.5
5 o0 S o
I} ]
4 05 = -05
= a
-1.0 -1.0
-15 -15
-2.0 -2.0
0 32768 65536 98304 131072 163840 196608 229376 262144
Digital Input Code
Figure 6.
LINEARITY ERROR
vs DIGITAL INPUT CODE
2.0 2.0
Ty =+105°C
1.5 | 1.5
1.0 1.0

0.5

INL Error (LSB)
o

DNL Error (LSB)
o

-0.5 -0.5

-1.0 -1.0

-1.5 -1.5

-2.0 -2.0
0 32768 65536 98304 131072 163840 196608 229376 262144

Digital Input Code
Figure 8.

DIFFERENTIAL LINEARITY ERROR
vs DIGITAL INPUT CODE

Tp=+25°C

T——————

0 32768 65536 98304 131072 163840 196608 229376 262144
Digital Input Code

Figure 5.

DIFFERENTIAL LINEARITY ERROR
vs DIGITAL INPUT CODE

T, =-40°C

e

0 32768 65536 98304 131072 163840 196608 229376 262144
Digital Input Code

Figure 7.

DIFFERENTIAL LINEARY ERROR
vs DIGITAL INPUT CODE

T,=+105°C

0 32768 65536 98304 131072 163840 196608 229376 262144
Digital Input Code

Figure 9.
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TYPICAL CHARACTERISTICS: AVpp = +5V (continued)
At T, = +25°C, Vggen = +5.0V, Vger = 0V, and Gain = 1X Mode, unless otherwise noted.

LINEARITY ERROR
vs TEMPERATURE

DIFFERENTIAL LINEARITY ERROR
vs TEMPERATURE

2.0 2.0
1.5 1.5
INL Max L —T
1.0 — 1.0
[y o DNL Max
» 05 @ 05
= S5
5 0 8 o
] i} DNL Min
= -05 = -05 =
z INL Min &
-1.0 -1.0
-15 -1.5
-2.0 -2.0
-40 -20 0 20 40 60 80 100 120 -40 -20 0 20 40 60 80 100 120
Temperature (°C) Temperature (°C)
Figure 10. Figure 11.
LINEARITY ERROR DIFFERENTIAL LINEARITY ERROR
vs TEMPERATURE (GAIN = 2X MODE) vs TEMPERATURE (GAIN = 2X MODE)
2.0 2.0
15 1.5
INL Max
1.0 1.0
& o DNL Max
»n 05 ? 05
= S5
5 0 S o
o u DNL Min
< -05 = -05
z INL Min [a) ———
-1.0 -1.0
15 Vrern = 2.5V . 15 Vrern = 2.5V
VRerL = 0V VRerL = 0V
20 I -2.0 ‘
-40 -20 0 20 40 60 80 100 120 -40 -20 0 20 40 60 80 100 120
Temperature (°C) Temperature (°C)
Figure 12. Figure 13.
LINEARITY ERROR DIFFERENTIAL LINEARITY ERROR
vs SUPPLY VOLTAGE vs SUPPLY VOLTAGE
2.0 2.0
1.5 = 1.5
INL Max
1.0 1.0
o m DNL Max
»n 05 ? 05
:II =
5 0 S o
i INL Min u DNL Min
= -05 = -05
z
= ~ i =)
-1.0 -1.0
15 Vpery = 2.5V 15 Vgery = 2.5V
VrerL = OV VrerL = 0V
-2.0 ‘ -2.0 ‘
25 3.0 3.5 4.0 4.5 5.0 5.5 6.0 25 3.0 3.5 4.0 4.5 5.0 5.5 6.0
Supply Voltage (V) Supply Voltage (V)
Figure 14. Figure 15.
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TYPICAL CHARACTERISTICS: AVpp = +5V (continued)
At T, = +25°C, Vggen = +5.0V, Vger = 0V, and Gain = 1X Mode, unless otherwise noted.

LINEARITY ERROR
vs REFERENCE VOLTAGE

DIFFERENTIAL LINEARITY ERROR
vs REFERENCE VOLTAGE

2.0 2.0
1.5 1.5
INL Max
1.0 - - 1.0
o [y DNL Max
»n 05 » 05
:L =
5 0 g o
i INL Min w DNL Min
3 -05 g Z -05 L
= =) -
-1.0 -1.0
15 -15
-2.0 -2.0
0 1.0 2.0 3.0 4.0 5.0 6.0 0 1.0 2.0 3.0 4.0 5.0 6.0
Reference Voltage (V) Reference Voltage (V)
Figure 16. Figure 17.
FULL-SCALE AND ZERO-SCALE ERROR FULL-SCALE AND ZERO-SCALE ERROR
vs TEMPERATURE vs TEMPERATURE (GAIN = 2X MODE)
1.0 1.0
— < V, =25V
> > REFH
g 08 g 08 Ay
5 0.6 IS 0.6
W gq W g
< 0.2 Full-Scale Error < 02 Full-Scale Error ||
g ° —— g o -
o 0 === = - f==== s [ 0 e ===
N 02 Zero-Scale Error N 02 T T -~
- Y T Y S
c c Zero-Scale Error
S _04 5 04 e
© ©
é?) -0.6 5 -0.6
S -0.8 S5 -08
[T [T
-1.0 -1.0
-55 -35 -15 5 25 45 65 85 105 125 -55 -85 -15 5 25 45 65 85 105 125
Temperature (°C) Temperature (°C)
Figure 18. Figure 19.
AVpp SUPPLY CURRENT AVpp SUPPLY CURRENT
vs DIGITAL INPUT CODE vs DIGITAL INPUT CODE (GAIN = 2X MODE)
1100 ; ; 1000 - -
AVpp = 5.0V o 900 | AVoo =50
1000 AV = 5.0V Vrern = 5.0V J2ad xREFH N 2\'/5\/ ///_\
< 900 |- AVoo =20V | v =0V P g 800 | Veer =0 —
:5‘ Vigry = 2.5V ‘ >,f// = 700 /_A—/__’
S 800 | Vger =0V e I
o REFL N
5 N | d £ 600 fad AVpp = 2.7V
700 i AVpp = 2.7V — 3 =
O DD O 40 VRery = 1.25V
2 600 —==1 Vegen =27V | = Vger = OV
(% Veer = 0V S 400
AVpp = 2.7V @
- 500 DD ~ 2 300
o Vigeen = 2.5V a
Z 400 }— Z
< VierL = OV < 200
300 100
200 0
0 65536 131072 196608 262144 0 65536 131072 196608 262144
Digital Input Code Digital Input Code
Figure 20. Figure 21.
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TYPICAL CHARACTERISTICS: AVpp = +5V (continued)
At T, = +25°C, Vggen = +5.0V, Vger = 0V, and Gain = 1X Mode, unless otherwise noted.

AVpp SUPPLY CURRENT
vs TEMPERATURE

AVpp POWER-DOWN CURRENT
vs TEMPERATURE

1200 50
// ----- —_
__1000 f== [ - é 40
< B I =
% 800 %
5 Vagey = 5.0V 2 90
O 600 | v -ov Vrery = 2.5V z ‘- AVpp = 5.0V
= AEFL ~ VRerL = 0V =) T —
g Gain = 1X Mode Gain = 2X Mode 8 01—+ =
C”D 400 g (Y A S A R S R N N
o e AVpp = 2.7V
< 2 10
200 z
DAC Code Set to 3FO00h
0 | | | 0
-55 -85 -15 5 25 45 65 85 105 125 -55 -35 -15 5 25 45 65 85 105 125
Temperature (°C) Temperature (°C)
Figure 22. Figure 23.
REFERENCE CURRENT REFERENCE CURRENT
vs DIGITAL INPUT CODE vs DIGITAL INPUT CODE (GAIN = 2X MODE)
1 | | 1 Vv 2.5V
REFH = <
0 VRE‘FH Currs—znt 0 Vagr, = OV
< <
E £ V, Current
Z 05 Z 05 REFH
C C
o o
3 o 3 o
8 8
S Vpgeg, Current S
5 -0.5 ¥ i 5 -0.5
;“:_J ;u:'a Vger, Current
-1.0 -1.0
-15 -15
0 65536 131072 196608 262144 0 65536 131072 196608 262144
Digital Input Code Digital Input Code
Figure 24. Figure 25.
OUTPUT VOLTAGE
OUTPUT VOLTAGE vs DRIVE CURRENT CAPABILITY
vs DRIVE CURRENT CAPABILITY (Operation Near AVpp Rail)
5.0 5.00
45 ‘1‘\%\\ \<DLAC Loaded with 3FFFFh
' DAC Loaded with 3FFFFh ‘
4.0 4.95 4 } i
S 35 s DAC* Loade‘d with SFSO‘CN
(0] (0]
o 3.0 o 4.90 1 } 1 ~—
2 5 £ DAC Loaded with 3F000h \
S 25 S
3 20 3 485
3 15 3
DAC Loaded with 3E000h
1.0 4.80
05 DAC Loaded with 00000h
. | ‘
0 : : 475
0 3 6 9 12 15 0 1 2 3 4 5
lisourcesing (MA) Isource (MA)
Figure 26. Figure 27.
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TYPICAL CHARACTERISTICS: AVpp = +5V (continued)
At T, = +25°C, Vggen = +5.0V, Vger = 0V, and Gain = 1X Mode, unless otherwise noted.

OUTPUT VOLTAGE
vs DRIVE CURRENT CAPABILITY
(Operation Near AGND Rail)

I0Vpp SUPPLY CURRENT
vs LOGIC INPUT VOLTAGE

0.25 200 ‘ ‘
180
I0Vpp = 5V
0.20 < 160
- DAC Loaded with 02000h 2 /\
S = 140
o v [ / \
o 0.15 S 120
£ 9 /
S > 100
% 010 | PAC Loaded with 01000h g go /
a 0. i i >
3 1 | _— 2 o0 \
DAG Loaded with 00800h >
0.05 : | . O 40
/| |10Vpp =27V
20 N
. DAC Loaded with 00000 . ~ | N
0 1 2 3 4 5 0O 05 10 15 20 25 30 35 40 45 50
Isink (MA) Logic Input Voltage (V)
Figure 28. Figure 29.
LARGE SIGNAL LARGE SIGNAL
SETTLING TIME SETTLING TIME
SRR AR RS AL R AR RS AR
. Large-Signal Output E
s : - - - . 2V/div | Small-Signal Error : ]
- Shall—éignal Error ] ]
2V/div E / - - ; : 4 1mV/div — ' . — ; ; 4 1mV/div
- 1DAC T T
- Signal : : : Code Change: 00000h to 3FFFFh ] : : : Code Change: 3FFFFh to 00000h ]
5V/div £ ~o.oifo2o 2 Output Loaded with 10kQ and - - 5V/div B I : Output Loaded with 10kQ and - -
i : ;SOpFTto AGND o] : : %50pFTto AGND o]
Time (2us/div) Time (2us/div)
Figure 30. Figure 31.
LARGE SIGNAL LARGE SIGNAL
SETTLING TIME SETTLING TIME
SARRERRRRE R R AL R LS SARRERRREE! ARAEAREERERE AR LR
. Large-Signal Output -+ -+ =] o i ;
- LN : - 2V/div | A : E
K N small-Signal Error - ] E Large-Signal Output =
2V/div g y | h\;lﬂ; - — —_ ] 1mV/div : } = F —— = 1mV/div
F : : : : : S F : : . Small-Signal Error ]
FpAac [l ek LTBAG i ooie e b
E Signal : Code Change: 04000h to 3C000h 1 - Signal : : : Code Change: 3C000h to 04000h 1
5V/idivp——. o fl oo : Output Loaded with 10kQ and - - 5V/div | JEREEY EEEEERE : Output Loaded with 10kQ and - -
- - 50pF to AGND ] - : : - 50pF to AGND ]
Time (2us/div) Time (2us/div)
Figure 32. Figure 33.
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TYPICAL CHARACTERISTICS: AVpp = +5V (continued)
At T, = +25°C, Vggen = +5.0V, Vger = 0V, and Gain = 1X Mode, unless otherwise noted.
LARGE SIGNAL LARGE SIGNAL
SETTLING TIME (GAIN 2X MODE) SETTLING TIME (GAIN = 2X MODE)
» UL B IR ] I B L L B S L B BN B ]
v -2 5v : : : : : . : : : | Vi =2 5v ]
B RERH cco...ooo.+ . Large-Signal Output . - - REFH =
i : - - - 5 2V/div ]
2V/div 4 1mv/div 4 1mv/div
3 ~ " Code Chang‘e. 00000 i SEFFFHE g ~ " Code Chang‘e' SFFFFR LG ’o’ddddhé
5V/div F Sl - Output Loaded with 10kQ and - - J 5V/div Do - Output Loaded with 10k and - - J
i : ;SOpFTto AGND ] : %50pFTto AGND o]
Time (2us/div) Time (2us/div)
Figure 34. Figure 35.
LARGE SIGNAL LARGE SIGNAL
SETTLING TIME (GAIN 2X MODE) SETTLING TIME (GAIN 2X MODE)
» L LI IR A ] L B ™ ™1 T ]
- VREFH -2 5V : : : : : S : : VFIEFH = 2 5V ]
} ............ SRR SRR Large_signa| oUtpUt . E . E
i : : : : : . : 3 2V/div : : : : 1
N3 : E Large- 's.gaa.‘ o'uip'u't “““ E
2V/div ey \/ o] 1MV/dliv 7 = 5 1mV/div
E : ] Small Srgnal Error 1
LTDAG i [ evio ol i SR = =
 Signal : Code Change 04000h to 3C000h ]  Signal : Code Change SCOOOh to 04000h ]
5V/div F AR BRI - Output Loaded with 10kQ and - - J 5V/div F R Do - Output Loaded with 10kQ and - - J
- : : - 50pF to AGND ] - : : - 50pF to AGND ]
Time (2us/div) Time (2us/div)
Figure 36. Figure 37.
MAJOR CARRY GLITCH MAJOR CARRY GLITCH
- Ga‘uln‘_‘1XMode - COdeChange 1FFFFh to 20000h - F Gain = 1X Mode l EIARE AR
= Vege = +5V ~ Output Loaded with 10kQ and 7 a VFIEFH =45V e Foo SRR ERRS
- : : : 50pF to AGND ) ) ) B - : : : : : B
i : 1 i Integrated Glitch Energy (28nV s) 1
Y Veursignal L 3 I\ VourSignal | o E
100mv/div E '.“.. _our >4 R SRR 100mv/divf___{} o our =9 TR,
[V ; ; : : : : 1 s LR : ‘ : ‘ ‘ ‘ 1
g Integrated Glrtch Energy (38nV s) g g : g
e ...... ; ..... ;. + .; ..... .; ..... - e CodeChange20000hto1FFFFhv
5V/div . LDAC» BRI s ] I A R s 5V/div . LDAC..:. ... - Output Loaded with 10kQ and ]
- Signal : : : : : : ] - Signal : %50pFTto AGND ]
Time (2us/div) Time (2us/div)
Figure 38. Figure 39.
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TYPICAL CHARACTERISTICS: AVpp = +5V (continued)
At T, = +25°C, Vggen = +5.0V, Vger = 0V, and Gain = 1X Mode, unless otherwise noted.

MAJOR CARRY GLITCH

MAJOR CARRY GLITCH

aain~ 1% Moda | Coda Ghange: TFFFFA o 20000n ]  Gan-iXMode . ]
C Ve = +2.5V < Output Loaded with 10kQ and E Vipgey = 42,5V 7]
F o1 150pF E o ]
i ; : 1 i y (15nV-s) ° ]
g Vour Signal : ; g R
100mV/div | e - - ' - ' ' - 100mV/div | - - - - -
[ Integrated Glitch Energy (17nV-s) - E 3 b
R E SR Code Change: 20000h to 1FFFFh ]
5V/div LDAC. ... ... ... S P E 5V/div F i- LDAC..:.....:Output Loaded with 10k and 3
- Signal ] - Signal - 550pF+to AGND ]
Time (2us/div) Time (2us/div)
Figure 40. Figure 41.
OUTPUT NOISE DENSITY LOW-FREQUENCY OUTPUT NOISE
vs FREQUENCY (0.1Hz to 10Hz)
|¥ DAC Code Set to 20000h
; 160 Output Unloaded
£ 140
=
g 120
2 100 3
7] >
S 80 &
[0
2 60
= Gain = 2X Mode
S 40 AN
5 NS
g 20
a3 Gain = 1X Mode
0 i L
1 10 100 1k 10k 100k Time (1s/div)
Frequency (Hz)
Figure 42. Figure 43.
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TYPICAL CHARACTERISTICS: AVpp = +2.7V
At Tp = +25°C, Vgepn = +2.5V, Vger = 0V, and Gain = 1X Mode, unless otherwise noted.

LINEARITY ERROR
vs DIGITAL INPUT CODE

DIFFERENTIAL LINEARITY ERROR
vs DIGITAL INPUT CODE
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Figure 44. Figure 45.
LINEARITY ERROR DIFFERENTIAL LINEARITY ERROR
vs DIGITAL INPUT CODE vs DIGITAL INPUT CODE
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Figure 46. Figure 47.
LINEARITY ERROR DIFFERENTIAL LINEARITY ERROR
vs DIGITAL INPUT CODE vs DIGITAL INPUT CODE
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Figure 48. Figure 49.
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TYPICAL CHARACTERISTICS: AVpp = +2.7V (continued)
At T, = +25°C, Vggpn = +2.5V, Vger = 0V, and Gain = 1X Mode, unless otherwise noted.

LINEARITY ERROR
vs REFERENCE VOLTAGE

DIFFERENTIAL LINEARITY ERROR
vs REFERENCE VOLTAGE
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Figure 50. Figure 51.
AVpp SUPPLY CURRENT REFERENCE CURRENT
vs TEMPERATURE vs DIGITAL INPUT CODE
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Figure 52. Figure 53.
REFERENCE CURRENT OUTPUT VOLTAGE
vs DIGITAL INPUT CODE (GAIN = 2X MODE) vs DRIVE CURRENT CAPABILITY
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Figure 54. Figure 55.
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TYPICAL CHARACTERISTICS: AVpp = +2.7V (continued)
At T, = +25°C, Vggpn = +2.5V, Vger = 0V, and Gain = 1X Mode, unless otherwise noted.

OUTPUT VOLTAGE
vs DRIVE CURRENT CAPABILITY
(Operation Near AVpp Rail)

2.70
—_ DAC Loaded with 3FFFFh
T~
2.65
- —
2 260 A ~—
o DAC Loaded | T
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3 with 3F000h
S5 250 :
o |
DAC Loaded with 3FFFFh, Vpgey = 2.5V
2.45 ‘ ‘ ‘
Vgern = 2.7V, unless otherwise noted.
2.40 L L L
0 1 2 3 4 5
Isource (MA)
Figure 56.
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Figure 60.
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OUTPUT VOLTAGE
vs DRIVE CURRENT CAPABILITY
(Operation Near AGND Rail)

0.25
0.20
DAC Loaded
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Figure 57.
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Figure 59.
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Figure 61.
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TYPICAL CHARACTERISTICS: AVpp = +2.7V (continued)
At T, = +25°C, Vggpn = +2.5V, Vger = 0V, and Gain = 1X Mode, unless otherwise noted.

MAJOR CARRY GLITCH MAJOR CARRY GLITCH

L L L B B B B B L L BN B S I B B L T B B L I
[ Gain = 1X Mode : Code Change: 1FFFFh to 20000h; L Gain = 1X Mode : ]
- Vieey = +2.5V 7 Output Loaded with 10kQ and E Vogey = 425V E
: : : - 50pF to AGND ) ) ] - : : : : ]
- Vour Signal ] - E
100mV/div Aot - } } } } " . 100mV/div | .
E " Integrated Glitch Energy (16.5nV-s) E i E
a ....... ERRLERE S e , a o SRR o Coin Change o000 1FFFFhv
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Figure 62. Figure 63.
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THEORY OF OPERATION

GENERAL DESCRIPTION

The DAC9881 is a single-channel, 18-bit, serial-input, voltage-output digital-to-analog converter (DAC). The
architecture is an R-2R ladder configuration with the four MSBs segmented, followed by an operational amplifier
that serves as a buffer, as shown in Figure 64. The on-chip output buffer allows rail-to-rail output swings while
providing a low output impedance to drive loads. The DAC9881 operates from a single analog power supply that
ranges from 2.7V to 5.5V, and typically consumes 850pA when operating with a 5V supply. Data are written to
the device in a 24-bit word format, via an SPI serial interface. To enable compatibility with 1.8V, 3V, or 5V logic
families, an 10Vpp supply pin is provided. This pin allows the DAC9881 input and output logic to be powered
from the same logic supply used to interface signals to and from the device. Internal voltage translators are
included in the DAC9881 to interface digital signals to the device core. See for the basic configuration
of the DAC9881.

To ensure a known power-up state, the DAC9881 is designed with a power-on reset function. Upon power-up,
the DAC9881 is reset to either zero-scale or midscale depending on the state of the RSTSEL pin. A harrdware
reset can be performed by using the RST and RSTSEL pins.

1
Reg”
Res
R
Vour
2R 2R 2R 2R 2R 2R 2R 2R 2R
5kQ
VRerH
5kQ

— NOTE: (1) Rgg = 5k< for gain = 1
Reg = 10k<2 for gain = 2.

T o T o T o T o T o T o T o T o
d ¢ d hd {5 d hd Vaern-F
Veer-S
£ A £ O VrerF
VRerL-S
Figure 64. DAC9881 Architecture
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ANALOG OUTPUT

The DAC9881 offers a force and sense output configuration for the high open-loop gain output amplifier. This
feature allows the loop around the output amplifier to be closed at the load (as shown in Figure 66), thus
ensuring an accurate output voltage. The output buffer Vot and Rgg pins are provided so that the output op amp
buffer feedback can be connected at the load. Without a driven load, the DAC9881 output typically swings to
within 15mV of the AGND and AVpp supply rails. Because of the high accuracy of these DACs, system design
problems such as grounding and wiring resistance become very important. A 18-bit converter with a 5V full-scale
range has an LSB value of 19uV. The DAC9881 has a typical feedback resistor current of 0.5mA; thus, a series
wiring resistance of only 100mQ (Ry) causes a voltage drop of 50uV. In terms of a system layout, the resistivity
of a typical 1-ounce copper-clad printed circuit board (PCB) is 0.5mQ per square. For a 0.5mA current, a
0.25mm wide printed circuit conductor 25mm long results in a voltage drop of 25uV. Note that the wiring
resistance of Ry, is not critical as long as the feedback resistor (Rgg) is connected at the driven load.

+5V
o
L, L 3
0.1uF == 1uF c‘g 5
:I: :I: u>3 T a4 9
= = e & b B
> 2 o &
© [} [a) <
— (] w o
L o |
:I:O.1pLF :I: 1uF g ° % . §
> [=]
= = 5| 3| 8| z| 3|18
CICICICIC
(8} N [aV) (8} N ~—
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Clock >— 1 ) r" 18 PDN
SDI ser -
Serial Dataln >—— 2 ) (17 RST Reset DAC Registers
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AGND DAC9881 GAIN
D G|
= AVpp RSTSEL
5) (14
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@ 5 B w| w 0‘
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g
o
VOUT
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+5.0000V
Figure 66. Analog Output Closed-Loop Configuration
(Rw1 and Ry, represent wiring resistance)
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REFERENCE INPUTS

The reference high input, Vgery, Can be set to any voltage in the range of 1.25V to AVpp. The reference low
input, VgerL, Can be set to any voltage in the range of —0.2V to +0.2V (to provide a small offset to the output of
the DAC9881, if desired). The current into Vgeggy and out of Ve depends on the DAC code, and can vary from
approximately 0.5mA to 1mA in the gain = 1X mode of operation. The reference high and low inputs appear as
variable loads to the external reference circuit. If the external references can source or sink the required current,
and if low impedance connections are made to the Vgery and Vger pins, external reference buffers are not
required. shows a simple configuration of the DAC9881 using external references without force and
sense reference buffers.

Kelvin sense connections for the reference high and low are included on the DAC9881. When properly used with
external reference buffer op amps, these reference Kelvin sense pins ensure that the driven reference high and
low voltages remain stable versus varying reference load currents. shows an example of a reference
force and sense configuration of the DAC9881 operating from a single analog reference voltage. Both the Vger
and Vgeey reference voltages are set to levels of 100mV from the DAC9881 supply rails, and are derived from a
+5V external reference. illustrates the effect of not using the reference force and sense buffers to drive
the DAC9881 Vger and Vgeey pins. shows the improvement when using the reference buffers. A slight
degradation in INL and DNL performance is seen without the use of the force and sense buffer configuration.

External Reference ?
+5.0000V jmmmmmmde o
: OPA2350 :
1
1
N i
1
: > . T2200pF 500
! : VW
i ! L 000pF
i + ! = 1ooop
1 1 p—
1
o6k ! i
1
+0.100V! i
T + . 50Q
1
] 1 i WW—rt-
_ ' 1000pF
! : 2200pF T p
i '
! 1

NOTE: Vger, can be connected to AGND if Vger is not biased.

Figure 67. Buffered References (Vgregry = +4.900V and Vger = 100mV).
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Figure 68. Linearity and Differential Linearity Error Figure 69. Linearity and Differential Linearity Error
for without Reference Buffers for with Reference Buffers
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OUTPUT RANGE

The maximum output range of the DAC9881 is Vrer 10 (Vreen — Vrerl) X G, where G is the output buffer gain
set by the GAIN pin. When the GAIN pin is connected to DGND, the output buffer gain = 1. When the GAIN pin
is connected to I0Vpp, the output buffer gain = 2. The output range must not be greater than AVpp; otherwise,
output saturation occurs. The DAC9881 output transfer function is given in Equation 1J:

Vegey - V. .
Vour = w x CODE x Buffer Gain + Vper, @

Where:
CODE = 0to 262143. This is the digital code loaded to the DAC.
Buffer Gain = 1 or 2 (set by the GAIN pin).
Vrern = reference high voltage applied to the device.
VrerL = reference low voltage applied to the device.

INPUT DATA FORMAT

The USB/BTC pin defines the input data format. When this pin is connected to 10Vpp, the input data format is
straight binary, as shown in [[able_1. When this pin is connected to DGND, the input data format is twos
complement, as shown in [Table 2.

Table 1. Output vs Straight Binary Code

USB CODE 5V RANGE DESCRIPTION
3FFFFh +4.99998 +Full-Scale — 1LSB
30000h +3.75000 3/4-Scale
20000h +2.50000 Midscale
10000h +1.25000 1/4-Scale
00000h 0.00000 Zero-Scale

Table 2. Output vs Twos Complement Code

BTC CODE 5V RANGE DESCRIPTION
1FFFFh +4.99998 +Full-Scale — 1LSB
10000h +3.75000 3/4-Scale
00000h +2.50000 Midscale
3FFFFh +2.49998 Midscale — 1LSB
30000h +1.25000 1/4-Scale
20000h 0.00000 Zero-Scale

POWER DOWN

The DAC9881 has a hardware power-down function. When the PDN pin is high, the device is in power-down
mode. When the device is in power-down, the Vout pin is connected to ground through an internal 10kQ resistor,
but the contents of the input register and the DAC latch do not change and SPI communication remains active.
When the PDN pin returns low, the device returns to normal operation.

HARDWARE RESET

When the RST pin is low, the device is in hardware reset mode, and the input register and DAC latch are set to
the value defined by the RSTSEL pin. After RST goes high, the device is in normal operating mode, and the
input register and DAC latch maintain the reset value until new data are written.
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POWER-ON RESET

The DAC9881 has a power-on reset function. After power-on, the value of the input register, the DAC latch, and
the output from the Vg1 pin are set to the value defined by the RSTSEL pin.

PROGRAM RESET VALUE

After a power-on reset or a hardware reset, the output voltage from the Vo7 pin and the values of the input
register and DAC latch are determined by the status of the RSTSEL pin and the input data format, as shown in

Table 3. Reset Value

RSTSEL PIN USB/BTC PIN INPUT FORMAT Vourt VALUE OF INPUT REGISTER AND DAC LATCH
DGND I0Vpp Straight Binary 0 00000h
10Vpp I0Vpp Straight Binary Midscale 20000h
DGND DGND Twos Complement Midscale 00000h
10Vpp DGND Twos Complement 0 20000h

SERIAL INTERFACE

The DAC988L1 is controlled by a versatile three-wire serial interface that operates at clock rates of up to 50MHz
and is compatible with SPI, QSPI™, MICROWIRE™, and DSP interface standards.

Input Shift Register

Data are loaded into the device as a 24-bit word under the control of the serial clock input, SCLK. The timing
diagrams for this operation are shown in the section.

The CS input is a level-triggered input_that acts as a frame synchronization signal and chip enable. Data can be
transferred into the device only while CS is low. When CS is high, the SCLK and SDI signals are blocked out,
and SDO is in high-Z status. To start the serial data transfer, CS should be taken low, observing the minimum
delay from CS falling edge to SCLK rising edge, t,. After CS goes low, serial input data from SDI are clocked into
the device input shift register on the rising edges of SCLK for 24 or more clock pulses. If a frame contains less
than 24 bits of data, the frame is invalid. Invalid input data are not written into the input register and DAC,
although the input register and DAC will continue to hold data from the preceding valid data cycle. If more than
24 bits of data are transmitted in one frame, the last 24 bits are written into the shift register and DAC. CS may
be taken high after the rising edge of the 24th SCLK pulse, observing the minimum SCLK rising edge to CS
rising edge time, t;. The contents of the shift register are transferred into the input register on the rising edge of
CS. When data have been transferred into the input register of the DAC, the corresponding DAC register and
DAC output can be updated by taking the LDAC pin low. shows the input shift register data word format.
D17 is the MSB of the 18-bit DAC data.

Table 4. Input Shift Register Data Word Format

B17 BO
BIT | B23 | B22 | B21 | B20 | B19 | B18 | (MSB) | B16 | B15 | B14 | B13 | B12 | B11 | B10 | B9 | B8 | B7 | B6 | B5 | B4 | B3 | B2 | B1 | (LSB)

DATA | X® X X X X X D17 | D16 | D15 | D14 | D13 | D12 | D11 | D10 | D9 | D8 | D7 | D6 | D5 | D4 | D3 | D2 | D1 DO

(1) X=don' care.
Stand-Alone Mode

When the SDOSEL pin is tied to IOVpp, the interface is in Stand-Alone mode. This mode provides serial
readback for diagnostic purposes. The new input data (24 bits) are clocked into the device shift register and the
existing data in the input register (24 bits) are shifted out from the SDO pin. If more than 24 SCLKs are clocked
when CS is low, the contents of the input register are shifted out from the SDO pin, followed by zeroes; the last
24 bits of input data remain in the shift register. If less than 24 SCLKs are clocked while CS is low, the data from
the SDO pin are part of the data in the input register and must be ignored. Refer to for further details.

Daisy-Chain Mode

When the SDOSEL pin is tied to GND, the interface is in Daisy-Chain mode. For systems that contain several
DACs, the SDO pin may be used to daisy-chain several devices together.
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In Daisy-Chain mode, SCLK is continuously applied to the input shift register while CS is low. If more than 24
clock pulses are applied, the data ripple out of the shift register and appear on the SDO line. These data are
clocked out on the falling edge of SCLK and are valid on the rising edge. By connecting this line to the SDI input
on the next DAC in the chain, a multi-DAC interface is constructed. 24 clock pulses are required for each DAC in
the chain. Therefore, the total number of clock cycles must be equal to (24 x N), where N is the total number of
devices in the chain. When the serial transfer to all devices is complete, CS should be taken high. This action
prevents any further data from being clocked into the input shift register. The contents in the shift registers are
transferred into the relevant input registers on the rising edge of the CS signal.

A continuous SCLK source may be used if CS can be held low for the correct number of clock cycles.
Alternatively, a burst clock containing the exact number of clock cycles can be used and CS can be taken high
some time later. When the transfer to all input registers is complete, a common LDAC signal updates all DAC
registers, and all analog outputs update simultaneously.

DOUBLE-BUFFERED INTERFACE

The DAC9881 has a double-buffered interface consisting of two register banks: the input register and the DAC
latch. The input register is connected directly to the input shift register and the digital code is transferred to the
input register upon completion of a valid write sequence. The DAC latch contains the digital code used by the
resistor R-2R ladder. The contents of the DAC latch defines the output from the DAC.

Access to the DAC latch is controlled by the LDAC pin. When LDAC is high, the DAC latch is latched and the
input register can change state without affecting the contents of the DAC latch. When LDAC is low, however, the
DAC latch becomes transparent and the contents of the input register is transferred to the DAC register.

Load DAC Pin (LDAC)

LDAC transfers data from the input register to the DAC latch (and, therefore, updates the DAC output). The
contents of the DAC latch (and the output from DAC) can be changed in two ways, depending on the status of
LDAC.

Synchronous Mode

When LDAC is tied low, the DAC latch updates as soon as new data are transferred into the input register after
the rising edge of CS.

Asynchronous Mode

When LDAC is high, the DAC latch is latched. The DAC latch (and DAC output) is not updated at the same time
that the input register is written to. When LDAC goes low, the DAC latch updates with the contents of the input
register.

1.8V TO 5V LOGIC INTERFACE

All digital input and output pins are compatible with any logic supply voltage between 1.8V and 5V. Connect the
interface logic supply voltage to the IOVpp pin. Although timing is specified down to 2.7V (see the
Characteristicg), IOVpp can operate as low as 1.8V, but with degraded timing and temperature performance. For
the lowest power consumption, logic V|4 levels should be as close as possible to I0Vpp, and logic V, levels
should be as close as possible to GND.

POWER-SUPPLY SEQUENCE

For the device to work properly, IOVDD must not come up before AVpp, and the reference voltage must come up
after the AVpp supply. Additionally, because the DAC input shift register is not reset during a power-on reset or
hardware reset, the CS pin must not be unintentionally asserted during power-up of the device. To avoid
improper power-up, it is recommended that the CS and LDAC pins be connected to 10Vpp through pull-up
resistors. To ensure that the electrostatic discharge (ESD) protection circuitry of this device is not activated, all
other digital pins must be held at ground potential until IOVpp is applied.
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APPLICATION INFORMATION

BIPOLAR OPERATION USING THE DAC9881

The DAC9881 is designed for single-supply operation; however, a bipolar output is also possible using the circuit
shown in Figure 70. This circuit gives a bipolar output voltage of Vgp. When GAIN = 1, Vgp can be calculated

using EQUATon 2
\@MCODQ=[1+F%+F%]X[

262144 ~ R,

CODE R
R, ' R, . ] X Vier

(2
Where:

Vg p(CODE) = bipolar output voltage versus CODE from the DPAZT1l

CODE = 0to 262143. This is the digital code loaded to the DAC.

Vger = reference high voltage applied to the DAC9881.

By first choosing a value for resistor R;, R; and R, can be determined by Equation 3 and Equation 4,
respectively:

V
R, = — x R,
Vep 3)
R Veer X Ry
po 8
Vep = Veer 4)
Where:

Vgp= peak desired output voltage for bipolar output.
Vger = reference high voltage applied to the DAC9881. NOTE: Vgjp = Vggr.
R; = OPA211 feedback resistor chosen by user.
Note that R, is not required in the circuit of for bipolar output voltage ranges equal to +Vgge.

Using the previous equations, and with Vgxee = 5V and R; set to 10kQ, a +8V output span can be achieved with
R, calculated to be 6.25kQ and R, to be 16.67kQ.

Similarly, a near +15V rail-to-rail output can be achieved with R; calculated to be 3.33kQ and R, calculated to be
5kQ.

VREFL
DAcogs1 Vour
VRerH /

VRer O

NOTE: Some pins omitted for clarity.

Figure 70. Bipolar Operation Using the DAC9881
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PACKAGING INFORMATION

Orderable Device Status Package Type Package Pins Package Eco Plan Lead/Ball Finish MSL Peak Temp Op Temp (°C) Device Marking Samples
@) Drawing Qty @ ©) @ (/5)
DAC9881SBRGER ACTIVE VQFN RGE 24 3000 Green (RoHS CU NIPDAU Level-2-260C-1 YEAR  -40 to 105 DAC Samples
& no Sh/Br) 9881
B
DAC9881SBRGET ACTIVE VQFN RGE 24 250 Green (RoHS CU NIPDAU Level-2-260C-1 YEAR  -40 to 105 DAC
& no Sb/Br) 9881 P
B
DAC9881SRGER ACTIVE VQFN RGE 24 3000 Green (RoHS CU NIPDAU Level-2-260C-1 YEAR  -40 to 105 DAC Samples
& no Sh/Br) 9881
DAC9881SRGET ACTIVE VQFN RGE 24 250 Green (RoHS CU NIPDAU Level-2-260C-1 YEAR  -40 to 105 DAC Samples
& no Sh/Br) 9881
DAC9881SRGETG4 ACTIVE VQFN RGE 24 250 Green (RoHS CU NIPDAU Level-2-260C-1 YEAR  -40 to 105 DAC Samples
& no Sh/Br) 9881

® The marketing status values are defined as follows:

ACTIVE: Product device recommended for new designs.
LIFEBUY: Tl has announced that the device will be discontinued, and a lifetime-buy period is in effect.
NRND: Not recommended for new designs. Device is in production to support existing customers, but Tl does not recommend using this part in a new design.
PREVIEW: Device has been announced but is not in production. Samples may or may not be available.

OBSOLETE: Tl has discontinued the production of the device.

@ Eco Plan - The planned eco-friendly classification: Pb-Free (RoHS), Pb-Free (RoHS Exempt), or Green (RoHS & no Sb/Br) - please check http://www.ti.com/productcontent for the latest availability
information and additional product content details.
TBD: The Pb-Free/Green conversion plan has not been defined.
Pb-Free (RoHS): Tl's terms "Lead-Free" or "Pb-Free" mean semiconductor products that are compatible with the current RoHS requirements for all 6 substances, including the requirement that
lead not exceed 0.1% by weight in homogeneous materials. Where designed to be soldered at high temperatures, Tl Pb-Free products are suitable for use in specified lead-free processes.

Pb-Free (RoHS Exempt): This component has a RoHS exemption for either 1) lead-based flip-chip solder bumps used between the die and package, or 2) lead-based die adhesive used between
the die and leadframe. The component is otherwise considered Pb-Free (RoHS compatible) as defined above.
Green (RoHS & no Sb/Br): Tl defines "Green" to mean Pb-Free (RoHS compatible), and free of Bromine (Br) and Antimony (Sb) based flame retardants (Br or Sb do not exceed 0.1% by weight

in homogeneous material)

® MSL, Peak Temp. - The Moisture Sensitivity Level rating according to the JEDEC industry standard classifications, and peak solder temperature.

@ There may be additional marking, which relates to the logo, the lot trace code information, or the environmental category on the device.

® Multiple Device Markings will be inside parentheses. Only one Device Marking contained in parentheses and separated by a "~" will appear on a device. If a line is indented then it is a continuation
of the previous line and the two combined represent the entire Device Marking for that device.
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© | ead/Ball Finish - Orderable Devices may have multiple material finish options. Finish options are separated by a vertical ruled line. Lead/Ball Finish values may wrap to two lines if the finish
value exceeds the maximum column width.

Important Information and Disclaimer: The information provided on this page represents Tl's knowledge and belief as of the date that it is provided. Tl bases its knowledge and belief on information
provided by third parties, and makes no representation or warranty as to the accuracy of such information. Efforts are underway to better integrate information from third parties. Tl has taken and
continues to take reasonable steps to provide representative and accurate information but may not have conducted destructive testing or chemical analysis on incoming materials and chemicals.
Tl and Tl suppliers consider certain information to be proprietary, and thus CAS numbers and other limited information may not be available for release.

In no event shall TI's liability arising out of such information exceed the total purchase price of the Tl part(s) at issue in this document sold by Tl to Customer on an annual basis.
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TAPE AND REEL INFORMATION
REEL DIMENSIONS TAPE DIMENSIONS
4 |+ KO
i |
& go W
Reel | | l
Diameter
Cavity +‘ A0 M
A0 | Dimension designed to accommodate the component width
B0 | Dimension designed to accommodate the component length
KO | Dimension designed to accommodate the component thickness
\ 4 W | Overall width of the carrier tape
i P1 | Pitch between successive cavity centers
[ [ 1
T Reel Width (W1)
QUADRANT ASSIGNMENTS FOR PIN 1 ORIENTATION IN TAPE
O O O O OO O O O QfSprocket Holes
|
T
Q1 : Q2
H4-—-—
Q3 1 Q4 User Direction of Feed
[ 4
T
Pocket Quadrants
*All dimensions are nominal
Device Package|Package|Pins| SPQ Reel Reel AO BO KO P1 w Pin1
Type |Drawing Diameter| Width | (mm) [ (mm) | (mm) | (mm) | (mm) |Quadrant
(mm) |W1(mm)
DAC9881SBRGER VQFN RGE 24 3000 330.0 12.4 4.3 4.3 15 8.0 12.0 Q2
DAC9881SBRGET VQFN RGE 24 250 180.0 12.4 4.3 4.3 15 8.0 12.0 Q2
DAC9881SRGER VQFN RGE 24 3000 330.0 12.4 4.3 4.3 1.5 8.0 12.0 Q2
DAC9881SRGET VQFN RGE 24 250 180.0 12.4 4.3 4.3 1.5 8.0 12.0 Q2
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TAPE AND REEL BOX DIMENSIONS
,/”?/
4
// S
/\g\‘ /}#\
. 7
- //' "\.\ 7
Tu e
*All dimensions are nominal
Device Package Type |Package Drawing| Pins SPQ Length (mm) | Width (mm) | Height (mm)
DAC9881SBRGER VQFN RGE 24 3000 338.1 338.1 20.6
DAC9881SBRGET VQFN RGE 24 250 210.0 185.0 35.0
DAC9881SRGER VQFN RGE 24 3000 338.1 338.1 20.6
DAC9881SRGET VQFN RGE 24 250 210.0 185.0 35.0
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MECHANICAL DATA

RGE (S—PVQFN—N24)

PLASTIC QUAD FLATPACK NO—-LEAD

PIN 1 INDEX AREA —
TOP AND BOTTOM

1

20 REF.

vy

SEATING PLANE

P
a1

0,00
—p 0,50 24y 0,50
w 1 1 ‘ . f 0,30
Jyygtduu_|
24 D 7 T
D THERM ‘L PAD C
D SIZE ANL SHAPE C
75 73}—{07WN ON SﬁPARATE gHF Ei
D) | -
19 ‘ 2
alalaliaNals
18 13 24y 8 fé)
0,10 @M[clalB
@ 0,05 @[C

4204104 /G 07 /11

NOTES:

All linear dimensions are in millimeters. Dimensioning and tolerancing per ASME Y14.5M—-1994.

This drawing is subject to change without notice.

Quad Flatpack, No—Leads (QFN) package configuration.

The package thermal pad must be soldered to the board for thermal and mechanical performance.

See the additional figure in the Product Data Sheet for details regarding the exposed thermal pad features and dimensions.

Falls within JEDEC MO-220.
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THERMAL PAD MECHANICAL DATA

RGE (S—PVQFN—N24)

PLASTIC QUAD FLATPACK NO—LEAD

THERMAL INFORMATION

This package incorporates an exposed thermal pad that is designed to be attached directly to an external
heatsink. The thermal pad must be soldered directly to the printed circuit board (PCB). After soldering, the

PCB can be used as a heatsink. In addition, through the use of thermal vias, the thermal pad can be attached
directly to the appropriate copper plane shown in the electrical schematic for the device, or alternatively, can be
attached to a special heatsink structure designed into the PCB. This design optimizes the heat transfer from the

integrated circuit (IC).

For information on the Quad Flatpack No—Lead (QFN) package and its advantages, refer to Application Report,
QFN/SON PCB Attachment, Texas Instruments Literature No. SLUA271. This document is available at www.ti.com.

The exposed thermal pad dimensions for this package are shown in the following illustration.

PIN 1 INDICATOR

(OPTIONAL)
1 6
Juujyuu
S a7
T ) ;/— Exposed Thermal Pad
D) (am
+
2,45%+0,10 = + I
l > (-
o 12
MO NN N M
18 13
< »— 2,4510,10
Bottom View
Exposed Thermal Pad Dimensions
4206344-3/AK 08/15
NOTES: A. All linear dimensions are in millimeters

i3 TEXAS
INSTRUMENTS

www.ti.com


http://www.ti.com/lit/slua271

LAND PATTERN DATA

RGE (S—PVQFN—N24) PLASTIC QUAD FLATPACK NO—-LEAD

Example Stencil Design

: Example Board Layout 0.125 Thick Stencil
Pin 1 Vi
Keemeut I:rea (Note E)
0,72mm square U U U U U ZOXO 5 _>| |<—20XO,5
Note D [ = | 2408_’|:J‘U_UUD—93 —
ooo|lcd = ‘ —
- =) —
NO OO SN T o o M
[D|0 O 0| e e S =
D N 1 RO,115\ —4x1,0 I— -
; \ N —]
NOn000SC D000
e BN - 315 ——
— 4,8 —— \“\ -~ 475 — |
/,' . (66% Printed Solder Coverage by Area)
/ \‘\\
/ .
,/ Non Solder Mask Defined Pad AN Example Via Layout Design
/ . \\ Via qumlit m:y vqryt deptending
T T . on layout constraints
,////‘ .. Example Solder Mask Opening N\ (Note D, F)

N\
(Note F) N
" 0,08 / ST 245 = —9x00,3
" RO14\- 08 \ W%_O o &

\ 1,5 o | 2,45
\i\ Pad Geometry + -f_
\ 0,07 _—f

e

(Note C)

\ Al Around / —1—I5 '— 0,75

-------- 4207991-2/U 05/15

NOTES:  A. All linear dimensions are in millimeters.

B. This drawing is subject to change without notice.

C. Publication IPC-7351 is recommended for alternate designs.

D. This package is designed to be soldered to a thermal pad on the board. Refer to Application Note, Quad Flat—Pack
Packages, Texas Instruments Literature No. SLUA271, and dlso the Product Data Sheets
for specific thermal information, via requirements, and recommended board layout. These documents are available at
www.ti.com <http: //www.ti.com>.

E. Laser cutting apertures with trapezoidal walls and also rounding corners will offer better paste release. Customers should
contact their board assembly site for stencil design recommendations. Refer to IPC 7525 for stencil design
considerations.

F.  Customers should contact their board fabrication site for recommended solder mask tolerances and via tenting
recommendations for vias placed in the thermal pad.
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IMPORTANT NOTICE

Texas Instruments Incorporated and its subsidiaries (TI) reserve the right to make corrections, enhancements, improvements and other
changes to its semiconductor products and services per JESD46, latest issue, and to discontinue any product or service per JESDA48, latest
issue. Buyers should obtain the latest relevant information before placing orders and should verify that such information is current and
complete. All semiconductor products (also referred to herein as “components”) are sold subject to TI's terms and conditions of sale
supplied at the time of order acknowledgment.

TI warrants performance of its components to the specifications applicable at the time of sale, in accordance with the warranty in TI's terms
and conditions of sale of semiconductor products. Testing and other quality control techniques are used to the extent Tl deems necessary
to support this warranty. Except where mandated by applicable law, testing of all parameters of each component is not necessarily
performed.

Tl assumes no liability for applications assistance or the design of Buyers’ products. Buyers are responsible for their products and
applications using TI components. To minimize the risks associated with Buyers’ products and applications, Buyers should provide
adequate design and operating safeguards.

TI does not warrant or represent that any license, either express or implied, is granted under any patent right, copyright, mask work right, or
other intellectual property right relating to any combination, machine, or process in which TI components or services are used. Information
published by TI regarding third-party products or services does not constitute a license to use such products or services or a warranty or
endorsement thereof. Use of such information may require a license from a third party under the patents or other intellectual property of the
third party, or a license from Tl under the patents or other intellectual property of TI.

Reproduction of significant portions of Tl information in Tl data books or data sheets is permissible only if reproduction is without alteration
and is accompanied by all associated warranties, conditions, limitations, and notices. Tl is not responsible or liable for such altered
documentation. Information of third parties may be subject to additional restrictions.

Resale of TI components or services with statements different from or beyond the parameters stated by TI for that component or service
voids all express and any implied warranties for the associated TI component or service and is an unfair and deceptive business practice.
Tl is not responsible or liable for any such statements.

Buyer acknowledges and agrees that it is solely responsible for compliance with all legal, regulatory and safety-related requirements
concerning its products, and any use of TI components in its applications, notwithstanding any applications-related information or support
that may be provided by TI. Buyer represents and agrees that it has all the necessary expertise to create and implement safeguards which
anticipate dangerous consequences of failures, monitor failures and their consequences, lessen the likelihood of failures that might cause
harm and take appropriate remedial actions. Buyer will fully indemnify Tl and its representatives against any damages arising out of the use
of any Tl components in safety-critical applications.

In some cases, TI components may be promoted specifically to facilitate safety-related applications. With such components, TI's goal is to
help enable customers to design and create their own end-product solutions that meet applicable functional safety standards and
requirements. Nonetheless, such components are subject to these terms.

No Tl components are authorized for use in FDA Class Ill (or similar life-critical medical equipment) unless authorized officers of the parties
have executed a special agreement specifically governing such use.

Only those Tl components which Tl has specifically designated as military grade or “enhanced plastic” are designed and intended for use in
military/aerospace applications or environments. Buyer acknowledges and agrees that any military or aerospace use of TI components
which have not been so designated is solely at the Buyer's risk, and that Buyer is solely responsible for compliance with all legal and
regulatory requirements in connection with such use.

TI has specifically designated certain components as meeting ISO/TS16949 requirements, mainly for automotive use. In any case of use of
non-designated products, Tl will not be responsible for any failure to meet ISO/TS16949.
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