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Single-Supply, Auto-Zero Sensor Amplifier

with Programmable

Gain and Offset

Check for Samples: PGA308

FEATURES

« Digital Calibration for Bridge Sensors
» Offset Select: Coarse and Fine

* Gain Select: Coarse and Fine

e Bridge Fault Monitor

e Input Mux for Lead Swap

» Over/Under Scale Limits

e Dout/ Vout Clamp Function

e Seven Banks OTP Memory

e One-Wire Digital UART Interface

e Operating Voltage: +2.7V to +5.5V

e Temperature Range: —-40°C to +125°C
e MSOP-10 and 3mm x 4mm DFN-10 Packages

APPLICATIONS

e Bridge Sensors

 Remote 4-20mA Transmitters
e Strain, Load, Weigh Scales

* Automotive Sensors

EVALUATION TOOLS

* PGA308EVM (Hardware and Software)
— Calibration and Configuration
— Sensor Emulation

Vexe Vs Vier

4 T10

DESCRIPTION

The PGA308 is a programmable analog sensor signal
conditioner. The analog signal path amplifies the
sensor signal and provides digital calibration for offset
and gain. Calibration is done via the 1W pin, a digital
One-Wire, UART-compatible interface. For
three-terminal sensor modules, 1W may be
connected to Voyur and the assembly programmed
through the Vgoyur pin. Gain and offset calibration
parameters are stored onboard in seven banks of
one-time programmable (OTP) memory. The
power-on reset (POR) OTP bank may be
programmed a total of four times.

The all-analog signal path contains a 2x2 input
multiplexer (mux) to allow electronic sensor lead
swapping, a coarse offset adjust, an auto-zero
programmable gain instrumentation amplifier (PGA),
a fine gain adjust, a fine offset adjust, and a
programmable gain output amplifier. Fault monitor
circuitry detects and signals sensor burnout,
overload, and system fault conditions.
Over/under-scale limits provide additional means for
system level diagnostics. The dual-use Dgyt/Veiamp
pin can be used as a programmable digital output or
as a gyt over-voltage clamp.

For detailed application information, see the PGA308
User's Guide (SBOUO069) available for download at
www.ti.com.
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This integrated circuit can be damaged by ESD. Texas Instruments recommends that all integrated circuits be handled with
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.

PACKAGE/ORDERING INFORMATION®

PACKAGE PACKAGE
PRODUCT PACKAGE-LEAD DESIGNATOR MARKING
MSOP-10 DGS P30A
PGA308
3mm x 4mm DFN-10 DRK P30B

(1) For the most current package and ordering information see the Package Option Addendum at the end of this document, or see the Tl
web site at www.ti.com.

ABSOLUTE MAXIMUM RATINGS®
Over operating free-air temperature range, unless otherwise noted.

PARAMETER PGA308 UNIT
Supply Voltage, Vg +5.5 \%
Dout/VeLamp Output Current Limit +10 mA
Input Current —10to +10 mA
Vint, Vinz, Vrer, IW, Dour/Veiame, Vsy @ GND-0.3t0 Vg +0.3 \4
Pin Protection Veg Terminal Voltage -30to 30 \%
Veg Terminal Current -10to 10 mA
Vout —160 to 160 mA
Operating Temperature Range —40 to +150 °C
Storage Temperature Range -55 to +150 °C
Junction Temperature +165 °C
ESD Ratings Human Body Model (HBM) 2000 \%

(1) Stresses above these ratings may cause permanent damage. Exposure to absolute maximum conditions for extended periods may
degrade device reliability. These are stress ratings only, and functional operation of the device at these or any other conditions beyond
those specified is not implied.

(2) Terminals are diode-clamped to the power-supply rails, Vs and GND. Limit current to 10mA or less.
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ELECTRICAL CHARACTERISTICS

Boldface limits apply over the specified temperature range, To = —40°C to +125°C.
At T, = +25°C, Vg = +5V, GND = 0V, Doyt/Veiame = +5V, and Vgee = +5V, unless otherwise noted.

PGA308
PARAMETER CONDITIONS MIN TYP MAX UNIT
Vour/V)y Differential Signal Gains Front-End PGA gains (Gg): 4, 6, 8, 12, 16, 32, 64, 100, 200, 2.67 9600
(Front-End PGA + Output Amplifier) 400, 489,_ 600,_800, 960, 1200, 1600 VIV
Output Amplifier gains: 2, 2.4, 3, 3.6, 4, 4.5, 6
Fine Gain Adjust = 0.33t0 1
Vour/Vin Slew Rate B CMP_SEL [CFG1 register] = 0 0.6 Vius
(Front-End PGA + Output Amplifier)
CMP_SEL [CFG1 register] = 1 0.3 Vius
Vour/Vin Settling Time (0.01%FSR) Vour/Vy differential gain = 8, 13
(Front-End PGA + Output Amplifier) Vour = +0.5V to +4.5V step, comp off, no capacitive load Hs
Vour/V y differential gain = 200, 15
Vour = +0.5V to +4.5V step, comp off, no capacitive load Hs
External Sensor Output Sensitivity @ Vs = Vger = Verawp = +5V 0.08 296 mv/iv
FRONT-END PGA
Auto-Zero Internal Frequency 40 kHz
Offset Voltage (RTI)® Coarse Offset Adjust disabled %5 +40 uv
vs Temperature Coarse Offset Adjust disabled +0.2 nv/°c
vs Supply Voltage, Vg Coarse Offset Adjust disabled 2 + 150/Gg 10 + 1000/Gg nviv
vs Common-Mode Voltage Gg = Front-End PGA gain, 1 + 250/Gg 10 + 2000/Gg nviv
Coarse Offset Adjust disabled
Offset Voltage Programming Range (RTI)® Coarse Offset Adjust enabled, —-100 100 mv
Coarse Offset Adjust controls offset
vs Temperature Coarse Offset Adjust enabled +0.2 nv/°c
vs Supply Voltage, Vg Coarse Offset Adjust enabled 2 + 150/Gg nviv
vs Common-Mode Voltage Gg = Front-End PGA gain, 1+ 250/Gg nviv
Coarse Offset Adjust enabled
Linear Input Voltage Range® 0.2 Vs—1.4 \
Input Bias Current +0.3 +1.5 nA
vs Temperature 10 pA/°C
Input Offset Current +0.1 +15 nA
vs Temperature 10 pA/°C
Input Impedance: Differential 306 GQ | pF
Input Impedance: Common-Mode 50 || 20 GQ || pF
Input Voltage Noise RTI, dc to 10Hz, G¢ = 100, Rg = 0Q 1.2 nVpp
Input Voltage Noise Density RTI, voltage noise density, f = 1kHz, Coarse Offset Adjust = 50 nV/VHz
ov
RTI, voltage noise density, f = 1kHz, 80 nV/VHz
Coarse Offset Adjust = 100mV
Input EMI Filter Frequency fage Input EMI filter to GND, V,y; and V., 40 MHz
PGA Gain®
Gain Range Steps 4, 6,8, 12, 16, 32, 64, 100, 200, 400, 480, 600, 800, 960, 4 1600 VIV
1200, 1600
Initial Gain Error G <16 +0.03 +0.25 %
32 < Gp <480 +0.1 +0.4 %
600 < G < 1600 +0.3 *1 %
vs Temperature 6 ppm/°C
Output Voltage Range 0.05 Vs —0.05 \%
Bandwidth Ge=4 400 kHz
G = 1600 10 kHz

(1) PGAS308 total differential gain from input (V\n1 — Vin2) to output (Vout): Vout ! (Vine — Vinz) = (PGA gain) x (output amplifier gain) x (fine
gain adjust) with output amplifier internal gains used.

(2) Based on bridge sensor excitation voltage of +5V and PGA308 output voltage span of 4V. Individual applications must consider noise,
small-signal bandwidth, and required system error to assess if the PGA308 will work for a given sensor sensitivity.

(3) RTI = Referred-to-input.

(4) Linear input range is the allowed min/max voltage on the V|y; and Vy, pins for the front-end PGA to continue to operate in a linear
region. The allowed common-mode and differential voltage depends on gain and offset settings. Refer to the PGA308 User's Guide
(SBOU069), for more information.

(5) Iree current load is typically 100pA while in Shutdown mode. Although the output amplifier is disabled in Shutdown mode, RFO and
RGO (180kQ typical total) remain connected in series between Vg and GND while in Shutdown mode. See Figure 37, Detailed Block
Diagram, for more information.
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ELECTRICAL CHARACTERISTICS (continued)
Boldface limits apply over the specified temperature range, To = —40°C to +125°C.
At T, = +25°C, Vg = +5V, GND = 0V, Dgyt/Veiave = 5V, and Vgee = +5V, unless otherwise noted.
PGA308
PARAMETER CONDITIONS MIN TYP MAX UNIT
Coarse Offset Adjust
(RTI of Front-End PGA)®
Range Vger = +5V -100 +100 mV
Resolution 7 bit + sign, Vger = +5V 1 mV
PSRR 2 nviv
CMRR 1 nviv
Drift Coarse Offset Adjust = 100mV 1.2 pnv/ec
Fine Offset Adjust (Zero DAC)
Programming Range RTO of Front-End PGA —0.5Vger +0.5VRger \Y
Output Voltage Range 0.1 Vs-0.1 \Y
Resolution 65,536 steps, 16-bit DAC, Vggr = +5V 76 nv
Integral Nonlinearity +6 LSB
Differential Nonlinearity +0.5 LSB
Gain Error +0.5 %
Gain Error Drift +4 ppm/°C
Offset +4 mvV
Offset Drift +10 uv/°ec
PSRR +200 nviv
Output Amplifier
Output Fine Gain Adjust (Gain DAC)
Range 0.33 1 VIV
Resolution 65,536 steps, 16-bit DAC 10 nviv
Integral Nonlinearity +6 LSB
Differential Nonlinearity +0.5 LSB
Gain Error +0.2 %
Gain Drift 3 ppm/°C
Output Amplifier
Offset Voltage (RTI of Output Amplifier)® +3 mv
vs Temperature +5 uv/°c
vs Supply Voltage, Vg +100 nviv
Common-Mode Input Range 0 Vs—-1.5 \Y
Input Bias Current +100 pA
Amplifier Internal Gain
Gain Range Steps 2,24,3,36,4,45,6 2 6 VIV
Initial Gain Error +0.05 +0.25 %
vs Temperature +1 ppm/°C
Output Voltage Range lout = 0.5MA® 0.03 Vs —0.06 Vv
lour = 4mA® 0.1 Vs—-0.1 \Y
Output Short-Circuit Current lsc Sourcing/sinking 10 mA
Open-Loop Gain at 0.1Hz 106 dB
Gain-Bandwidth Product 2 MHz
Phase Margin Gain = 2, C_ = 200pF 45 deg
Output Resistance Ro AC small-signal, open-loop, f = 1IMHz, loyr = 0, see 500 Q
Figure 28
(6) RTI = Referred-to-input.
(7) Unless limited by the over/under-scale setting, or Ve amp pin.
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ELECTRICAL CHARACTERISTICS (continued)

Boldface limits apply over the specified temperature range, To = —40°C to +125°C.
At T, = +25°C, Vg = +5V, GND = 0V, Dgyt/Veiave = 5V, and Vgee = +5V, unless otherwise noted.

PGA308
PARAMETER CONDITIONS MIN TYP MAX UNIT
Over- and Under-Scale Limits
Over-Scale Thresholds Vum = 4V, register-selectable ratio of Vi
0Ss0 HL[2:0] (CFGL1 register D[5:3]) = 000 0.97 0.9805 0.99 VIV
0Os1 HL[2:0] (CFG1 register D[5:3]) = 001 0.9588 0.9688 0.9788 VIV
0Ss2 HL[2:0] (CFG1 register D[5:3]) = 010 0.9509 0.9609 0.9709 VIV
0S3 HL[2:0] (CFGL1 register D[5:3]) = 011 0.9392 0.9492 0.9492 VIV
0s4 HL[2:0] (CFG1 register D[5:3]) = 100 0.8416 0.8516 0.8616 VIV
0S5 HL[2:0] (CFG1 register D[5:3]) = 101 0.7673 0.7773 0.7873 VIV
0S6 HL[2:0] (CFGL1 register D[5:3]) = 110 0.6189 0.6289 0.6389 VIV
0s7 HL[2:0] (CFG1 register D[5:3]) = 111 0.5603 0.5703 0.5803 VIV
Over-Scale Threshold Tempco +3 ppm/°C
Over-Scale Amplifier Offset +9 mV
Over-Scale Amplifier Offset Drift +10 nv/ec
Under-Scale Thresholds Vym = 5V, register-selectable ratio of Vi
us7 LL[2:0] (CFGL1 register D[2:0]) = 111 0.0487 0.0547 0.0607 VIV
us6 LL[2:0] (CFGL1 register D[2:0]) = 110 0.04478 0.05078 0.05678 VIV
uss LL[2:0] (CFGL1 register D[2:0]) = 101 0.04088 0.04688 0.05288 VIV
us4 LL[2:0] (CFGL1 register D[2:0]) = 100 0.03306 0.03906 0.04506 VIV
us3 LL[2:0] (CFGL1 register D[2:0]) = 011 0.02916 0.03516 0.04116 VIV
us2 LL[2:0] (CFG1 register D[2:0]) = 010 0.02525 0.03125 0.03725 VIV
us1 LL[2:0] (CFGL1 register D[2:0]) = 001 0.01743 0.02343 0.02943 VIV
uso LL[2:0] (CFGL1 register D[2:0]) = 000 0.01353 0.01953 0.02553 VIV
Under-Scale Threshold Tempco +3 ppm/°C
Under-Scale Amplifier Offset +9 mV
Under-Scale Amplifier Offset Drift +10 nv/°c
Output Voltage Clamp
Input Voltage Range Veiawe € Vs, Vg = +5V 1.25 4.95 \%
Input Bias Current +60 nA
Vour Clamp Point Verave — 0.05 Veiamp Veiawe + 0.05 \Y
Fault Monitor Circuit
(External Comparators)
INP_HI Comparator Threshold Fault Detect Mode Select = 0 (bridge fault); see CFG1 Smaller of (Vg —1.2) or (0.65Vg ) \%
INN_HI Comparator Threshold register
INP_LO Comparator Threshold Fault Detect Mode Select = 0 (bridge fault); see CFG1 Larger of (0.1V) or (0.35Vg 1) \%
INN_LO Comparator Threshold register
Fault Monitor Reference Vrr | Fault Monitor Reference; see CFGL1 register, FLT REF bit Vs or Vger \%
sets Vg 1
INP_HI Comparator Threshold Fault Detect Mode Select = 1 (common-mode fault); see Vg—-1.2 \Y
INN_HI Comparator Threshold CFG1 register
INP_LO Comparator Threshold Fault Detect Mode Select = 1 (common-mode fault); see 70 100 130 mV
INN_LO Comparator Threshold CFGL1 register
Comparator Hysteresis 7 mV
Comparator Input Offset Voltage +10 mV
Fault Monitor Circuit
(Internal Comparators)
A1SAT_LO Comparator Threshold Threshold is amplifier negative saturation voltage 100 mV
A2SAT_LO Comparator Threshold
A1SAT_HI Comparator Threshold Threshold is amplifier positive saturation voltage Vg-0.12 \Y
A2SAT_HI Comparator Threshold
A3SAT_LO Comparator Threshold Threshold is amplifier negative saturation voltage 50 mvV
Vint Vinz Pull-up Current Sources
Pull-Up Current Source lpy Register-selectable 15 30 45 nA
Current Source Matching +1.5 +7 nA
Current Source Tempco +5 pA/°C
Copyright © 2008-2010, Texas Instruments Incorporated Submit Documentation Feedback 5
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ELECTRICAL CHARACTERISTICS (continued)
Boldface limits apply over the specified temperature range, To = —40°C to +125°C.
At T, = +25°C, Vg = +5V, GND = 0V, Dgyt/Veiave = 5V, and Vgee = +5V, unless otherwise noted.
PGA308
PARAMETER CONDITIONS MIN TYP MAX UNIT
Vrer
Input Range 1.8 Vs \%
Input Resistance 43 kQ
Digital Interface
One-Wire Serial speed baud rate 4.8k 114k bits/s
Logic Levels
Logic Levels (1W pin) Low 0.8 \%
High 2.0 \%
Hysteresis 100 mV
Output Low Level (1W pin) Open drain, Ignk = 4mA 0.4 \%
Output Levels (Doyt/Veave) Low, Doyt mode selected, Igng = 4mA and Vg = +4.5V, or 0.4 \Y
lsink = 2MA and Vg = +2.7V
High, Doyt mode selected, Isoyrce = 4MA and Vg = +4.5V, Vs—-0.4 \Y
ISOURCE = 2mA0arnd Vs = +2.7V
POWER SUPPLY
Supply Voltage Vs 2.7 5.5 \%
OTP Program Voltage Vs.pam 4.5 55 \%
Quiescent Current lo Vs = +5V, does not include Iger 1.3 1.6 mA
Shutdown Supply Current IsHon Vs = +5V, does not include Iger © 260 pA
POWER-ON RESET (POR)
Power-Up Threshold Vs rising 21 \Y
Power-Down Threshold Vs falling 1.7 \%
TEMPERATURE RANGE
Specified Performance Range —40 +125 °C
Operational-Degraded Performance Range -40 +150 °C
Thermal Resistance
MSOP-10, Junction-to-Ambient 634 150 °C/wW

(8) Iree current load is typically 100pA while in Shutdown mode. Although the output amplifier is disabled in Shutdown mode, RFO and
RGO (180kQ typical total) remain connected in series between Vgg and GND while in Shutdown mode. See Figure 37, Detailed Block

Diagram, for more information.
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¥

TYPICAL THREE-WIRE APPLICATION CIRCUIT
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PIN CONFIGURATIONS

DGS PACKAGE DRK PACKAGE

MSOP-10 3x4 DFN-10

(TOP VIEW) (TOP VIEW)
Dout/VoLame II E Veer DoutVoLame
1w IZ 9 | Vour W

a3 | Peasos |8 |Ve aND | PGA308

Vg IZ 7 | Vsy Vg
Ving E 6 | Vinz Ving

PIN DESCRIPTIONS

PIN # NAME DESCRIPTION

Dual-use pin: Output voltage clamp limit for Voyt or programmable digital output. The output voltage
clamp function is for use in multiple supply systems where the PGA308 may be at Vs = +5V and the
system analog-to-digital converter (ADC) is powered at +3V. Setting V¢ amp to +3.2V prevents

1 Dout/VeLamp | over-voltage and latch-up on the system ADC input. Vo avp may be set through a resistor divider from
Vs. If configured for digital output, the Doyt function allows for configuration plus calibration of a sensor
module either through the One-Wire interface (1W pin) or as a permanently configured module through
the power-on reset (POR) OTP memory setting.

P W One-Wire interface program pin. UART interface for digital calibration of the PGA308 over a single
wire. Can be connected to Vgyr for a three terminal (Vs, GND, Voyt) programmable sensor assembly.

GND Ground.
Vs +Voltage supply.

Signal input voltage 1. Connect to + or — output of the sensor bridge. Internal multiplexer can change

5 Vint put )
connection internally to front-end PGA.

6 Vv Signal input voltage 2. Connect to + or — output of the sensor bridge. Internal multiplexer can change

IN2 connection internally to front-end PGA.
7 Vv Output amplifier summing junction. Use for output amplifier compensation when driving large capacitive
S loads (> 200pF) and/or for using external gain setting resistors for the output amplifier.

Vout feedback pin. Voltage feedback sense point for over-/under-scale limit circuitry. If internal gain set
resistors for the output amplifier are used, this pin is also the voltage feedback sense point for the

8 Veg output amplifier. Vg in combination with Vg; allows for use of external filter and protection circuits
without degrading the PGA308 Voyt accuracy. Vgg must always be connected to either Vot or the
point of feedback for Vgyr if external filtering is used.

9 Vout Analog output voltage of conditioned sensor.

10 v Reference voltage input pin. Vree is used for coarse offset adjust and Zero DAC. Vggg or Vg may be

REF individually selected for over-/under-scale threshold reference and fault monitor comparator reference.
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TYPICAL CHARACTERISTICS

At Tp = +25°C, Vg = Vrer = Dout/Verawe = +5V, R, = 10kQ and C, = 100pF connected to GND, unless otherwise noted.
Gain format is presented: G = FE-PGA x Fine Gain x Output Gain.

FRONT-END PGA INPUT BIAS CURRENT FRONT-END PGA INPUT BIAS CURRENT
WITH Ipy ENABLED vs TEMPERATURE WITH Ipy DISABLED vs TEMPERATURE
_ 40 900 -
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Figure 1. Figure 2.
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Figure 5. Figure 6.
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TYPICAL CHARACTERISTICS (continued)
At T = +25°C, Vg = Vrer = Dout/Verame = 5V, R = 10kQ and C, = 100pF connected to GND, unless otherwise noted.

Gain format is presented: G = FE-PGA x Fine Gain x Output Gain.
OVER-SCALE TOTAL ERROR vs TEMPERATURE

www.ti.com

UNDER-SCALE TOTAL ERROR vs TEMPERATURE
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Figure 7. Figure 8.
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Figure 11. Figure 12.
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TYPICAL CHARACTERISTICS (continued)
At T = +25°C, Vg = Vrer = Dout/Verame = 5V, R = 10kQ and C, = 100pF connected to GND, unless otherwise noted.
Gain format is presented: G = FE-PGA x Fine Gain x Output Gain.

Vout WITH Ve amp HIGH (494V) VS Vout WITH Ve amp LOW (125V) VS
TEMPERATURE TEMPERATURE
4.99 1.30
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S 497 S 128
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3404 | — - AN R S N R S I S
> S B >
£ 493 £ 1.24
= 400 2 123
3 3
> 491 > 1.22
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4.89 1.20
-50 -25 0 25 50 75 100 125 150 -50 -25 0 25 50 75 100 125 150
Temperature (°C) Temperature (°C)
Figure 13. Figure 14.
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3
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5
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z R, = 10kQ, CMP SEL =0,
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Figure 15. Figure 16.
Veamp RESPONSE Veamp RESPONSE
(No Cap Load, CMP SEL =0) (C_L = 10nF, CMP SEL =1)
CMP SEL = 0 (Comp Off), CMP SEL = 1 (Comp On),
2.5V Vg aups R = 10k, 2.5V Vg awes Ry = 10k,
G = 32x1x2, 300Hz Triangle Wave G = 32x1x2, 300Hz Triangle Wave

[~ I | [~ I

50mV/div
| —
50mV/div

Time (250us/div) Time (250us/div)
Figure 17. Figure 18.
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TYPICAL CHARACTERISTICS (continued)
At T = +25°C, Vg = Vrer = Dout/Verame = 5V, R = 10kQ and C, = 100pF connected to GND, unless otherwise noted.

Gain format is presented: G = FE-PGA x Fine Gain x Output Gain.
Vciavp RESPONSE
(C_ = 10nF, CMP SEL = 0)

www.ti.com

OUTPUT VOLTAGE vs
OUTPUT CURRENT
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Figure 19. Figure 20.
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Figure 21. Figure 22.
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Figure 23. Figure 24.
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TYPICAL CHARACTERISTICS (continued)
At T = +25°C, Vg = Vrer = Dout/Verame = 5V, R = 10kQ and C, = 100pF connected to GND, unless otherwise noted.
Gain format is presented: G = FE-PGA x Fine Gain x Output Gain.
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Figure 25. Figure 26.
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Figure 27. Figure 28.
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Figure 29. Figure 30.
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TYPICAL CHARACTERISTICS (continued)

At T = +25°C, Vg = Vrer = Dout/Verame = 5V, R = 10kQ and C, = 100pF connected to GND, unless otherwise noted.
Gain format is presented: G = FE-PGA x Fine Gain x Output Gain.
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Figure 31. Figure 32.
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Figure 33. Figure 34.
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Figure 35.

Figure 36.
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FUNCTIONAL DESCRIPTION

OVERVIEW

The PGA308 is an ideal building block for resistive
bridge sensor conditioning and general data
acquisition. Digitally-programmable coarse offset, fine
offset, and gain may be controlled in real time or
permanently programmed into the PGA308.

SENSOR ERROR ADJUSTMENT RANGE

The PGA308 is designed to readily accommodate the
following sensors:

Spanysec: 0.08mV/V to 296mV/V
Initial Offset: 20mV/V

Span and offset are based on a bridge sensor
excitation voltage of +5V, a PGA308 output voltage
span of 4V (+0.5V to +4.5V), Vgege Of +5V, and a
Vout/Vin gain up to 9600. For proper PGA308 setup,
consider noise, small-signal bandwidth, Voyur/ViN
gain, and required system error.

AMPLIFICATION SIGNAL PATH

The core of the PGA308 is a precision, low drift, and
low noise front-end programmable gain amplifier
(PGA). This front-end PGA has gain capabilities from
x4 to x1600. The output amplifier has a gain range
from x2 to x6. A fine gain adjust in front of the output
amplifier offers a selectable x0.33 to x1.0 attenuation
factor. This architecture yields a Vqy1/V)y gain range
for the PGA309 of x2.67 to x9600. Many applications
use overall gains of x1600 or less. The selection of
gains in the front-end PGA and output amplifier,
although capable of up to x9600 overall gain, are
intended to allow for gain distribution throughout the
PGA308; this design enables optimum span and
offset scaling from input to output. The polarity of the
inputs can be switched through the input mux to
accommodate sensors with unknown polarity output.
Higher gains reduce bandwidth and require more
analog filtering and/or system analog-to-digital
converter (ADC) averaging to reject noise.

COARSE AND FINE OFFSET ADJUSTMENT

The sensor offset adjustment is done in two stages.
The input-referred Coarse Offset Adjust DAC has a
+100mV offset adjustment range for a selected Vgger
of +5V. Any residual input sensor offset is corrected
and any desired Vg1 offset pedestal for zero-applied
sensor strain input is set by a Fine Offset Adjust
through the 16-bit Zero DAC that adds to the signal
from the output of the front-end PGA.

VOLTAGE REFERENCE

The PGA308 Vgge pin provides input from a
reference voltage. The reference voltage is used by
the Coarse Offset Adjust and Zero DACs. The fault
monitor circuitry trip points, as well as the over- and
under-scale limits, can be selected to be referenced
to either Vg or Vgee. This flexibility accommodates
absolute or ratiometric mode designs.

FAULT MONITOR CIRCUIT SENSOR FAULT
DETECTION

To detect sensor burnout and/or short, a set of four
comparators  (external fault comparators) are
connected to the inputs of the front-end PGA. There
are two fault-detect modes of operation for these
comparators.

Common-Mode Fault

If either of the inputs are taken outside of the
common-mode range of the amplifier [greater than
(Vs - 1.2V), or less than 100mV], then the
corresponding comparator sets a sensor fault flag
that can be programmed to drive the PGA308 Vg7 to
within 100mV (loyt < 4mA) of either Vg (or Vg amp if
Vciamwp IS used) or ground. This level is well above
the set over-scale limit level or well below the set
under-scale limit level. The state of the fault condition
can be read in digital form in the ALRM register. If the
over-scale/under-scale limiting is disabled, the
PGA308 output voltage is also driven within 100mV
(Ilout < 4mA) of either Vg (or Vg amp If Veramp IS Used)
or ground, depending on the selected fault polarity
(high or low).

Bridge Fault

To assist in identifying mis-wiring, or open- or
short-circuit conditions, the PGA308 provides bridge
fault monitoring. For bridge fault detection, either Vg
or Vgee (Whichever is used for bridge excitation) can
be chosen as Vg, 1. If either of the inputs are taken to
less than the larger of either 200mV or 0.35Vg, 1, then
a fault is signaled. Also, if either of the inputs is taken
to greater than the smaller of (Vg — 1.2V) or 0.65Vg, 1,
then a fault is signaled. This fault detection allows for
operation with bridge differential voltages of up to
30% of the bridge excitation voltage. The
corresponding comparator sets a sensor fault flag
that can be programmed to drive the PGA308 Vg7 to
within 100mV (loyt < 4mA) of either Vg (or Ve amp if
Vciame 1S used) or ground. This level is well above
the set over-scale limit level or well below the set
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under-scale limit level. If over-scale/under-scale
limiting is disabled, the PGA308 output voltage is
driven within 100mV (Ioyr < 4mA) of either Vg or
ground, depending on the selected fault polarity (high
or low).

Additional Fault Detection

There are five additional fault detect comparators
(internal fault comparators) that help detect subtle
PGAS308 front-end violations that could result in linear
voltages at Voyt and be interpreted as valid states.
These comparators are especially useful during
factory calibration and setup.

Alarm Register

Each of nine fault conditions sets a corresponding bit
in the Alarm register. The state of the fault condition
can be read digitally from the Alarm register.

OVER-SCALE AND UNDER-SCALE LIMITS

The over-scale and under-scale limit circuitry
provides a programmable upper and lower clip limit
for the PGA308 output voltage. When combined with
the fault monitor circuitry, system diagnostics can be
performed to determine if a conditioned sensor is
defective, or if the process being monitored by the
sensor is out of range. The selected PGA308 V| is
divided down by a precision resistor string to form the
over- and under-scale trip points. These resistor
ratios are extremely accurate and produce no
significant initial or temperature errors. An over-scale
amplifier driven by the over-scale threshold limits
(clips) the maximum PGA308 output, Vout. Similarly,
an under-scale amplifier driven by the under-scale
threshold limits (clips) the minimum PGA308 output,
Vout- The reference for the trip points, Vi, Iis
register-selectable for either Vggr or Vs.

DOUT/VCLAMP PIN

The dual-use Dgyt/Veiame Pin functions either as a
Vour Cclamp or as a digital push-pull output. The
voltage clamp function provides an output voltage
clamp, which is external-resistor programmable. In
mixed-voltage systems, where the PGA308 may run
from +5V with its output scaled for 0.1V to 2.9V,
Vciampe €an be set to 3.0V to prevent an over-voltage
lock-up/latch-up condition on a 3V system ADC or
microcontroller input. When programmed as a digital
output this pin can be used for sensor module
configuration. The value may be pre-programmed in
the one-time programmable (OTP) banks, or
controlled through the One-Wire interface (1W pin).

DIGITAL INTERFACE: ONE-WIRE PROGRAM
PROTOCOL

The PGA308 can be configured through a single-wire,
UART-compatible interface (1W pin). It is possible to
connect this single-wire communication pin to the
Vout Pin in true three-terminal modules (Vs, ground,
and sensor out) and continue to allow for calibration
and configuration programming.

All communication transactions start with an
initialization byte transmitted by the controller. This
byte (55h) sets the baud rate used for the
communication transaction. The baud rate is sensed
during the initialization byte of every transaction, and
is used throughout the entire transaction. Each
transaction may use a different baud rate, if desired.
Baud rates of 4.8k to 114k bits/second are supported.

Each communication consists of several bytes of
data. Each byte consists of 10-bit periods. The first bit
is the start bit and is always '0'. When idle, the 1W
pin should always be high. The second through ninth
bits are the eight data bits for the byte and are
transferred LSB first. The 10th bit is the stop bit and
is always '1'.

The second byte is a command/address byte. The
last bit in this byte indicates either a read or write at
the address selected by the address pointer portion
of the byte. Additional data transfer occurs after the
command/address byte. The number of bytes and
direction of data transfer depend on the command
byte. For a read sequence, the PGA308 waits for a
2-bit delay (unless programmed otherwise) after the
completion of the command/address byte before
beginning to transmit. This wait allows time for the
controller to ensure that the PGA308 is able to control
the One-Wire interface. The first byte transmitted by
the PGA308 is the least significant byte of the register
and the second byte will be the most significant byte
of the register.

The recommended circuit implementation is to use a
pull-up resistor and/or current source with an open
drain (or open collector) output connected to the 1W
pin, which is also an open drain output. The single
wire can be driven high by the controller during
transmit from the controller, but some form of pull-up
is required to allow the signal to go high during
receive because the PGA308 1W pin can only pull
the output low.
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Timeout on the One-Wire Interface

The PGA308 includes a timeout mechanism. If
synchronization between the controller and the
PGA308 is lost for any reason, the timeout
mechanism allows the One-Wire interface to reset
communication. The timeout period is set to
approximately 28ms (typical). If the timeout period
expires between the initialization byte and the
command byte, between the command byte and any
data byte, or between any data bytes, the PGA308
resets the One-Wire interface circuitry so that it
expects an initialization byte. Every time that a byte is
transmitted on the single wire interface, this timeout
period restarts.

POWER-ON SEQUENCE

The PGA308 provides circuitry to detect when the
power supply is applied to the PGA308 and resets
the internal registers to a known power-on reset
(POR) state. This reset also occurs whenever the
supply is invalid so that the PGA308 is set to a known
state when the supply becomes valid again. The
threshold for this circuit is approximately 1.7V to
2.1V. After the power supply becomes valid, the
PGA308 waits for approximately 25ms, during which
Vour is disabled, and then attempts to read the data
from the last valid OTP memory bank. If the memory
bank has the proper checksum, then the PGA308
RAM is loaded with the OTP data and Vgyt enabled.
If the checksum is invalid, Voyr is set to disabled.
Unless disabled by the OWD bit in Configuration
Register 2 (CFG2), the One-Wire interface can
always communicate to the PGA308 and override the
contents of the current RAM in use by setting the
appropriate SWL[2:0] bits in the Software Control
Register (SFTC). For applications that require
instant-on for Vg1, the NOW bit in the CFG2 register
can be set to '1', which eliminates the 25ms disable
of Vgyrt on power-up.

ONE-WIRE OPERATION WITH 1W
CONNECTED TO Vg1

In some sensor applications, it is desired to provide
the end user of the sensor module with three pins:
Vs, GND, and Sensor Out. It is also desired in these
applications to digitally calibrate the sensor module
after its final assembly of sensor and electronics. The
PGA308 has a mode that allows the One-Wire
interface pin (1W) to be tied directly to the PGA308
output pin (Vout)-

To calibrate the PGA308 in Three-Wire configuration,
program the internal registers and measure the
resulting Vout. To do this while Vgyt is connected to
1W requires the ability to enable and disable V.
Thus, the 1W/Vgyt line operates in a multiplexed
mode where 1W is used as a bidirectional digital
interface while Vgyr is disabled, and Vgyr drives the
line as a conditioned sensor output voltage when it is
enabled.

The PGA308 also provides a mode in which the
output amplifier can be enabled for a set time period
and then disabled again to allow sharing of the 1W
pin with the Vgyr connection. This action is
accomplished by writing a value to bits OEN[7:0] in
the One-Wire Enable Control register (OENC). Any
non-zero value enables the output. This non-zero
value is decremented every 10ms until it becomes
zero. When this value becomes zero, Vout is
disabled and a 1s timeout begins waiting for bus
activity on the digital interface (1W pin). As long as
there is activity on the 1W pin, the 1s timeout is
continually reset. After 1s of no bus activity, the
PGA308 checks for a correct checksum. If the
checksum is correct, the PGA308 runs with the
values that currently exist in RAM. If the checksum is
not valid, the PGA308 checks for written bank select
registers in OTP in the order of BANK SEL4, BANK
SEL3, BANK SEL2 then BANK SEL1. The highest
bank select register containing valid programmed
data is read. The value read from this register points
to one of the seven OTP banks, which is then loaded
into RAM.

Copyright © 2008-2010, Texas Instruments Incorporated
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OTP MEMORY BANKS

There are four one-time programmable (OTP) bank
selection registers: BANK SEL1, BANK SEL2, BANK
SEL3, and BANK SEL4. Bank selection may be set
four times by programming the BANK SELX registers
in order (1, 2, 3, 4). The default OTP bank used on
POR is the location stored in the last programmed
BANK SELx register. Therefore, if programmed,
BANK SEL4 always has priority over lower-numbered
bank select registers.

The PGA308 contains seven OTP user memory
banks. All seven of these banks may be
independently programmed. However, the default
bank at POR can be set only four times. The seven
possible OTP user memory banks allow an end
product with a microcontroller interface between the
end-user and the PGA308 to select from up to seven
factory pre-programmed configurations. It also
provides total user flexibilty for any other
configuration through software communication over
the One-Wire interface (1W pin). This flexibility allows
no-scrap recovery from miscalibration situations.

PGA308 TRANSFER FUNCTION

Equation 1 shows the mathematical expression that is
used to compute the output voltage, Vgyt. This
equation can also be rearranged algebraically to
solve for different terms. For example, during
calibration, this equation is rearranged to solve for
V|N.

Vour = [( mux_sign ¢ Vyy + VCoarsefOffsm) * Gl + VZeroiDAC] *GD GO
(1)
Where:
mux_sign: This term changes the polarity of the
input signal; value is =1
V|n: The input signal for the PGA308; V|y1 = Vinp,
VinZ2 = Vinn
Veoarse offset: The coarse offset DAC  output
voltage
Gl: Input stage gain
Vzero_pac: Zero DAC output voltage
GD: Gain DAC
GO: Output stage gain

18 Submit Documentation Feedback
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NOTES: (1) User-adjustable feature.
(2) Optional connection; see the One-Wire Operation with 1W Connected to Vour section for more information.
(3) Optional connection; see the PGA308 User's Guide for more information.

Figure 37. Detailed Block Diagram
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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) Top-Side Markings Samples
@ Drawing Qty @ ® @
PGA308AIDGSR ACTIVE VSSOP DGS 10 2500 Green (RoHS CU NIPDAUAG Level-2-260C-1 YEAR  -40to 125 P30A Samples
& no Sh/Br) =
PGA308AIDGSRG4 ACTIVE VSSOP DGS 10 2500 Green (RoHS CU NIPDAUAG Level-2-260C-1 YEAR  -40to 125 P30A Samples
& no Sh/Br) =
PGA308AIDGST ACTIVE VSSOP DGS 10 250 Green (RoHS CU NIPDAUAG Level-2-260C-1 YEAR  -40 to 125 P30A Samples
& no Sh/Br)
PGA308AIDGSTG4 ACTIVE VSSOP DGS 10 250 Green (RoHS CU NIPDAUAG Level-2-260C-1 YEAR  -40to 125 P30A
& no Sh/Br) L
PGA308AIDRKR ACTIVE VSON DRK 10 3000 Green (RoHS CUNIPDAU Level-2-260C-1 YEAR  -40to 125 P30B Samples
& no Sb/Br) LE
PGA308AIDRKT ACTIVE VSON DRK 10 250 Green (RoHS  CU NIPDAU  Level-2-260C-1 YEAR  -40to 125 P30B Samples
& no Sh/Br) =

@ 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 Sh/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): TI'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, TI 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 Sh/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.

@ Multiple Top-Side Markings will be inside parentheses. Only one Top-Side 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 Top-Side Marking for that device.
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Important Information and Disclaimer: The information provided on this page represents TlI'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.
OTHER QUALIFIED VERSIONS OF PGA308 :

o Automotive: PGA308-Q1

NOTE: Qualified Version Definitions:

o Automotive - Q100 devices qualified for high-reliability automotive applications targeting zero defects
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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)
PGA308AIDGSR VSSOP | DGS 10 2500 330.0 12.4 5.3 34 14 8.0 12.0 Q1
PGA308AIDGST VSSOP | DGS 10 250 330.0 12.4 5.3 3.4 1.4 8.0 12.0 Q1
PGA308AIDRKR VSON DRK 10 3000 330.0 12.4 3.3 4.3 1.1 8.0 12.0 Q2
PGA308AIDRKT VSON DRK 10 250 180.0 12.4 3.3 4.3 1.1 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)
PGA308AIDGSR VSSOP DGS 10 2500 366.0 364.0 50.0
PGA308AIDGST VSSOP DGS 10 250 366.0 364.0 50.0
PGA308AIDRKR VSON DRK 10 3000 367.0 367.0 35.0
PGA308AIDRKT VSON DRK 10 250 210.0 185.0 35.0
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MECHANICAL DATA

DGS (S—PDSO-G10)

PLASTIC SMALL—-OUTLINE PACKAGE

1

1
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4073272/C 02/04

NOTES: A All linear dimensions are in millimeters.

B. This drawing is subject to change without notice.

C. Body dimensions do not include mold flash or protrusion.
D

. Falls within JEDEC MO-187 variation BA.
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LAND PATTERN DATA

DGS (S—PDSO—G10)

PLASTIC SMALL OUTLINE PACKAGE

Example Board Layout

¢ (4,4)
// - ~ |
/ 5 T -
f \
PN P
/ PKG
) ¢
]
/ Example
k Non Soldermask Defined Pad

]
T Example

// N, Solder Mask Opening
(0,3)

/ — |- (0,3 (See Note E)
/ —
/
\

/

1 (1,45)| \

\ F\’I\Pad Geometry
\

(See Note C)

— = (0,05) /

/

All Around ,/

AY
N
z
-

Example Stencil Openings
Based on a stencil thickness

of .127mm (.005inch).

(See Note D)
1ox(o,3)*| +| I—*(O,S)TYP.
T

10X(1,45) ——

4

PEG (4.4

4215304/A 11/13

All linear dimensions are in millimeters.
This drawing is subject to change without notice.

NOTES:

Publication IPC-7351 is recommended for alternate designs.
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 other stencil recommendations.

E.  Customers should contact their board fabrication site for solder mask tolerances between and around signal pads.
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MECHANICAL DATA

DRK (S—PVSON—NWO) PLASTIC SMALL OUTLINE NO—LEAD
-0
10 | 6 E
|
‘ 415

RN ﬁ 3,85
PIN 1 INDEX AREA —]

TOP AND BOTTOM

1 5
1,00
0,80
. J 0,20 REF.
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f w1 11
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0,50
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EXPOSED THERMAL PAD 1
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|
|
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0,18 & 0,05 (W)

(@]

4205621/D 02/11

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

B. This drawing is subject to change without notice.

C. Small Outline No—Lead (SON) package configuration.

@ The package thermal pad must be soldered to the board for thermal and mechanical performance.
See the Product Data Sheet for details regarding the exposed thermal pad dimensions.
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THERMAL PAD MECHANICAL DATA

DRK (S—PVSON—N10) PLASTIC SMALL OUTLINE 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.

1 5
JUUUU
Exposed Thermal Pad
— T
L N
) - — 4X 0,435
2,65£0,10
I N
— —
/ N
S — ?0,765
8X 0,25—
(]
10 6
¢— 2,05+£0,1 0————P>

Bottom View

Exposed Thermal Pad Dimensions

4206317/F 08/10

NOTE: A. All linear dimensions are in millimeters
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LAND PATTERN DATA

DRK (S—PVSON—N10)

PLASTIC SMALL OQUTLINE NO—LEAD

Exomp\e Stencil Design
Example Board Layout ,125 thick stencil
(Note E)
3,75
8xo5»\ — \« Bx0,5
— \<—8><O 675 — 0,765
7E L+
8X0'25J e et 10
[ ] | i L+
O O 31048 — 0,87 3,15 4,75
3 gt ||| et
® O ROM5 ’ 0,765
- |:| 06— = 1
y N — -
ed = A IEE TN e \ s
! AN 65% solder coverage on center pad
// \\
" Non Solder Mask :
/ : N\
; Defined Pad L
/l,,\: AN Center Pad Geometry
~__ Example AN ‘ |
~ . .
~ Solder Mask Opening ‘ ‘ 3,8 ‘
—2x0,765
(Note F) 7\ B
8x0,25 410
x1, 1
2,65 @—L O -2x0,87
Pad Geometry 3X1,0 |=— Ny
J‘ —] [=—0 28 / (Note ©) % L2x0,765
// o
/’ 6x90,3
g 2,05
e
o 4207960,/C 08/10

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 also 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 minimum solder mask web tolerances between signal pads.
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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.

Tl 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.

Tl 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 Tl 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 Tl 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, Tl 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 TI components are authorized for use in FDA Class Il (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.

Tl 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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