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TPS7A94 1-A, Ultra-Low Noise, Ultra-High PSRR, Low-Dropout Regulator

1 Features

* Ultra-low output noise:
— 0.46 pVRus (typ, 10 Hz to 100 kHz)
* High power-supply ripple rejection (PSRR):
102 dB at 100Hz
110 dB at 1 kHz
95 dB at 10 kHz
78 dB at 100 kHz
— 50dB at1MHz
» Accuracy over line, load, and temperature: 1%
* Lowdropout: 150 mV at1 A
* Wide input voltage range: 1.7 Vto 5.7 V
* Wide output voltage range: 0 Vto 5.5V
» Parallelable for lower noise and higher current
* Fast transient response
* Precision enable and UVLO
* Programmable current limit
*  Programmable PG threshold
* Adjustable start-up inrush control
* Open-drain, power-good (PG) output
» Package: 3.00-mm x 3.00-mm, 10-pin WSON:
— JEDEC Rgya: 46.1°C/W
— EVM Rgya: 25.6°C/W

2 Applications

* Macro remote radio units (RRU)

¢ Qutdoor backhaul units

» Active antenna system mMIMO (AAS)
« Ultrasound scanners

« Lab and field instrumentation

« Sensor, imaging, and radar
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3 Description

The TPS7A94 is an ultra-low-noise (0.46 pVRrus), low-
dropout (LDO) voltage regulator capable of sourcing
1 A with only 150 mV of dropout. The low dropout,
in conjunction with a wide bandwidth error amplifier,
allows for very high PSRR (110 dB at 1 kHz and
50 dB at 1 MHz) under low operating headroom
(500 mV) and high output current (750 mA).

The device output is adjustable from 0 V to
55 V with an external resistor. With the wide
input voltage range, the device supports operation
as low as 1.7 V and up to 5.7 V. The device
includes programmable current limit, programmable
PG threshold, and precision enable, allowing better
control in the application.

With the high-accuracy reference and wide-bandwidth
topology, the device can be easily paralleled to
achieve lower noise and higher current.

With 1% output voltage accuracy (over line, load,
and temperature) and soft-start capabilities to reduce
inrush current, the device is an excellent choice for
powering sensitive analog low-voltage devices.

Package Information
PACKAGE(") BODY SIZE (NOM)

PART NUMBER

TPS7A94 DSC (WSON, 10) 3.00 mm x 3.00 mm

(1)  For all available packages, see the orderable addendum at
the end of the data sheet.

I— ENABLE

Rrs pa@otrom | Res_pa(ror)

PG FBPG Clock Clock

ouT

s i‘COUT

GND

VDD_VCO

SN
TPS7A94

Ven o I~ O—— EN_UV
NR/SS GND

GND
Rnriss Chmiss
GND

Typical Application Circuit

VDD SCLK
ADC

An IMPORTANT NOTICE at the end of this data sheet addresses availability, warranty, changes, use in safety-critical applications,
intellectual property matters and other important disclaimers. PRODUCTION DATA.


https://www.ti.com/solution/macro-remote-radio-unit-rru?keyMatch=MACRO-REMOTE-RADIO-UNIT-RRU
https://www.ti.com/solution/outdoor-backhaul-unit?keyMatch=OUTDOOR-BACKHAUL-UNIT
https://www.ti.com/solution/active-antenna-system-mmimo-aas?keyMatch=ACTIVE-ANTENNA-SYSTEM-MMIMO-AAS
https://www.ti.com/solution/ultrasound-scanner?keyMatch=ULTRASOUND-SCANNER
https://www.ti.com/solution/lab-field-instrumentation?keyMatch=LAB-FIELD-INSTRUMENTATION
https://www.ti.com/solution/radar?keyMatch=SOLUTION/RADAR
https://www.ti.com/product/TPS7A94
https://www.ti.com/lit/pdf/SBVS336
https://www.ti.com/product/TPS7A94?dcmp=dsproject&hqs=#order-quality
https://www.ti.com/product/TPS7A94?dcmp=dsproject&hqs=#tech-docs
https://www.ti.com/product/TPS7A94?dcmp=dsproject&hqs=#design-development
https://www.ti.com/product/TPS7A94?dcmp=dsproject&hqs=#support-training

I3 TEXAS
TPS7A94 INSTRUMENTS
SBVS336B — SEPTEMBER 2021 — REVISED FEBRUARY 2023 www.ti.com
Table of Contents
TFEAtUres.........ooiiiiii 1 8 Application and Implementation.................................. 31
2 Applications.............ccooiiiiiiii 1 8.1 Application Information...........ccccovcviiiiiiineciiieee 31
3 DeSCription...........oooiiiiiiii 1 8.2 Typical Application..........ccccooviiiniiiiniiec e 49
4 Revision History.............cccooiiii e, 2 8.3 Power Supply Recommendations............cccccecveenee. 51
5 Pin Configuration and Functions....................c.ccccoe. 3 8.4 LaYOUL.....ooiiiiiiiiicee e 51
6 Specifications..............cccooiiiiiiiii 4 9 Device and Documentation Support............................ 53
6.1 Absolute Maximum Ratings.........c.cccocveviiiiinieeeniinnes 4 9.1 DeViCe SUPPOIt......cccuviiiiiiiiieeecee e 53
6.2 ESD RatiNgS.....cocuveiiiiieiiie et 4 9.2 Documentation Support..........cccceeiiieeiniiieneee e 53
6.3 Recommended Operating Conditions............c.cccouee... 5 9.3 Receiving Notification of Documentation Updates....53
6.4 Thermal Information.............ccceviiinicii e 5 9.4 SuppOort RESOUICES........cociiiiiiiiiieiiee e 53
6.5 Electrical Characteristics............cccovveiiniiiiiiieeinieees 6 9.5 Trademarks..........ccueeiviiiiiiiei e 54
6.6 Typical CharacteristiCs............oceveriiiiriiiiiieeecieees 8 9.6 Electrostatic Discharge Caution.............ccccceceeernnenn. 54
7 Detailed Description..............ccocoeiiiiiiiiic e 26 9.7 GlOSSANY.....eeeieitieeeiie ettt 54
7.1 OVEIVIEW. ...ttt 26 10 Mechanical, Packaging, and Orderable
7.2 Functional Block Diagram..........cccccueeeviiicnieecenneenn. 27 Information...............ccco i 54
7.3 Feature DescCription...........cccvevieeiiieeeeiiic e 28 10.1 Mechanical Data...........ccccoviieiiiiiic e 55

7.4 Device Functional Modes...........cccoceeeeeeeieeiiiiiiinnn. 30

4 Revision History
NOTE: Page numbers for previous revisions may differ from page numbers in the current version.

Changes from Revision A (May 2022) to Revision B (February 2023) Page
» Changed GND Pin Current vs loyr and Temperature for Voyr = 3.3 V1o 100% Current Limit vs Temperature
for Voyr = 1.8 V curves in Typical CharacteristicsS SECHON............ouii it 8
« Changed Equation 1, Equation 2, and the discussion of these equations in Precision Enable (External UVLO)
5] {0 o TSP 32
+ Changed parallel impedance value from 10 kQ to 12.5 kQ in Power-Good Feedback (FB_PG Pin) and Power-
Go0d Threshold (PG Pin) SECHON........coiiiiiii ettt et e e s et e e e e st e e e e e bt e e e e e anbeeas 34
* Added Relationship Between Threshold Voltage, Output Voltage, Irast ss, and Inr/ss During Start-Up figure
to Programmable Soft-Start and Noise-Reduction (NR/SS Pin) SECON..........cccuiiiiiiiiiiiiiiie e 37
» Changed discussion of Vo and Vgg in Detailed Design Procedure SeCtion.............oooviiicciiiiiieeeeeieee e 50
Changes from Revision * (September 2021) to Revision A (May 2022) Page
» Changed document status from advance information to production data .................cccccovuveeeeiieeeiiiiiiccciieeeen. 1
2 Submit Document Feedback Copyright © 2023 Texas Instruments Incorporated

Product Folder Links: TPS7A94


https://www.ti.com/product/TPS7A94
https://www.ti.com/lit/pdf/SBVS336
https://www.ti.com
https://www.ti.com/feedbackform/techdocfeedback?litnum=SBVS336B&partnum=TPS7A94
https://www.ti.com/product/tps7a94?qgpn=tps7a94

13 TEXAS

INSTRUMENTS

www.ti.com

TPS7A94
SBVS336B — SEPTEMBER 2021 — REVISED FEBRUARY 2023

5 Pin Configuration and Functions
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Figure 5-1. DSC Package, 10-Pin WSON (Top View)

Pin Functions

PIN
/o DESCRIPTION
NAME WSON
EN UV 3 Precision enable and undervoltage lockout pin; see the Precision Enable (External UVLO)
- section for details.
Power-good feedback pin. This pin has a dual function: this pin programs the PG pin output
FB PG 5 threshold and scales the factory-programmed current limit value specified in the Electrical
- Characteristics table to either 100%, 80%, or 60%. See the Power-Good Feedback (FB_PG
Pin) and Power-Good Threshold (PG Pin) section for details.
GND 6 G Ground pin; see the Board Layout section for details.
IN 12 P Input voltage supply pin; see the Recommended Capacitor Types section and the Recommended
’ Operating Conditions table for additional information.
NR/SS 7 | Output voltage set and noise-reduction pin; see the Programmable Soft-Start and Noise-
Reduction (NR/SS Pin) section for details.
ouT 9,10 O Regulated output pin; see the Load Transient Response section for additional information.
PG 4 o Open-drain, power-good indicator pin for the LDO output voltage. See the Power-Good Feedback
(FB_PG Pin) and Power-Good Threshold (PG Pin) section for additional information.
SNS 8 Output sense pin. This pin is the input to the noninverting terminal of the error amplifier; see the
Board Layout section for details.
Thermal pad G The thermal pad is electrically connected to the GND pin; see the Board Layout section for
P details.
(1) 1 =input, O = output, I/O = input or output, G = ground, P = power.
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6 Specifications
6.1 Absolute Maximum Ratings
over operating junction temperature range and all voltages with respect to GND(unless otherwise noted)(")

MIN MAX UNIT
IN, PG, EN_UV -0.3 6.0
FB_PG -0.3 1.5
Voltage \%
ouT -0.3 Viy+0.3
NR/SS, SNS -0.3 6.0
ouT Internally limited A
Current
PG (sink current into the device) 5 mA
Operating junction, T, -55 150
Temperature °C
Storage, Tstg -55 150

(1)  Operation outside the Absolute Maximum Ratings may cause permanent device damage. Absolute Maximum Ratings do not imply
functional operation of the device at these or any other conditions beyond those listed under Recommended Operating Conditions.
If used outside the Recommended Operating Conditions but within the Absolute Maximum Ratings, the device may not be fully
functional, and this may affect device reliability, functionality, performance, and shorten the device lifetime.

6.2 ESD Ratings

VALUE UNIT
Human body model (HBM), per ANSI/ESDA/JEDEC JS-001(1) +2000
V(esD) Electrostatic discharge - \Y
Charged device model (CDM), per per ANSI/ESDA/JEDEC JS-002(2) +500
(1) JEDEC document JEP155 states that 500-V HBM allows safe manufacturing with a standard ESD control process.
(2) JEDEC document JEP157 states that 250-V CDM allows safe manufacturing with a standard ESD control process.
4 Submit Document Feedback Copyright © 2023 Texas Instruments Incorporated
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6.3 Recommended Operating Conditions

over operating junction temperature range (unless otherwise noted)

MIN TYP MAX UNIT
Vin Input supply voltage range 1.7 5.7 \Y
Vout Output voltage range 0.4 VN - Vbo \%
lout Output current 0 1 A
Cin Input capacitor 4.7 10 1000 uF
Cout Output capacitor 4.7 10 1000 uF
Cout ESrR Output capacitor ESR 1 20 mQ
ZouT ESL Total output loop impedance 2 nH
CNRiss Noise-reduction capacitor 1 4.7 100 uF
Rpg Power-good pull-up resistance 10 100 kQ
T, Junction temperature —40 125 °C
6.4 Thermal Information
TPS7A9%4
THERMAL METRIC(") (ngﬁ)(z) (ngﬁ)(s) UNIT
10 PINS 10 PINS

Reua Junction-to-ambient thermal resistance 46.1 25.6 °C/W
ReJcitop) Junction-to-case (top) thermal resistance 35.2 - °C/W
Ress Junction-to-board thermal resistance 19.1 - °C/W
Wyt Junction-to-top characterization parameter 0.5 0.3 °C/W
(XT3 Junction-to-board characterization parameter 19 11.5 °C/W
Reuc(bot) Junction-to-case (bottom) thermal resistance 3.9 - °C/W

(1)  For more information about traditional and new thermal metrics, see the Semiconductor and ICPackage Thermal Metrics application

report.

(2) JEDEC standard. (2s2p)
(3) EVM thermal model using JEDEC measurement methodology, see TPS7A94EVM-046 thermal analysis.

Copyright © 2023 Texas Instruments Incorporated

Product Folder Links: TPS7A94

Submit Document Feedback

5


https://www.ti.com/lit/pdf/spra953
https://www.ti.com
https://www.ti.com/product/TPS7A94
https://www.ti.com/lit/pdf/SBVS336
https://www.ti.com/feedbackform/techdocfeedback?litnum=SBVS336B&partnum=TPS7A94
https://www.ti.com/product/tps7a94?qgpn=tps7a94

13 TEXAS
INSTRUMENTS

www.ti.com

TPS7A94
SBVS336B — SEPTEMBER 2021 — REVISED FEBRUARY 2023

6.5 Electrical Characteristics

over operating temperature range (TJ =-40°C to +125°C), VIN(NOM) = VOUT(NOM) +0.5YV, VOUT(NOM) =33V, lOUT =1mA,
Ven = 1.8V, Ciy = Cout = 10 WF, Chriss = 0 nF, and PG pin pulled up to Vi with 100 kQ ) (unless otherwise noted); typical
values are at T; = 25°C

PARAMETER TEST CONDITIONS MIN TYP MAX| UNIT
Vin Input supply voltage range 1.7 5.7 \Y
VuvLo Input supply UVLO V) rising, no load 1.6 1.7 \Y
VHys(uvLo) Input supply UVLO hysteresis No load 40 53 mV
Vin=17V, lOUT =1mA, VOUT =12V 150 A
1.7V<SV|NS55V,04V<sVour <12V, TmA<Igyr < 15 15 %
INR/SS NR/SS pin current 1A : : °
1.7V<SV|NS55V,12V<sVour<51V,1mA<Igyr<
-1 1 %
1A
| NR/SS fast start-up charging VNriss = GND, ViN2 2.5V, Vgg pg < 0.2V, oyt = 0 mA 2.1 mA
FAST.SS current Variss = GND, Viy = 1.7 V, Veg pa < 0.2V, loyr = 0 mA 15
Vout Output voltage range 0 5.5 \%
1.7V<SV|NS57V,12V<sVours5.1V,
TmASIoyr<1A -2 04 2
Vos Output offset voltage (Vnr/ss — = lout = .
Vour) 17VSVN$57V,04V<Vour<1.2V, s 0.2 5
1TmA<Ioyr<1A -
0.4V <Voyur<1.2V, loyr =1 mA, ~0.9
Vin=(Vour +0.5V)to 5.7V ’
Line regulation: Alyr/ss nANV
Voutr =1.2Vand Voyt = 3.3V, loyt = TMA, 2
Vin = (Vout + 0.5V) t0 5.7V
AVouTtaviny
0.4V <Voyur<1.2V, loyr =1 mA, 45
Vin=(Voutr+0.5V)to 5.7V ’
Line regulation: AVog uVvIvV
Vour =12V &Vour =3.3V, lout =1 mA, 21
ViN=(Vour+0.5V)to 5.7V '
VIN=17V,Vour =12V, TmA<Igyrs1A 2.3
Load regulation: Alygr/ss M ViN=3.8V,Vour =33V, TmA<Igyr<1A -3.6 nA
AVour(aiouT) Vin=56V,Vour=51V, 1TmA<lgyr<1A -21
Load regulation: AVog I\/IN =<V-|OXT(NOM) +05V,1.2VsVour<s51V,1mAs< 003 Y
ouT =
Al ch . v 0.4V <Vyrss 1.5V, V=57V, loyr=1mA 6.3 nA
ange in Vs
NRISS(RVNRISS) NRISS T= TNRISS 1.5V S Vrss S5V, Vin =57 V, loyr = 1 mA 33 nA
) 0.4V <VyNrss<1.5V,ViN=5.7V, loyr=1mA 0.033 mV
AVosavnriss) | Change in Vos vs Vrsss
1.5V <VNrss <5V, ViN=5.7V, loyt =1 mA 0.013 mvV
1.7VSVN<2.0V, oyt =1 mA, 160
Vout = 99% x Vout(nom)
;]/7Vfg|9,\é/< 20V, loyr=1A, 165 220
) ouT = 99% X VouT(Nom)
Vpo Dropout voltage®@ mvV
VIN 220V, IOUT =1mA, 140
Vout = 99% X Vout(nom)
ViINZ2.0V, loyr=1A,
150 240
Vout = 99% x Vout(Nnom)
Vourt forced at 90% of VOUT(NOM):
VIN = Voutnomy + 200 mV or Vi = 1.7 V whichever is 1.2 1.3 1.4 A
greater, Voutnomy 2 1.2 V, Rpgra-to-aNp < 12.5 kQ (£1%)
Vourt forced at 90% of VOUT(NOM)v
leL Output current limit ViN = VouTnomy + 200 mV or Vi = 1.7 V whichever is 0.96 1.04 1.12 A
greater, Voutnom) = 1.2 V, Rpgra.to-aND = 50 KQ (£1%)
Vour forced at 90% of VOUT(NOM)v
VN = VOUT(NOM) + 200 mV or V|y = 1.7 V whichever is 0.72 0.78 0.84 A
greater, Voutnomy 2 1.2 V, Rpgra-to-gnp = 100 kQ (£1%)
Alsc Output current limit variation @) Vin = VOUT(NO'\_’” +200mVor Viy = 1.7V whichever is 5 %
greater, Vour =0V
ViN=5.7V, Vour =5.1V, lIoy1= 0.1 mA 8 15 22
laND GND pin current m ouT ouT mA
VIN=17V, lout=1A, Vour =12V 34 41 51
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6.5 Electrical Characteristics (continued)

over operating temperature range (TJ =-40°C to +125°C), VlN(NOM) = VOUT(NOM) +0.5 V, VOUT(NOM) =3.3 V, lOUT =1 mA,
Ven = 1.8V, Ciy = Cout = 10 WF, Chriss = 0 nF, and PG pin pulled up to Vi with 100 kQ 4 (unless otherwise noted); typical
values are at T; = 25°C

PARAMETER TEST CONDITIONS MIN TYP MAX| UNIT
Isbn Shutdown GND pin current PG = (open), ViN=5.7 V, Vey_yy =04V 0.1 30 uA
lEN_uv EN_UV pin current ViIN=5.7V,0V<Vgy yys55V -1 1 uA
VIHEN_uv) EN_UV trip point rising (turn-on) |V,y = 1.7 V, no load 1.20 1.22 1.25 \%
VHYS(EN_UV) EN_UV trip point hysteresis VN =1.7 V, no load 150 mV
. . Time from Vgyr crossing PG threshold% to PG reaching
tpGDH PG delay time rising 20% of the value 1.1 ms
tpGDL PG delay time falling Time from 90% of Voyrt to 80% of PG 3 us
VEB PG FB_PG pin trip point (rising) 1.7VsVs57V 0.19 0.2 0.21 \Y
VHys(FB_PG) FB_PG pin hysteresis 1.7V<sV|N£57V 6 mV
h ] ViN = 1.7V, Vout < VEB_PG(threshold): I = =1 MA (current
VoLre) PG pin low-level output voltage into device) 0.4 \%
IPG(LKG) PG pin leakage current ViN=5.7V, Vour > VFB_PG(threshold)v Vpg =55V 1 MA
IFB_PG FB_PG pin leakage current ViN=5.7V, VEg pg =0.2V -100 100 nA
~ . T f=1MHz, VIN =38V, VOUT(NOM) =33V,
PSRR Power-supply ripple rejection lout = 750 MA, Cyryss = 4.7 WF 51 dB
BW =10 Hz to 100 kHz, 1.7 V< V|y < 5.7V, 046
) Voutnom) = 1.2V, loyt = 1.0 A, Cnriss = 4.7 UF '
Vin Output noise voltage MVRMS
BW =10 Hz to 100 kHz, VIN =18V, VOUT(NOM) =08V, 0.835
lout = 1.0 A, Cnriss = 4.7 BF '
f=100 Hz, 1.7 V SV|N <57V, VOUT(NOM) =12V, 6.6
lout = 1.0 A, Cryss = 4.7 pF ’
. . f=1kHz, 1.7V V|57V, VOUT(NOM) =12V,
Noise spectral densit 1.3 nV/NHz
P Y lout = 1.0 A, Cryss = 4.7 pF
f=10kHz, 1.7V <V|y<57V, VOUT(NOM) =12V, 1.1
louT = 1.0A, CNR/SS =4.7 yF ’
NRSS active discharge _ _
RpULLDOWN_NRSS resistance ViN=1.7V, VEn_uv = GND 15 Q
Output active discharge _ _
RpuLLDOWN resistance ViN=1.7V, Ven_uv = GND 195 Q
TSD(shutdown) | Thermal shutdown temperature |Shutdown, temperature increasing 175
°C
TSD(reset) Thermal shutdown reset Reset, temperature decreasing 160
temperature
(1)  The device is not tested under conditions where V|y > Voytinom) + 2.5 V and loyt = 1 A because the junction temperature is
higher than +125°C. Also, this accuracy specification does not apply on any application condition that exceeds the maximum junction
temperature.
(2) Measured when output voltage drops 1% below targeted value.
3) Brickwall current limit: ICL_% = (Isc - ICL_@O.QXVOUT)/ ICL_@O.QXVOUT x 100.
(4) Additional information on setting the PG pullup resistor can be found in the application section.
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6.6 Typical Characteristics

VIN = VOUT(NOM) +0.5YV, VEN =18V, CIN =10 l.IF, CNR/SS =47 LJF, COUT =10 l.IF, and IOUT =1mA (unless otherwise noted);
typical values are at T; = 25°C

Power Supply Rejection Ratio PSRR (dB)

Figure 6-1. PSRR vs Frequency and lgyt for Voytr =1.2V

CNR/SS =47 HF, COUT =10 HF, VIN =17V
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Figure 6-2. PSRR vs Frequency and lgyt for Voyt = 1.8 V

Power Supply Rejection Ratio PSRR (dB)

CNR/SS =47 HF, COUT =10 IJF, VIN =38V
Figure 6-3. PSRR vs Frequency and lgyt for Voyr =3.3V
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Figure 6-4. PSRR vs Frequency and lgyt for Voyt = 5.0 V

Power-Supply Rejection Ratio (dB)

Cnriss = 4.7 pF, Coyr = 10 pF, Viy = Vour + 0.5V,

IOUT =750 mA

Figure 6-5. PSRR vs Frequency and Input Pairs
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6.6 Typical Characteristics (continued)

VIN = VOUT(NOM) +0.5YV, VEN =18V, CIN =10 l.IF, CNR/SS =47 LJF, COUT =10 HF, and IOUT =1mA (unless otherwise noted);
typical values are at T; = 25°C
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6.6 Typical Characteristics (continued)

VIN = VOUT(NOM) +0.5YV, VEN =18V, CIN =10 l.IF, CNR/SS =47 LJF, COUT =10 HF, and IOUT =1mA (unless otherwise noted);

typical values are at T; = 25°C
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Cin = Cout = 10 pF, Cnriss = 4.7 pF, ViN = Vour + 0.5V, Vour
=3.3V, loyr = 750 MA (10 Hz—100 kHz)

Figure 6-13. Output Voltage Noise (RMS) vs Output Voltage

1100

1000

A\

900

800

700

N\

600

500

RMS Output voltage Noise (n\Vgrys)

400
1 2 3 4 5 6 7 8 9 10
CNR/SS capacitance (uF)

Cin = Cour = 10 F, loyt = 750 mA (10 Hz—100 kHz)

Figure 6-14. Output Voltage Noise (RMS) vs Cygss
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Figure 6-15. Output Voltage Noise Density vs Frequency for loyt
and Voyt=1.2V
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Figure 6-16. Output Voltage Noise Density vs Frequency for loyt
and Voyt=1.8V
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Figure 6-17. Output Voltage Noise Density vs Frequency for loyt
and Voyt=3.3V
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Figure 6-18. Output Voltage Noise Density vs Frequency for Iyt
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6.6 Typical Characteristics (continued)

VIN = VOUT(NOM) +0.5YV, VEN =18V, CIN =10 l.IF, CNR/SS =47 LJF, COUT =10 l.IF, and IOUT =1mA (unless otherwise noted);

typical values are at T; = 25°C
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Figure 6-19. Output Noise vs Cyg/ss for Voyr =3.3V

500
Cnriss: VRus

= 200 |- 1.0 uF, 1.02 uVrus
£ 00 bttt —— 4.7 uF, 0.46 uVrys
E = —— 10 pF, 0.44 uVrys
£ ORI
% 20 MR & A4 nF
o
A 10— A
° =
2 5 ] i
z
T 2 |10
g 1 "
? 05

0.2

10 100 1k 10k 100k ™M 10M
Frequency (Hz)

Cin = Cout = 10 YF, loyt = 750 mA (10 Hz-100 kHz)
Figure 6-20. Output Voltage Noise (RMS) vs Cyg/ss for
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Figure 6-21. Output Voltage Noise Density vs Frequency and

Vour=3.3V
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Figure 6-22. Output Voltage Noise Density vs Frequency and

Time (5 ps/div)
Cin =Cour = 10 pF, Cnriss = 4.7 PR, ViN=1.7 V,
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Figure 6-23. Load Transient Response for
VOUT =1.2 V, IOUT =100 mA to 500 mA
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Figure 6-24. Load Transient Response for
VOUT =1.2 V, IOUT =100mAto1A
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6.6 Typical Characteristics (continued)

VIN = VOUT(NOM) +0.5YV, VEN =18V, CIN =10 l.IF, CNR/SS =47 LJF, COUT =10 HF, and IOUT =1mA (unless otherwise noted);
typical values are at T; = 25°C
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Figure 6-25. Load Transient Response for Figure 6-26. Load Transient Response for
Vout = 3.3V, loyt =100 mA to 500 mA Voutr=3.3V,loyr=100 mAto1 A
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Figure 6-27. Load Transient Response for Figure 6-28. Load Transient Response for
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6.6 Typical Characteristics (continued)

VIN = VOUT(NOM) +0.5YV, VEN =18V, CIN =10 l.IF, CNR/SS =47 LJF, COUT =10 HF, and IOUT =1mA (unless otherwise noted);
typical values are at T; = 25°C
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Figure 6-31. Line Transient Response for Voyt =3.3 V, loyt = | Figure 6-32. Line Transient Response for Voyr=3.3V, lgyr=1A
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6.6 Typical Characteristics (continued)

VIN = VOUT(NOM) +0.5YV, VEN =18V, CIN =10 l.IF, CNR/SS =47 LJF, COUT =10 HF, and IOUT =1mA (unless otherwise noted);
typical values are at T; = 25°C
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Figure 6-37. Inrush Current for Cyr/ss = 1.0 pF Figure 6-38. Inrush Current for Cyr/ss = 2.2 pF
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Figure 6-39. Inrush Current for Cygr/ss = 4.7 uF Figure 6-40. Inrush Current for Cygr/ss = 10 uF
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6.6 Typical Characteristics (continued)

VIN = VOUT(NOM) +0.5YV, VEN =18V, CIN =10 l.IF, CNR/SS =47 LJF, COUT =10 HF, and IOUT =1mA (unless otherwise noted);

typical values are at T; = 25°C
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Cin = Cout = 10 WF, Cnriss = 4.7 pF
Figure 6-43. Dropout Voltage vs lgyt for Voyt = 3.3 V

Figure 6-44. Dropout Voltage vs lgyt for Voyr = 5.1V
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Cin = Cout = 10 pF, Cnryss = 4.7 pF
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Figure 6-47. Iygr/ss Load Regulation
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Figure 6-45. Iygsss Distribution Figure 6-46. Vos Distribution
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Figure 6-48. Vos Load Regulation
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6.6 Typical Characteristics (continued)

VIN = VOUT(NOM) +0.5YV, VEN =18V, CIN =10 l.IF, CNR/SS =47 LJF, COUT =10 HF, and IOUT =1mA (unless otherwise noted);
typical values are at T; = 25°C
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Figure 6-49. Iygr/ss Line Regulation Figure 6-50. Vgg Line Regulation
152 700
Temperature 650 Temperature
__ 1515 — -55°C 0°C 85°C =—— 150°C 600| — -55°C 0°C 85°C =— 150°C
< — -40°C 25°C == 125°C 550 | — -40°C 25°C == 125°C
:.; 151 550 500
g ‘r R o 40 °C 2 450
S 1505 ‘ > 400 \
3 i 0°c g
T 150 | —F— == £ 3%0 150 FC |
£ 25-°C |——1 _— £ 300
2 85°C — = 125/°C_— \ﬁ_;
5 1495 g 250
o ")\ 5 2 e
(9] ~ 9~ | 3] =
B 140 125 9C 150 — o i~
z -~ 100 [——sf—I 25°0 —a
1485 150 %€ ) S s S N~
0 ‘ ﬂ —V ==
5 ° 40°C oo
148 5ol 887C 0%
0 05 1 15 2 25 3 35 4 45 5 55 0 05 1 15 2 25 3 35 4 45 5 55
NR/SS Voltage (V) NR/SS Voltage (V)
Cin = Cout = 10 pF, Cnriss = 4.7 WF, loyt = 0 mA Cin = Cout = 10 pF, Cnryss = 4.7 pF
Figure 6-51. Iyr/ss VS Vnr/ss and Temperature Figure 6-52. Vgg vs V\r/ss and Temperature
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Figure 6-53. Iyrsss Vs lout and Temperature for Viy =1.2V Figure 6-54. Vgg vs loyt and Temperature for Vjy =1.2V
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6.6 Typical Characteristics (continued)

VIN = VOUT(NOM) +0.5YV, VEN =18V, CIN =10 l.IF, CNR/SS =47 LJF, COUT =10 HF, and IOUT =1mA (unless otherwise noted);

typical values are at T; = 25°C
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Cin = Cout = 10 pF, Cnrsss = 4.7 pF, Voprr = 500 mV

Figure 6-55. Iygr/ss Vs loyt and Temperature for Viy =1.8 V
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Figure 6-56. Vpg vs loyt and Temperature for Vy =1.8 V
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Figure 6-57. Iyrsss Vs loyt and Temperature for V|y = 3.3V
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Figure 6-58. Vgg vs loyt and Temperature for Vjy = 3.3 V
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Figure 6-59. Iyr/ss Vs lout and Temperature for Viy = 5.1 V
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Figure 6-60. Vgg vs loyt and Temperature for Vjy = 5.1V
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6.6 Typical Characteristics (continued)

VIN = VOUT(NOM) +0.5YV, VEN =18V, CIN =10 l.IF, CNR/SS =47 LJF, COUT =10 HF, and IOUT =1mA (unless otherwise noted);
typical values are at T; = 25°C
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Cin = Cout = 10 pF, Cnriss = 4.7 WF, loyr = 1 mA

Figure 6-61. Iyr/ss vs Viy and Temperature for Voyr =1.2V
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Figure 6-62. Vpg vs V|y and Temperature for Voytr =1.2 V

Cin = Cout = 10 pF, Cnriss = 4.7 pF, lout = 1 mA
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Figure 6-63. Iyr/ss vs Viy and Temperature for Voyr =1.8 V
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Figure 6-64. Vgg vs V)y and Temperature for Voyt =1.8 V

Cin = Cout = 10 pF, Cnriss = 4.7 pF, loyt = 1 mA
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Figure 6-65. Iyr/ss vs Viy and Temperature for Voyr = 3.3V

Cin = Cout = 10 UF, Cnriss = 4.7 pF, loyt = 1 mA

Figure 6-66. Vgg vs V)y and Temperature for Voy7 =3.3 V
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6.6 Typical Characteristics (continued)

VIN = VOUT(NOM) +0.5YV, VEN =18V, CIN =10 l.IF, CNR/SS =47 LJF, COUT =10 HF, and IOUT =1mA (unless otherwise noted);

typical values are at T; = 25°C
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Figure 6-67. Iyr/ss vs Vin and Temperature for Voyr = 5.1V
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Figure 6-68. Vpg vs V|y and Temperature for Voyt = 5.1 V
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Figure 6-69. Iygr/ss vs Temperature for Viy_win, Vophr = 0.2 V
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Figure 6-70. Vogs vs Temperature for Viy_min, VopHr = 0.2V
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Figure 6-71. Iyg/ss Fast-Start vs V|y and Temperature
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Figure 6-72. GND Pin Current vs lgyt and Temperature for
VOUT =12V
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6.6 Typical Characteristics (continued)

VIN = VOUT(NOM) +0.5YV, VEN =18V, CIN =10 l.IF, CNR/SS =47 LJF, COUT =10 HF, and IOUT =1mA (unless otherwise noted);

typical values are at T; = 25°C
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Figure 6-73. GND Pin Current vs lgyt and Temperature for

45

" 0o 0°c A,J-’——’

55 °@ W/W
< 35| ) 4
E /' % 85°C — 125°C ||
& 30 = b5°C 150 °C
5
(&)
£ 25
Q
S
Z 20
Temperature
15 — 55°C 0°Cc 85°C —— 150°C
— 40°C 25°C — 125°C
10

0O 01 02 03 04 05 06 07 08 09 1
Output Current (A)

Cin=Cour =10 pF, CNriss = 4.7 WF, VN =56 V

Figure 6-74. GND Pin Current vs loyt and Temperature for
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Figure 6-77. GND Pin Current vs V|y and Temperature for
IOUT =500 mA

IOUT =1mA
Figure 6-75. GND Pin Current vs V\r/ss and Temperature Figure 6-76. GND Pin Current vs V| and Temperature for
loutr=1mA
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Figure 6-78. GND Pin Current vs V|y and Temperature for
IOUT =1A
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6.6 Typical Characteristics (continued)

VIN = VOUT(NOM) +0.5YV, VEN =18V, CIN =10 l.IF, CNR/SS =47 LJF, COUT =10 HF, and IOUT =1mA (unless otherwise noted);

typical values are at T; = 25°C
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Figure 6-81. 100% Current Limit vs Temperature for Voyr = 0.4V
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6.6 Typical Characteristics (continued)

VIN = VOUT(NOM) +0.5YV, VEN =18V, CIN =10 l.IF, CNR/SS =47 LJF, COUT =10 HF, and IOUT =1mA (unless otherwise noted);

typical values are at T; = 25°C
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Figure 6-85. 100% Current Limit vs Temperature for Voyr =3.3 V
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Figure 6-86. 100% Current Limit vs Temperature for Voyt = 5.1 V

1.15
= -55|°C
e

S I

— 1.05 ————

z .

5 —

g 1 =150 9C \

=]

(&)

= 095

o

g \

O o9

Temperature ‘
085] __ 55°c 0°C 85°C — 150°C
— 40°C 25°C = 125°C
08
04 -02 0 02 04 06 08 1 1.2

Output Voltage (V)
Cin = Cout = 10 pF, Cnriss = 4.7 pF

Figure 6-87. 80% Current Limit vs Temperature for Voyr=1.2V
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Figure 6-88. 80% Current Limit vs Temperature for Voyr =1.8 V
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6.6 Typical Characteristics (continued)

VIN = VOUT(NOM) +0.5YV, VEN =18V, CIN =10 l.IF, CNR/SS =47 LJF, COUT =10 HF, and IOUT =1mA (unless otherwise noted);

typical values are at T; = 25°C
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Figure 6-91. 60% Current Limit vs Temperature for Voyr =1.2V
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Figure 6-92. 60% Current Limit vs Temperature for Voyr =1.8 V
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Figure 6-93. 60% Current Limit vs Temperature for Voyr=3.3V
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6.6 Typical Characteristics (continued)

VIN = VOUT(NOM) +0.5YV, VEN =18V, CIN =10 l.IF, CNR/SS =47 LJF, COUT =10 HF, and IOUT =1mA (unless otherwise noted);

typical values are at T; = 25°C
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Figure 6-97. EN Pin Current vs Enable Voltage and Temperature
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Figure 6-100. FB_PG Pin Current vs V,y and Temperature
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6.6 Typical Characteristics (continued)

VIN = VOUT(NOM) +0.5YV, VEN =18V, CIN =10 l.IF, CNR/SS =47 LJF, COUT =10 HF, and IOUT =1mA (unless otherwise noted);

typical values are at T; = 25°C
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7 Detailed Description
7.1 Overview

The TPS7A94 is an ultra-low-noise (0.46 uVrpms over 10-Hz to 100-kHz bandwidth), ultra-high PSRR (> 50 dB
to 2 MHz), high-accuracy (1%), low-dropout (LDO) linear voltage regulator with an input range of 1.7 V 10 5.7 V
and an output voltage range from 0 V to V|y — Vpo and is fully specified above 0.4 Vgyt. This LDO regulator
uses innovative circuitry to achieve wide bandwidth and high loop gain, resulting in ultra-high PSRR even when
operating under very low operational headroom (V|y — VouT). At a high level, the device has two main blocks
(the current reference and the unity-gain LDO buffer) and a few secondary features (such as the precision
enable, current limit, and PG pin).

The current reference is controlled by the NR/SS pin. This pin sets the output voltage with a single resistor, sets
the start-up time, and filters the noise generated by the reference and external set resistor.

The unity-gain LDO buffer is controlled by the OUT pin. The ultra-low-noise does not increase with output
voltage and provides wideband PSRR. As such, the SNS pin is only used for remote sensing of the load.

The EN_UV pin sets the precision enable feature. Select the optimal input voltage at which the LDO starts at.
There are two independent UVLO voltages in this device: the internal IN rail UVLO and the EN_UV pin.

The FB_PG pin sets the current limit and power-good (PG) features. A voltage divider on this pin programs both
the current limit and the PG trip point.

An ultra-low-noise current reference (150 pA, typical) is used in conjunction with an external resistor (Ryr/ss)
to set the output voltage. This process allows the output voltage range to be set from 0.4 V to (Vv — Vpo).
To achieve this ultra-low noise, an external capacitor Cyr/ss (typically 4.7 pF) is placed in parallel to the
RnRr/ss resistor used to set the output voltage. The unity-gain architecture provides ultra-high PSRR over a wide
frequency range without compromising load and line transients.

This regulator offers programmable current-limit, thermal protection, is fully specified from —40°C to +125°C
above 0.4 VouT, and is offered in a thermally efficient 10-pin, 3-mm x 3-mm WSON package.
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7.2 Functional Block Diagram
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A. See the RpyLpown output active discharge resistance value in the Electrical Characteristics table.
B. See the delay value in the Electrical Characteristics table.
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7.3 Feature Description

7.3.1 Output Voltage Setting and Regulation

Figure 7-1 shows a simplified regulation circuit, where the input signal (Vnr/ss) is generated by the internal
current source (Iyr/ss) and the external resistor (Ryr/ss). Because the error amplifier is always operating in
unity-gain configuration, the LDO output voltage is directly programmed by the Vygr/ss voltage. The Vngr/ss
reference voltage is generated by an internal low-noise current source driving the Rygr/ss resistor and is
designed to have very low bandwidth at the input to the error amplifier through the use of a low-pass filter

(Cnriss || Rarsss)-

Vn O Ta] QO Vour

IFasT ss

INr/ss = 150pA

Error Amplifier
driving passFET

MS

O Vsns

Vimss O L 4 ® L3 @

Yy
Y B A

Rnriss Cnriss RpuLLbowN_NR/SS

NR/SS discharge

GND

Logic

/\/ /_\/
/\_/ /\/
Vourt = Inriss * Rnriss:

Figure 7-1. Simplified Regulation Circuit

This unity-gain configuration, along with the highly accurate Iyr/ss reference current, enables the device to
achieve excellent output voltage accuracy; though, the Rygr/ss accuracy can become the limiting factor when
operating at low output voltage. The low dropout voltage (Vpo) enables reduced thermal dissipation and
achieves robust performance. This combination of features makes this device an excellent voltage source for
powering sensitive analog low-voltage devices.

7.3.2 Ultra-Low Noise and Ultra-High Power-Supply Rejection Ratio (PSRR)

The architecture features a highly accurate, high-precision, low-noise current reference followed by a state-of-
the-art error amplifier (1.1 nV/YHz at 10-kHz noise for Vour = 1.2 V) comparable to, if not better than, that of
a precision amplifier. The unity-gain configuration ensures ultra-low noise over the entire output voltage range.
Additional noise reduction and higher output current can be achieved by placing multiple TPS7A94 LDOs in
parallel.
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7.3.3 Programmable Current Limit and Power-Good Threshold

The brick-wall current limit can be programmed to either 100%, 80%, or 60% of the nominal factory-programmed
value by setting the input impedance for the FB_PG pin. Similarly, the power-good indication threshold can also
be adjusted between 85% and 95% of the nominal output voltage by changing the FB_PG resistor divider ratio;
see the Adjusting the Factory-Programmed Current Limit section for details.

7.3.4 Programmable Soft Start (NR/SS Pin)

The device features a programmable, monotonic, voltage-controlled, soft-start circuit that uses the Cyr/ss
capacitor to minimize inrush current into the output capacitor and load during start up. This circuitry can also
reduce the start-up time for some applications that require the output voltage to reach at least 90% of the set
value for fast system start up. See the Programmable Soft-Start and Noise-Reduction (NR/SS Pin) section for
more details.

7.3.5 Precision Enable and UVLO

Two independent UVLO (undervoltage lockout) voltage circuits are present. An internally set UVLO on the
input supply (IN pin) automatically disables the LDO when the input voltage reaches the minimum threshold. A
precision EN function (EN_UV pin) can also be used as a user-programmable UVLO.

1. The input supply voltage undervoltage lockout (UVLO) circuit prevents the regulator from turning on when
the input voltage is not high enough, see the Electrical Characteristics table for more details.

2. The precision enable circuit allows a simple sequencing of multiple power supplies with a resistor divider
from another supply. This enable circuit can be used to set an external UVLO voltage at which the device
is enabled using a resistor divider on the EN_UV pin; see the Precision Enable (External UVLO) section for
more details.

7.3.6 Active Discharge

The device incorporates two internal pulldown metal-oxide semiconductor field effect transistors (MOSFETSs).
The first pulldown MOSFET connects a resistor (Rpy pown) from OUT to ground when the device is disabled
to actively discharge the output capacitor. The second pulldown MOSFET connects a resistor (RpyiLoowN NR/SS)
from NR/SS to ground when the device is disabled and discharges the NR/SS capacitor. Both pulldown
MOSFETs are activated by any one or more of the following:

1. Driving the EN_UV pin below the Ven(ow) threshold
2. The IN pin voltage falling below the undervoltage lockout Vo threshold
3. Having the output voltage greater than the input voltage

7.3.7 Thermal Shutdown Protection (Tgp)

A thermal shutdown protection circuit disables the LDO when the junction temperature (T, ) of the pass transistor
rises to Tsp(shutdown) (typical). Thermal shutdown hysteresis assures that the device resets (turns on) when the
temperature falls to Tsp(resety (typical). The thermal time constant of the semiconductor die is fairly short, thus
the device can cycle off and on when thermal shutdown is reached until power dissipation is reduced. Power
dissipation during start up can be high from large V|y — Vout voltage drops across the device or from high inrush
currents charging large output capacitors.

Under some conditions, the thermal shutdown protection can disable the device before start up completes. For
reliable operation, limit the junction temperature to the maximum listed in the Electrical Characteristics table.
Operation above this maximum temperature causes the device to exceed operational specifications. Although
the internal protection circuitry of the device is designed to protect against thermal overload conditions, this
circuitry is not intended to replace proper heat sinking. Continuously running the device into thermal shutdown or
above the maximum recommended junction temperature reduces long-term reliability.
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7.4 Device Functional Modes

Table 7-1 shows the conditions that lead to the different modes of operation. See the Electrical Characteristics
table for parameter values.

Table 7-1. Device Functional Mode Comparison

OPERATING MODE PARAMETER
Vin VEN_uv lout Ty
. VN>V + Vpo and Vy >
Normal operation N OUT(”(\TK‘( _ )DO N VEN_uv > VIHEN_uV) lout < louT(max) Ty < TSD(shutdown)
min

Dropout operation ViNmin) < VIN < VouT(nom) * Vbo VEN_uv > VIHEN_uV) louT < louT(max) Ty < TSD shutdown)

Disabled (any true ViN < Vuyyio or

confiition disables the VN < Vout + 90 mV or VEN_UV < VIL(EN_UV) Not applicable T,> TSD(shutdown)

device) Vin < VNriss + 20 mV

Current-limit operation Vin> VOUT(m\)}n) * Voo and Vi > VEN_uv > VIHEN_ ) lout 2 lcL(min) Ty < TSD(shutdown)
IN(min) - -

7.4.1 Normal Operation
The device regulates to the nominal output voltage when the following conditions are met:

+ The input voltage is greater than the nominal output voltage plus the dropout voltage (Vout(nom) * Vbo)

* The output current is less than the current limit (Ioyt < IcL)

+ The device junction temperature is less than the thermal shutdown temperature (T, < TSD ghutdown))

+ The voltage on the EN_UV pin has previously exceeded the Viyen_uy) threshold voltage and has not yet
decreased to less than the V| en_uv) falling threshold

7.4.2 Dropout Operation

If the input voltage is lower than the nominal output voltage plus the specified dropout voltage, but all other
conditions are met for normal operation, the device operates in dropout mode. In this mode, the output voltage
tracks the input voltage. During this mode, the transient performance of the device becomes significantly
degraded because the pass transistor is in the ohmic or triode region, and acts as a switch. Line or load
transients in dropout can result in large output-voltage deviations.

Note

While in dropout, if a heavy load transient event forces V|y < Voytnomy + 90 mV or Viy < Vriss +
20 mV, the device restarts to prevent the output voltage from overshooting to protect the device and
load.

When the input voltage returns to a value greater than or equal to the nominal output voltage plus the dropout
voltage (Voutinom) *+ Vpo), the output voltage can overshoot for a short period of time while the device pulls the
pass transistor back into the linear region.

For additional information, see the Output Voltage Restart (Overshoot Prevention Circuit) section.
7.4.3 Disabled

The output of the device can be shutdown by forcing the voltage of the EN_UV pin to less than the V| gen_uv)
threshold (see the Electrical Characteristics table). When disabled, the pass transistor is turned off, internal
circuits are shutdown, and both the NR/SS pin and OUT pin voltages are actively discharged to ground by
internal discharge circuits to ground when the IN pin voltage is higher than or equal to a diode-drop voltage.

7.4.4 Current-Limit Operation

If the output current is greater than or equal to the minimum current limit, (Ic,gvin)), then the device is operating
in current-limit mode. The current limit is brick-wall and is programmable with the PG_FB pin. For additional
information, see the Adjusting the Factory-Programmed Current Limit section.
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8 Application and Implementation

Note

Information in the following applications sections is not part of the Tl component specification,
and Tl does not warrant its accuracy or completeness. TI's customers are responsible for
determining suitability of components for their purposes, as well as validating and testing their design
implementation to confirm system functionality.

8.1 Application Information

Successfully implementing a low-dropout regulator (LDO) in an application depends on the application
requirements. This section discusses key device features and how to best implement them to achieve a reliable
design.

8.1.1 Output Voltage Restart (Overshoot Prevention Circuit)

Wide bandwidth linear regulators suffer from an undesirable excessive overshooting of the output voltage during
restart events that occur when the Cygr/ss and Coyt capacitors are not fully discharged. In this device, and as
shown in Figure 8-1, this undesirable behavior is mitigated by implementing low hysteresis circuitry consisting of
two ORed comparators to detect when the input voltage is either 20 mV (typical) lower than the Vy\g/ss reference
voltage or 300 mV (typical) lower than Voyr.

—_————— — —

| Detects if VNR/SS > VIN |
| VNR/SS A

|

| F—— = — — = — Logic
|Offset =20 mv |

|

L YN O—— | offset = 90 mv O

|
| Detects if VOUT > VIN ]

Figure 8-1. Overshoot Prevention Circuit

When the device is operating in dropout, transient events (such as an input voltage brownout, heavy load
transient, or short-circuit event) can force the device in a reversed bias condition where the input voltage is
either 20 mV (typical) lower than the V\r/ss reference voltage or 300 mV (typical) lower than Voyt. The output
overshoot prevention circuit can be triggered, as shown in Figure 8-2, thus forcing the device to shutdown and
restart, thereby preventing output voltage overshoot. If the device is still operating in dropout and the error
condition that triggered this circuit is still present, an additional restart can occur until these conditions are
removed or the device is no longer in dropout. The restart always occurs from a discharged state and always
has the same characteristics as the initial LDO power-up, so the start-up time, Voyt ramp rate, and Voyr
monotonicity are all predictable.

A | | A | |
Vi _Ntbrownout:q— torownout = 1.5us Vi torownout :4_ torownout = 1.5us will force LDO to restart
. ! ‘ _NI
VNR SS VNR SS
VOUT % VouT
3
=
n Y o) o ______ Vuvio
> >

Time

Figure 8-2. Device Behavior in Dropout
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Figure 8-3 and Figure 8-4 show examples of a soft brownout and a brownout event, respectively.

The brownout overshoot is present with higher V |y slew rates. A 1-V/us slew rate was used in Figure 8-5.

4.5 4.5 T T
Vin ‘\ 4 ‘\ Vin
35
4 ViN = Vnriss \ Vin = Vour = Viriss = Ves
— Vour = Vee 3
S S
b W 25
8 35 g \\\
g o) — Vour
= ‘/ NR/SS s 2
> —— — > Ves
v = T v 1% \\ \/
3 ouT| PG 1 \ \\
0.5 \ y - \ k\
. —
2.5 0
0 50 100 150 200 0 200 400 600 800
Time (us) Time (us)
Figure 8-3. Example: Soft Brownout to Vyg/ss Figure 8-4. Example: Brownout
5
Vin = Vour = Vriss = Vee
[
4.5 AW
W Vin
4
S Left Scal
% a5 <« Left Scale Vnriss =
S e oo e
4
3 Vpg
V,
2.5 ouT 3.5
>
Right Scale — 3
Time (20 ps/div)
Figure 8-5. Example: Brownout With Overshoot Recovery

The overshoot prevention circuit is implemented to provide a predictable start-up and shutdown of the device
without output overshoot if the EN_UV external UVLO is not used as described in this section. This circuit can be
prevented from triggering by:

1. Using an input supply capable of handling heavy load transients or a larger value input capacitor

2. Increasing the operating headroom between V|y and Voyr (for example, when using a battery as an input
supply to make sure that V| stays higher than Voyt even when the battery is near the full discharge state)

3. Using an input supply with a ramp rate faster than the set output voltage time constant formed by Cngr/ss ||
Rnriss

4. Discharging the input supply slower than the discharge time formed by Coyt || (Load || RpyuLLpown) Or by the
Cnriss |l (Rnrsss || RruLLbown_Nriss)

8.1.2 Precision Enable (External UVLO)

The precision enable circuit is used to turn the device on and off. This circuit can be used to set an external
undervoltage lockout (UVLO) voltage (see Figure 8-6) to turn on and off the device using a resistor divider
between IN, EN_UV, and GND.

If VEn_uv 2 ViHEN_uv), the regulator is enabled. If Ven yv < Vien_uv), the regulator is disabled. The EN_UV pin
does not incorporate an internal pulldown resistor to GND and must not be left floating. Use the precision enable
circuit for this pin to set an external undervoltage lockout (UVLO) input supply voltage to turn on and off the
device using a resistor divider between IN, EN_UV, and GND.
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EN_UV

TPS7A94

Rorrom)

Figure 8-6. Precision EN Used as External UVLO

This external UVLO configuration prevents the LDO from turning on when the input supply voltage is insufficient
and places the device in dropout operation.

Using the EN_UV pin as an externally set UVLO allows simple sequencing of cascaded power supplies. An
additional benefit is that the EN_UV pin is never left floating. The EN_UV pin does not have an internal pulldown
resistor. In addition to the resistor divider, a zener diode can be needed between the EN_UV pin and ground to
comply with the absolute maximum ratings on this pin.

When V|y exceeds the targeted Von voltage and the Riportom) resistor is set, Equation 1 and Equation 2
provide the R(top) resistor value and the Vorr voltage at which the input voltage must drop below to disable the
LDO.

Rerop) < Reotrom) * (Von / ViHEN_uvy - 1) 1
Vorr < [1 + Riop) / Reotrom] * (VIHEN_UV) - VHYSEN_UV)) (2)
where:

*  Vorr is the input voltage where the regulator shuts off
*  Von is the voltage where the regulator turns on

Consider the EN_UV current pin when selecting the Rrop) and Rigotrom) values.
8.1.3 Undervoltage Lockout (UVLO) Operation

The UVLO circuit, present on the IN pin, ensures that the device remains disabled before the input supply
reaches the minimum operational voltage range, and that the device shuts down when the input supply falls too
low.

The UVLOyy circuit has a minimum response time of several microseconds to fully assert. During this time, a
downward line transient below approximately 1.6 V causes the input supply UVLO to assert for a short time.
However, the UVLO)y circuit can possibly not have enough stored energy to fully discharge the internal circuits
inside of the device. When the UVLO)y circuit does not fully discharge, internal circuitry is not fully disabled.

The effect of the downward line transient can trigger the overshoot prevention circuit and can be easily mitigated
by using the solution proposed in the Precision Enable (External UVLQO) section.

Figure 8-7 illustrates the UVLO)y circuit response to various input voltage events. This diagram can be
separated into the following regions:

* Region A: The device does not turn on until the input reaches the UVLO rising threshold.

* Region B: Normal operation with a regulated output.

» Region C: Brownout event above the UVLO falling threshold (UVLO rising threshold — UVLO hysteresis). The
output can fall out of regulation but the device is still enabled.

* Region D: Normal operation with a regulated output.

* Region E: Brownout event below the UVLO falling threshold. The device is disabled in most cases and the
output falls because of the load and active discharge circuit. The device is re-enabled when the UVLO rising
threshold is reached by the input voltage and a normal start up then follows.

* Region F: Normal operation followed by the input falling to the UVLO falling threshold.

Copyright © 2023 Texas Instruments Incorporated Submit Document Feedback

Product Folder Links: TPS7A94

33


https://www.ti.com
https://www.ti.com/product/TPS7A94
https://www.ti.com/lit/pdf/SBVS336
https://www.ti.com/feedbackform/techdocfeedback?litnum=SBVS336B&partnum=TPS7A94
https://www.ti.com/product/tps7a94?qgpn=tps7a94

13 TEXAS
TPS7A94 INSTRUMENTS
SBVS336B — SEPTEMBER 2021 — REVISED FEBRUARY 2023 www.ti.com

* Region G: The device is disabled when the input voltage falls below the UVLO falling threshold to 0 V. The
output falls because of the load and active discharge circuit.

I
I
1
UVLO Rising Threshold - — - ————— o= —M —————— N7/~
UVLO Hysteresis Ao === L A---
I
I
I
I
I
I
I
I

Figure 8-7. Typical UVLO Operation

8.1.4 Dropout Voltage (Vpo)

The dropout voltage refers to the minimum voltage difference between the input and output voltage (Vpo = VN
— Vour) that is required for regulation. When the input voltage (V)y) drops to or below the maximum dropout
voltage (Vpo(max)) for the given load current, see the Electrical Characteristics table, the device functions as a
resistive switch and does not regulate the output voltage. When the device is operating in dropout, the output
voltage tracks the input voltage. For high current, the dropout voltage (Vpo) is proportional to the output current
because the device is operating as a resistive switch. For low current, internal nodes are saturating and the
dropout plateaus to the minimum value. As mentioned in the Output Voltage Restart (Overshoot Prevention
Circuit) section, transient events such as an input voltage brownout, heavy load transient, or short-circuit event
can trigger the overshoot prevention circuit. Operating the device at or near dropout significantly degrades both
transient performance and PSRR, and can also trigger the overshoot prevention circuit. Maintaining sufficient
operating headroom (Vopnr = ViN — Vour) significantly improves the device transient performance and PSRR,
and prevents triggering the overshoot prevention circuit.

Note

For this device, the pass element is not the limiting dropout voltage factor. Because the reference
voltage is generated by a current source and the NR/SS resistor, and because the operating
headroom is reducing (even at low load), the internal current source (Iyr/ss) saturates faster than
the pass transistor. This behavior is described in the dropout voltage plot (Figure 6-43). Notice that the
dropout does not go to 0 V at light loads.

8.1.5 Power-Good Feedback (FB_PG Pin) and Power-Good Threshold (PG Pin)

For proper device operation, the resistor divider network input to the FB_PG pin must be connected. The FB_PG
pin must not be left floating because this pin represents an analog input to the device internal logic and the input
impedance is sampled during device start up.

The PG pin is an output indicating whether the LDO is ready to provide power. This pin is implemented using
an open-drain architecture. The FB_PG pin is used to program the PG pin and serves a dual purpose of
programming the PG threshold assert voltage and adjusting the current limit, I¢ .

The PG pin must use the minimum value or larger pullup resistor from PG to IN, see Figure 8-8, or the external
rail as listed in the Electrical Characteristics table. If PG functionality is not used, leave this pin floating or
connected to GND.

The FB_PG pin uses the parallel impedance formed by the resistor divider Rrg_pg(top) and Rrg_pgoTTOM) O
program the current limit value during LDO initialization. If this impedance is less than 12.5 kQ, then the nominal
factory-programmed, current-limit value is selected. If the input impedance is less than 50 kQ, but greater than
12.5 kQ, then 80% of the nominal factory-programmed current limit is selected. If the input impedance is less
than 100 kQ, but greater than 50 kQ, then 60% of the nominal factory-programmed current limit is selected.
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Connect the Rrg pg(tor) @nd Rrg pgeoTTOM) resistors as indicated in this section for proper operation of the
LDO. Do not float this pin.

When initialization is complete, the voltage divider provides the necessary feedback to the PG pin by setting the
PG assert threshold voltage.

To properly select the values of the Rrg pg(top) @nd Rrg_pgoTTOM) resistors, see the Adjusting the Factory-
Programmed Current Limit section for detailed explanation and calculation.

Note
The Rrg pg(tor) and Rrp pgoTTOM) resistor divider ratio sets the power-good assert threshold
voltage between 85% to 95% of the Vg pg voltage for 60% and 80% of the nominal factory-
programmed current limit.

If the current limit is set for 100% of the nominal factory-programmed current limit, the PG threshold
range is not limited. A PG threshold greater than 80% is common for system where start-up inrush
current must be minimized. Lower PG thresholds can be needed in systems with fast start-up time
constraints.

Setting the PG threshold based off the Vrpg pg voltage sets the PG to assert when the output voltage
reaches the corresponding percentage level of Veg pg because Vg pg is a scaled version of the
output voltage. Figure 8-8 shows the internal circuitry for both the FB_PG and PG pins.

VouTt VIN
{60%, 80%, 100%} . lcunom)
Prog. Current .
Limit Logic
RFB_PG(TOP) Rera
FB_PG 1 PG
= — O VPG
Delay —
RFB_PG(BOTTOM)
GND
GND

Figure 8-8. Programmable Power-Good Threshold Simplified Schematic

The PG pin pullup resistor value must be between 10 kQ and 100 kQ. The lower limit of 10 kQ results from
the maximum pulldown strength of the power-good transistor, and the upper limit of 100 kQ results from the
maximum leakage current at the power-good node. If the pullup resistor is outside of this range, then the
power-good signal can possibly not read a valid digital logic level.

The state of the PG signal is only valid when the FB_PG pin resistor divider network is set properly and the
device is in normal operating mode.

8.1.6 Adjusting the Factory-Programmed Current Limit

The current limit is a brick-wall scheme and the factory-programmed current limit value can be programmed to
a set of discrete value (100%, 80%, or 60% of the default value), as specified in the Electrical Characteristics
table. This adjustment can be done by changing the input impedance of the FB_PG pin represented by the
parallel resistance of Rrg pg(top) || RFe_PcOTTOM)- The FB_PG pin has dual functionality: adjusting the I
value and setting the power-good (PG) assert threshold.

Prior to start up, the input impedance of the FB_PG pin is sampled and the I value is adjusted based on the
input impedance.
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Note

The current limit programmability is dependent on the output voltage. For voltages below 0.4 V, the
current limit cannot be programmed. For voltages between 0.4 V and 1.2 V, the current limit cannot
be adjusted and is always set to 100%. Programmable Current Limit vs Output Voltage describes this
behavior.

Programmable Current Limit vs Output Voltage

NOMINAL OUTPUT lcL. SETTING
VOLTAGE (V) Res_pgBoTTOM) (KQ) Res_pg(Top) (kQ) ct (%)
RFB_PG(BOTTOM) =0.2V/16 HA 100
Vout(nom) 2 1.2V Rrs_pc@oTTOM) = 0.2V /4 PA Rrs_pc(ror) = Rra_paeoTTOM) X 8
( Voutnom) / 0.2 V x K = 1)
Rrs_paBoTTOM) = 0.2V /2 A with K = PG threshold (%Vour) 60
04V< VOUT(nom) <12V RFB_PG(BOTTOM) =0.2V/6 pA 100
VouT(nom) < 0.4 V N/A N/A N/A
Table 8-1 provides values for various output voltages using 1% resistors.
Table 8-1. Programmable Current Limit Voltage-Divider Current Settings
NOMINAL OUTPUT VOLTAGE (V) |Reg_pceottom) (KQ) Res_pc(rop) (kQ) IcL SETTING (%) PG THRESHOLD (%)
12.4 51.1 100 85
VouTmom = 1.2V 49.9 205 80 85
100 412 60 85
12.4 187 100 95
VOUT(nom) =33V 49.9 732 80 95
100 1470 60 95
12.4 287 100 95
VouTom) = 5.1V 49.9 1150 80 95
100 2320 60 95
Figure 8-9 shows the different I settings for a nominal 3.3-V output voltage.
35
3 \\_
— 25
=
[0
2 2
5
>
5 15
_E_
>
O
05| 100% Current Limit
| — 80% Current Limit
—— 60% Current Limit
0
0 0.2 0.4 0.6 0.8 1 1.2 1.4
Current Limit Threshold (A)
Figure 8-9. Programmable Current Limit Behavior (Typical) for a 3.3-Vout(nom)
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8.1.7 Programmable Soft-Start and Noise-Reduction (NR/SS Pin)

The NR/SS pin is the input to the inverting terminal of the error amplifier, see the Functional Block Diagram. A
resistor connected from this pin to GND sets the output voltage by the pin internal reference current Ingr/ss, VouT
= Inrsss X Rnrsss - Connecting a capacitor from this pin to GND significantly reduces the output noise, limits the
input inrush-current, and soft-starts the output voltage. Use the minimum value or larger capacitor from NR/SS to
ground as listed in the Electrical Characteristics table and place the NR/SS capacitor as close to the NR/SS and
GND pins of the device as possible.

The device features a programmable, monotonic, voltage-controlled, soft-start circuit that is set to work with
an external capacitor (Cnr/ss)- In addition to the soft-start feature, the Cyr/ss capacitor also lowers the output
voltage noise of the LDO. The soft-start feature can be used to eliminate power-up initialization problems. The
controlled output voltage ramp also reduces peak inrush current during start up, minimizing start-up transients to
the input power bus.

To achieve a monotonic start up, the device output voltage tracks the Vygr/ss reference voltage until this
reference reaches the set value (the set output voltage). The Vy\r/ss reference voltage is set by the Ryr/ss
resistor and, during start up, using a fast charging current (IrasT ss) in addition to the Iyg/ss current, as shown in
Figure 8-10, to charge the Cngr/ss capacitor. -

[ ] ]
\ V
O L T2l I
IeasT s8
INr/ss = 150pA
Error Amplifier
driving passFET
T M ov
VNriss O L e
T Ll
ld- ld-
Ll Ll
ReuLLoown_NR/ss
NR/SS discharge
GND
Logic

Figure 8-10. Simplified Soft-Start Circuit

The 2.1-mA (typical) IpasT ss current and 150 pA (typical) Iyr/ss current quickly charge Cngr/ss until the voltage
reaches approximately 93% of the set output voltage, then the IgasT s current disengages and only the Iyg/ss
current continues to charge Cnrjss to the set output voltage level. If there is any error during start up or the
output overshoot prevention circuit is triggered, the NR/SS discharge FET turns on, thus discharging the Cyr/ss
capacitor to protect both the LDO and the load.

The soft-start ramp time depends on the fast start-up (IFast_ss) charging current, the reference current (Iyr/ss),
Cnrsss capacitor value, and the set (targeted) output voltage (Voutarget). Equation 3 calculates the soft-start
ramp time.

Soft-Start Time (tss) = (VouTarget) X CNriss) / (INrRiss * IFasT ss) (3)

The Iyr/ss current is provided in the Electrical Characteristics table and has a value of 150 pA (typical). The
IFasT ss current has a value of 2 mA (typical) for Vy > 2.5 V. Figure 8-11 and Figure 8-12 depict the Iyr/ss and
IFasT ss current versus V|y and temperature.
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Because the error amplifier is always operating in unity-gain configuration, the output voltage noise can only
be adjusted by increasing the Cyr/ss capacitor. The Cyr/ss capacitor and Ryg/ss resistor form a low-pass filter
(LPF) that filters out the noise from the V\r/ss voltage reference, thereby reducing the device noise floor. The
LPF is a single-pole filter and Equation 4 calculates the LPF cutoff frequency. Increasing the Cygr/ss capacitor
can significantly lower output voltage noise; however, doing so greatly lengthens start-up time. For low-noise
applications, use a 4.7-uF Cygr/ss for optimal noise and start-up time trade off.

Cutoff Frequency (foutor) = 1/ (2 x T X Ryriss * Cnriss)

(4)

The Typical Characteristics section illustrates the impact of the Cygr/ss capacitor on the LDO output voltage

noise.

Figure 8-13 illustrates the relationship, timing, and output voltage value during the start-up phase.
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Figure 8-13. Relationship Between Threshold Voltage, Output Voltage, IrasT ss, and Iyriss During Start-
Up

8.1.8 Inrush Current

Inrush current is defined as the current into the LDO at the IN pin during start up. Inrush current then consists
primarily of the sum of load current and the current used to charge the output capacitor. This current is
difficult to measure because the input capacitor must be removed. Operating without an input capacitor is not
recommended because this capacitor is required for stability. However, Equation 5 can be used to estimate this
current.

| — Cour x dVou+(t) + Vour(t)
ouT(Y)
dt Rioao (5)

where:

*  Vour(t) is the instantaneous output voltage of the turn-on ramp
* dVour(t) / dtis the slope of the Vgyt ramp
*  Ryoap is the resistive load impedance

As illustrated in Figure 8-10, the external capacitor at the NR/SS pin (Cyr/ss) sets the output start-up time by
setting the rise time of the V\r/ss reference voltage.

Inrush current for a no-load condition is given in Figure 6-37 to Figure 6-40.
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8.1.9 Optimizing Noise and PSRR

Noise can be generally defined as any unwanted signal combining with the desired signal (such as the regulated
LDO output). Noise can easily be noticed in audio as a hissing or popping sound. Noise produced from an
external circuit or the 50- to 60-hertz power-line noise (spikes), along with the harmonics, is an excellent
representative of extrinsic noise. Intrinsic noise is produced by components within the device circuitry, such as
resistors and transistors. The two dominating sources of intrinsic noise are the error amplifier and the internal
reference voltage (Vnr/ss)- Extrinsic noise, including the switching mode power-supply ac ripple voltage, coupled
onto the input supply of the LDO is attenuated by the LDO power-supply rejection ratio, or PSRR. PSRR is a
measurement of the noise attenuation from the input to the output of the LDO.

Optimize the intrinsic noise and PSRR by carefully selecting:

*  Cnriss for the low-frequency range up to the device bandwidth

*  Coyr for the high-frequency range close to and higher than the device bandwidth

» Operating headroom, VN — VouT (Vpo), mainly for the low-frequency range up to the device bandwidth, but
also for higher frequencies to a lesser effect

These behaviors are described in the Typical Characteristics curves.

Figure 8-14 and Figure 8-15 show the measured 10-Hz to 100-kHz RMS noise for a 3.3-V device output voltage
with a 0.5-V headroom for different Cyr/ss and Coyt capacitors and a 1-A load current. Table 8-2 lists the typical
output noise for these capacitors.
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Table 8-2. Typical Output Noise for 3.3-Voyut Vs Cnrisss CouT, and Typical Start-Up Time
Vp (MVrws), 10-Hz to 100-kHz BW Cnriss (MF) Cour (MF) START-UP TIME (ms)
0.98 1 10 3.73
0.62 22 10 6.21
0.46 47 10 13.97
0.42 10 10 28.21

PSRR can be viewed as being simply the ratio of the output capacitor impedance by the LDO output impedance.
At low frequency, the output impedance is very low whereas the output impedance of the capacitor is high,
resulting in high PSRR. As the frequency increases, the output capacitor impedance reduces and reaches a
minima set by the ESR.

As shown in Figure 8-14 and Figure 8-15, and in order to achieve high PSRR at high frequencies, ensure
that the output capacitor ESR and ESL are minimal. These figures compare the use of a single 10-uF output
capacitor with a 4.7-uF || 4.7-pF || 1.0-uF implementation. Notice that below 200 kHz, there is no impact on
performance but above 200 kHz, the PSRR improves by 5 dB to 7 dB.
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Minimizing the ESR, ESL generated resonance point in the output capacitance allows for a smoother transition
between the LDO active PSRR component to the passive PSRR of the capacitors.

Note

The TPS7A94 is optimized for the 400-mA to 1-A output current range. For current outside this range,
consider the TPS7A93, TPS7A95, and TPS7A96 devices.

8.1.10 Adjustable Operation

As shown in Figure 8-16, the output voltage of the device can be set using a single external resistor (Ryr/ss)-
Equation 6 calculates the output voltage.

Vout = INrRissnomy * Rnriss (6)
Vin IN OouT [—e _T_ o Vour
EN_UV SNS _T Viy %COUT
GND
TPS7A94 % Ree
GND PG > Ve
NR/SS
Rnriss < Crriss Rrs_pa(tor)
onp FBPG
Res_pa@oTTOM)
GND GND
GND

Figure 8-16. Typical Circuit

Table 8-3 shows the recommended Ryg/ss resistor values to achieve several common rails using a standard
1%-tolerance resistor.

Table 8-3. Recommended Ryg;ss Values

TARGETED OUTPUT VOLTAGE CALCULATED OUTPUT VOLTAGE

v) Rnriss (kQ) V)

0.4 2.67 0.4005
0.5 3.32 0.498
0.6 4.02 0.603
0.7 4.64 0.696
0.8 5.36 0.804
0.9 6.04 0.906
1.0 6.65 0.9975
1.2 8.06 1.209
1.5 10.0 1.5

25 16.5 2.475
3.0 20.0 3.0

3.3 221 3.315
3.6 243 3.645
4.7 31.6 4.74

5.0 33.2 4.98
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Note

To avoid engaging the current limit during start-up with a large Coyt capacitor, make sure that:
1. A minimum NR/SS capacitor of 1 pF is used
2. When the output capacitor is greater than 100 yF, maintain a Coyt to Cnryss ratio < 100

Because the set resistor is also placed on the NR/SS pin, consider using a thin-film resistor and
provide enough resistor temperature drift to ensure the targeted accuracy.

8.1.11 Paralleling for Higher Output Current and Lower Noise

Achieving higher output current and lower noise is achievable by paralleling two or more LDOs. Implementation
must be carefully planned out to optimize performance and minimize output current imbalance.

Because the TPS7A94 output voltage is set by a resistor driven by a current source, the NR/SS resistor and
capacitor must be adjusted as per the following:

RNRiss_paraliel = VouT_TAarRGET / (N * INR/SS) (7)
CNR/ss_parallel = N X CNR/sS_single (8)
where:

* nis the number of LDOs in parallel
* INrsss is the NR/SS current as provided in the data sheet Electrical Characteristics table
*  Cnrsss_single is the NR/SS capacitor for a single LDO

When connecting the input and NR/SS pin together, and with the LDO being a buffer, the current imbalance is
only affected by the error offset voltage of the error amplifier. As such, the current imbalance can be expressed
as:

€= Vos % 2 x RgarasT / (ReaLLasT 2 — ARgaLLasT 2) 9)

where:

* ¢ is the current imbalance

* Vops is the LDO error offset voltage

* RpaLLasT is the ballast resistor

*  ARpaLLasT is the deviation of the ballast resistor value from the nominal value

With the typical offset voltage of 200 pV, considering no error from the design of the PCB ballast resistor
(ARgaLLasT = 0) and a 100-mA maximum current imbalance, the ballast resistor must be 4 mQ or greater; see
Figure 8-17.

Using the configuration described, the LDO output noise is reduced by:

€0_paraliel = (1 /\m) % €0_single (10)

where:

* nis the numbers of LDOs in parallel
€0 _single i the output noise density from a single LDO
* €0 parallel IS the output noise density for the resulting parallel LDO
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In Figure 8-17, the noise is reduced by 1 /2.
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Figure 8-17. Paralleling Multiple TPS7A94 Devices

8.1.12 Recommended Capacitor Types

The device is designed to be stable using low equivalent series resistance (ESR) and low equivalent series
inductance (ESL) ceramic capacitors at the input, output, and noise-reduction pin. Multilayer ceramic capacitors
have become the industry standard for these applications and are recommended, but must be used with good
judgment. Ceramic capacitors that employ X7R-, X5R-rated, or better dielectric materials provide relatively
good capacitive stability across temperature. The use of Y5V-rated capacitors is discouraged because of large
variations in capacitance.

Regardless of the ceramic capacitor type selected, ceramic capacitance varies with operating voltage and
temperature. The input and output capacitors recommended herein account for a capacitance derating of
approximately 50%, but at high V| and Vourt conditions (Viy = 5.5 V to Voyt = 5.0 V), the derating can be
greater than 50%, which must be taken into consideration.

The device requires input, output, and noise-reduction capacitors for proper operation of the LDO. Use the
nominal or larger than the nominal input, and output capacitors as specified in the Recommended Operating
Conditions table. Place input and output capacitors as close as possible to the corresponding pin and make the
capacitor GND connections as close as possible to the device GND pin to minimize PCB loop inductance, thus
reducing transient voltage spikes during a load step.

As illustrated in Figure 8-15, multiple parallel capacitors can be used to lower the impedance present on the line.
This capacitor counteracts input trace inductance, improves transient response, and reduces input ripple and
noise. Using an output capacitor larger than the typical value can also improve the transient response.
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8.1.13 Load Transient Response

Note

For best transient response, use the nominal value or larger capacitor from OUT to ground as listed
in the Recommended Operating Conditions table. Place the output capacitor as close to the OUT and
GND pins of the device as possible.

For best transient response and to minimize input impedance, use the nominal value or larger
capacitor from IN to ground as listed in the Recommended Operating Conditions table. Place the
input capacitor as close to the IN and GND pins of the device as possible.

The load-step transient response is the LDO output voltage response to load current changes. There are two key
transitions during a load transient response: the transition from a light to a heavy load, and the transition from a
heavy to a light load. The regions shown in Figure 8-18 are broken down in this section. Regions A, E, and H are
where the output voltage is in steady-state regulation.
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Figure 8-18. Load Transient Waveform

During transitions from a light load to a heavy load:

» The initial voltage dip is a result of the depletion of the output capacitor charge and parasitic impedance to
the output capacitor (region B)

» Recovery from the dip results from the LDO increasing the sourcing current, and leads to output voltage
regulation (region C)

During transitions from a heavy load to a light load:

» The initial voltage rise results from the LDO sourcing a large current, and leads to the output capacitor charge
to increase (region F)

» Recovery from the rise results from the LDO decreasing the sourcing current in combination with the load
discharging the output capacitor (region G)

Transitions between current levels changes the internal power dissipation because the device is a high-current
device (region D). The change in power dissipation changes the die temperature during these transitions, and
leads to a slightly different voltage level. This temperature-dependent output voltage level shows up in the
various load transient responses.

A larger output capacitance reduces the peaks during a load transient but slows down the response time of the
device. A larger dc load also reduces the peaks because the amplitude of the transition is lowered and a higher
current discharge path is provided for the output capacitor.
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8.1.14 Power Dissipation (Pp)

Circuit reliability demands that proper consideration be given to device power dissipation, location of the circuit
on the printed circuit board (PCB), and correct sizing of the thermal plane. The PCB area around the regulator
must be as free as possible of other heat-generating devices that cause added thermal stresses.

As a first-order approximation, power dissipation in the regulator depends on the input-to-output voltage
difference and load conditions. Equation 11 calculates Pp:

Po = (Vour = Vin) % lour (11)

Note

Power dissipation can be minimized, and thus greater efficiency achieved, by proper selection of the
system voltage rails. Proper selection allows the minimum input-to-output voltage differential to be
obtained. The low dropout of the device allows for maximum efficiency across a wide range of output
voltages.

The primary heat conduction path for the package is through the thermal pad to the PCB. Solder the thermal pad
to a copper pad area under the device. This pad area contains an array of plated vias that conduct heat to any
inner plane areas or to a bottom-side copper plane.

The power dissipation by the device determines the junction temperature (T,) for the device. Power dissipation
and junction temperature are most often related by the junction-to-ambient thermal resistance (Rgya) of the
combined PCB and device package and the temperature of the ambient air (T,), according to Equation 12. This
equation is rearranged for output current in Equation 13.

Ty=Ta = (Reya % Pp) (12)
lout = (Ty=Ta) / [Reua * (Vin = Vour)] (13)

This thermal resistance (Rgya) is highly dependent on the heat-spreading capability built into the particular PCB
design, and therefore varies according to the total copper area, copper weight, and location of the planes.
The Rgya recorded in the Thermal Information table is determined by the JEDEC standard, PCB, and copper-
spreading area, and is only used as a relative measure of package thermal performance. For a well-designed
thermal layout, Rg a is actually the sum of the DSC package junction-to-case (bottom) thermal resistance
(Reychot) plus the thermal resistance contribution by the PCB copper.

8.1.15 Estimating Junction Temperature

The JEDEC standard now recommends the use of psi (W) thermal metrics to estimate the junction temperatures
of the LDO when in-circuit on a typical PCB board application. These metrics are not strictly speaking thermal
resistances, but rather offer practical and relative means of estimating junction temperatures. These psi metrics
are determined to be significantly independent of the copper-spreading area. The key thermal metrics (W, and
Y g) are used in accordance with Equation 14 and are given in the Thermal Information table.

YTy =T+ Wy x Py
Y Ty=Tg+ ¥gx Pp (14)

where:

* Ppis the power dissipated as explained in the Power Dissipation (Pp) section

« Ty is the temperature at the center-top of the device package

» Tgis the PCB surface temperature measured 1 mm from the device package and centered on the package
edge
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8.1.16 TPS7A94EVM-046 Thermal Analysis

The TPS7A94EVM-046 EVM was used to develop the TPS7A9401DRC thermal model. The DRC package is a
3-mm x 3-mm, 10-pin VQFN with 25-um plating on each via. The EVM is a 2.85-inch x 3.35-inch (72.39 mm x
85.09 mm) PCB comprised of four layers. Table 8-4 lists the layer stackup for the EVM. Figure 8-19 to Figure
8-23 illustrate the various layer details for the EVM.

Table 8-4. TPS7A94EVM-046 PCB Stackup

LAYER NAME MATERIAL THICKNESS (mil)
1 Top overlay — —
2 Top solder Solder resist 0.4
3 Top layer Copper 2.8
4 Dielectric 1 FR-4 high Tg 10
5 Mid layer 1 Copper 2.8
6 Dielectric 2 FR-4 high Tg 30
7 Mid layer 2 Copper 2.8
8 Dielectric 3 FR-4 high Tg 10
9 Bottom layer Copper 2.8
10 Bottom solder Solder resist 0.4

Figure 8-19. Top Composite View

Figure 8-20. Top Layer Routing
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Figure 8-21. Mid Layer 1 Routing Figure 8-22. Mid Layer 2 Routing

Figure 8-23. Bottom Layer Routing
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Figure 8-24 to Figure 8-26 show the thermal gradient on the PCB and device that results when a 1-W power
dissipation is used through the pass transistor with a 25°C ambient temperature. Table 8-5 shows thermal
simulation data for the TPS7A94EVM-046.

Table 8-5. TPS7A94EVM-046 Thermal Simulation Data
DUT ReJa (°C/W) vy (°C/W) Wyt (°C/W)
TPS7A94EVM-046 25.6 1.5 0.3

Temperature (5C)
50.806

45.655
40.504
35.353
30.202

25.052

PCB Top Surface

C

Figure 8-24. TPS7A94EVM-046 3D View Figure 8-25. TPS7A94EVM-046 PCB Thermal
Gradient

Temperature (°C)
50.806

45.655

40.504

35.393

30.202

' 5052
L ‘ ?

Figure 8-26. TPS7A94EVM-046 Device Thermal Gradient
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8.2 Typical Application

Res_paoTTOM) - 190K0 Reg pG(ToP) - 1467 ka

_ Vin
Rrop - 26ka Cin-10F OUTj 9—o
SNS J—
TPS7A94 Cour - 104
GND
GND
DC/DC Reotrom - 100k Load
Converter v BNV °a
NV NR/SS GND
GND GND
>
RNriss = 22.1 ko —— COnmiss-a7y
GND GND GND

Figure 8-27. Typical Application Circuit

Rrg_paeoTTOM) = 100k REB_pG(TOP) = 1467 kQ

Ferrite-bead Impedance =49 Q @ 1MHz

v
_ IN IN PG
Rrop - 26ka Cin-10,
TPs7aes O Cour =104 Cotir
GND
GND
DC/DC Reotrom = 100k GND Load
EN_UV oa
Converter Veww [ Nriss  GND
GND %7GND
>
Riass - 2.1 ka —— Cnmiss-a7uF
GND GND GND

Figure 8-28. Typical Application Circuit With Added Pi-Filter
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8.2.1 Design Requirements
Table 8-6 lists the required application parameters for this design example.

Table 8-6. Design Parameters

PARAMETER DESIGN REQUIREMENT
Input voltage

VN 25V, £3%, provided by the dc/dc converter switching at 1 MHz
Output voltage 3.3V, 21%
Output current

500 mA (maximum), 300 mA (minimum)
Current limit 750 mA

PG threshold 95%

Targeted noise compliance mask
Zone 1 (10 Hz to 100 Hz): Spectral noise < 100 nV/VHz
Zone 2 (100 Hz to 1 kHz): Spectral noise < 10 nV/NHz
Zone 3 (> 1 kHz): Spectral noise < 3 nV/VHz

Targeted spectral noise

PSRR at 1 MHz > 50 dB at max load current

Device to be enabled when Viy 2 80% X V|N_Target
Device to be disabled when Viy < 80% X V|N_Target
Start-up time < 25 ms

Start-up environment

8.2.2 Detailed Design Procedure

In this design example, the device is powered by a dc/dc convertor switching at 1 MHz. The load requires a
3.3-V clean rail with the spectral noise mask versus frequency shown in Figure 8-29 and a maximum load of
500 mA. The typical 10-uF input and output capacitors and 4.7-uF NR/SS capacitors are used to achieve a good
balance between fast start-up time and excellent noise and PSRR performance.

Zone 1

Noise (nV/VHz)

Zone 2

Zone 3

Frequency (Hz)

Figure 8-29. Noise Compliance Mask

The output voltage is set using a 22.1-kQ, thin-film resistor value calculated as described in the Adjustable
Operation section. To set the current limit to a value close to the 750 mA required by the application, and to

set the PG threshold to 95%, use Table 8-1 to set the Rrg pg top and bottom resistors values at 1.47 MQ and
100 kQ, respectively.

Setting Rg to 100 kQ and using a 4-V Vgn and Equation 1 provide the Ry value of 226 kQ. Vogf is calculated
with Equation 2 to be 3.5 V.
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Figure 8-30 shows that the device meets all design noise requirements except for the noise peaking at 900 kHz.
However, this noise peaking can be easily attenuated to the required noise level by means of a pi-filter
positioned after the LDO. Figure 8-31 shows that this design is very close to the PSRR level at 1 MHz and
can require more margin. Fortunately, both requirements are easily achieved by inserting a pi-filter consisting of
a ferrite bead and a small capacitor beyond the LDO and before the load; see Figure 8-28.

The ferrite bead was selected to have a very small dc resistance of less than 50 mQ, 1 A of current rating,
and a relatively small footprint. The added pi-filter components have almost no impact on the LDO accuracy
performance and no significant increase in the design total cost.
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Figure 8-30. Output Noise vs Frequency Figure 8-31. PSRR vs Frequency

8.2.3 Application Curves
Figure 8-32 and Figure 8-33 show the design noise and PSRR performance after inserting the pi-filter.

200 140
100 —— Non-Filtered (nV/vHz) Q —— Filtered
== —— Filtered (nV/vHz) = 120 — Non-Filtered
50 h TE] % ]
I 2 100 N v
= 20| ] N\ N I
= © N
S 10 < o 4
t c N
2 = S
o S 60 i
z 2 & N
>y L —§ 40 N
0.5 [ I h B a
T 5 20
0.2 2
o
0.1 0
10 100 1k 10k 100k ™M 10M 10 100 1k 10k 100k ™M 10M
Frequency (Hz) Frequency (Hz)
Figure 8-32. Noise vs Frequency Figure 8-33. PSRR vs Frequency

8.3 Power Supply Recommendations

The device is designed to operate from an input voltage supply ranging from 1.7 V to 5.7 V. Ensure that the
input voltage range provides adequate operational headroom for the device to have a regulated output. This
input supply must be well regulated. If the input supply is noisy, use additional input capacitors with low ESR and
increase the operating headroom to achieve the desired output noise, PSRR, and load transient performance.

8.4 Layout
8.4.1 Layout Guidelines
8.4.1.1 Board Layout

For good thermal performance, connect the thermal pad to a large-area GND plane.

Kelvin connects the SNS pin through a low-impedance connection to the output capacitor and load for optimal
transient performance. Do not float this pin.
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Connect the GND pin to the device thermal pad and connect both this pin and the thermal pad to the ground on
the board through a low-impedance connection.

For best overall performance, place all circuit components on the same side of the circuit board and as near
as practical to the respective LDO pin connections. Place ground return connections to the input and output
capacitor, and to the LDO ground pin as close to each other as possible, connected by a wide, component-side,
copper surface. To avoid negative system performance, do not use vias or long traces to the input and output
capacitors. The grounding and layout scheme described in Figure 8-34 minimizes inductive parasitics, and
thereby reduces load-current transients, minimizes noise, and increases circuit stability.

To improve performance, use a ground reference plane, either embedded in the printed circuit board (PCB) or
placed on the bottom side of the PCB opposite the components. This reference plane serves to assure accuracy
of the output voltage, shield noise, and behaves similar to a thermal plane to spread (or sink) heat from the LDO
device when connected to the thermal pad. In most applications, this ground plane is necessary to meet thermal
requirements.

8.4.1.2 Layout Example

TOP View
in E-B
GND Plane
IN R —— : out
N @ oo
| |
e I
| | |
| Re | @ v | @ @ | sns
| i _:
I-l - oG : Thermal vias | NR/SS - -
— | | |
FB PG : @ : — Rr/ss Cnr/s
[ 0 B 5
RFB,PG(TOP’ RFB,PG(BOTTOM

GND Plane

ouT

®

Figure 8-34. Example Layout
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9 Device and Documentation Support
9.1 Device Support

9.1.1 Development Support

9.1.1.1 Evaluation Modules

An evaluation module (EVM) is available to assist in the initial circuit performance evaluation using the
TPS7A94. Table 9-1 shows the summary information for this fixture.

Table 9-1. Design Kits and Evaluation Modules
NAME LITERATURE NUMBER

TPS7A94EVM-046 evaluation module SBVU070

The EVM can be requested at the Texas Instruments web site through the TPS7A94 product folder.
9.1.1.2 Spice Models

Computer simulation of circuit performance using SPICE is often useful when analyzing the performance of
analog circuits and systems. A SPICE model for the TPS7A94 is available through the TPS7A94 product folder
under simulation models.

9.1.2 Device Nomenclature

Table 9-2. Ordering Information(!)
PRODUCT DESCRIPTION

yyy is the package designator.
z is the package quantity.

TPS7A9401 yyy z

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

9.2 Documentation Support
9.2.1 Related Documentation

For related documentation see the following:

» Texas Instruments, TPS3702 High-Accuracy, Overvoltage and Undervoltage Monitor data sheet
+ Texas Instruments, TPS7A94EVM-046 Evaluation Module user guide
» Texas Instruments, High-Current, Low-Noise Parallel LDO reference design

9.3 Receiving Notification of Documentation Updates

To receive notification of documentation updates, navigate to the device product folder on ti.com. Click on
Subscribe to updates to register and receive a weekly digest of any product information that has changed. For
change details, review the revision history included in any revised document.

9.4 Support Resources

TI E2E™ support forums are an engineer's go-to source for fast, verified answers and design help — straight
from the experts. Search existing answers or ask your own question to get the quick design help you need.

Linked content is provided "AS IS" by the respective contributors. They do not constitute Tl specifications and do
not necessarily reflect Tl's views; see TlI's Terms of Use.
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9.5 Trademarks
TI E2E™ is a trademark of Texas Instruments.
All trademarks are the property of their respective owners.

9.6 Electrostatic Discharge Caution
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.

‘Q \ 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.

9.7 Glossary
Tl Glossary This glossary lists and explains terms, acronyms, and definitions.

10 Mechanical, Packaging, and Orderable Information

The following pages include mechanical, packaging, and orderable information. This information is the most
current data available for the designated devices. This data is subject to change without notice and revision of
this document. For browser-based versions of this data sheet, refer to the left-hand navigation.
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10.1 Mechanical Data

3 PACKAGE OUTLINE
DSC0010J WSON - 0.8 mm max height

PLASTIC SMALL OUTLINE - NO LEAD

PIN 1 INDEXAREA—
3.15

SEATING PLANE

fe— 1.65£0.1 —
T 2X(05)
’——— 4X (0.23) ﬂ ﬁ (0.2) TYP

EXPOSED
THERMAL PAD

- 10
1 —r
8x[05] )x‘ | | L 0.30
| 10X 538
PIN 11D 10x 98 7,__] 0.10 |C|A®) |BO)
(OPTIONAL) 0.3 RS 0,050 [C

1. All linear dimensions are in millimeters. Any dimensions in parenthesis are for reference only. Dimensioning and tolerancing
per ASME Y14.5M.

2. This drawing is subject to change without notice.

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

4221826/A 12/2014

NOTES:

www.ti.com
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EXAMPLE BOARD LAYOUT

DSC0010J WSON - 0.8 mm max height

PLASTIC SMALL OUTLINE - NO LEAD

(1.65)
SYMM

-
8X (0.5)

s

‘ |

(©0.2) VIA —1 .
TYP
(2.8) 4—1
LAND PATTERN EXAMPLE
SCALE:20X

.07 MAX 0.07 MIN
ALL /(-)\R?OUND ALL AROUND

’,’ \\‘
\\ ’/’
SOLDER MASK: METAL METAL UNDER—/ SOLDER MASK
OPENING SOLDER MASK OPENING
NON SOLDER MASK
DEFINED SOLDER MASK
(PREFERRED) DEFINED

SOLDER MASK DETAILS

4221826/A 12/2014

NOTES: (continued)

4. This package is designed to be soldered to a thermal pad on the board. For more information, see Texas Instruments literature
number SLUA271 (www.ti.com/lit/slua271).

www.ti.com
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EXAMPLE STENCIL DESIGN

DSC0010J WSON - 0.8 mm max height
PLASTIC SMALL OUTLINE - NO LEAD
2X (1.5)
SYMM —METAL
10X (0.6) T ? TYP
1 ‘ - ‘
L ‘
10X (0.24) | ‘ | (12.(>)<6)
- | D
SYMM ‘ | -
N S S o e L e e T
| (0.63)

(2.8)

SOLDER PASTE EXAMPLE
BASED ON 0.125 mm THICK STENCIL

EXPOSED PAD

80% PRINTED SOLDER COVERAGE BY AREA

SCALE:25X

4221826/A 12/2014

NOTES: (continued)

5. Laser cutting apertures with trapezoidal walls and rounded corners may offer better paste release. IPC-7525 may have alternate

design recommendations.

www.ti.com
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PACKAGING INFORMATION

Orderable Device Status Package Type Package Pins Package Eco Plan Lead finish/ MSL Peak Temp Op Temp (°C) Device Marking Samples
@ Drawing Qty @ Ball material ® (415)
(6)
TPS7A9401DSCR ACTIVE WSON DSC 10 3000 RoHS & Green NIPDAU Level-1-260C-UNLIM -40to 125 7A9401

@ 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.

@ RoHS: Tl defines "RoHS" to mean semiconductor products that are compliant with the current EU RoHS requirements for all 10 RoHS substances, including the requirement that RoHS substance
do not exceed 0.1% by weight in homogeneous materials. Where designed to be soldered at high temperatures, "RoHS" products are suitable for use in specified lead-free processes. Tl may
reference these types of products as "Pb-Free".

RoHS Exempt: Tl defines "RoHS Exempt" to mean products that contain lead but are compliant with EU RoHS pursuant to a specific EU RoHS exemption.

Green: Tl defines "Green" to mean the content of Chlorine (Cl) and Bromine (Br) based flame retardants meet JS709B low halogen requirements of <=1000ppm threshold. Antimony trioxide based
flame retardants must also meet the <=1000ppm threshold requirement.

® 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.

© Lead finish/Ball material - Orderable Devices may have multiple material finish options. Finish options are separated by a vertical ruled line. Lead finish/Ball material 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 TI 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 [¢—P1—
LR ey R g T
o| |e e Bo W
el |
. Diameter ' '
Cavity —>| A0 |<—
A0 | Dimension designed to accommodate the component width
B0 | Dimension designed to accommodate the component length
KO | Dimension designed to accommodate the component thickness
A W | Overal width of the carrier tape
i P1 | Pitch between successive cavity centers
[ [ ]
_f Reel Width (W1)
QUADRANT ASSIGNMENTSFOR PIN 1 ORIENTATION IN TAPE
O 0O O 0O 0O 0O 0O Sprocket Holes
| |
T T
L@l e )
H4-—q--4 t--1--1
Q3 1 Q4 Q3 | User Direction of Feed
[ .4 |
T T
N
Pocket Quadrants
*All dimensions are nominal
Device Package |Package|Pins| SPQ Reel Reel A0 BO KO P1 w Pinl
Type |Drawing Diameter| Width | (mm) | (mm) | (mm) [ (mm) [ (mm) |Quadrant
(mm) |W1(mm)
TPS7A9401DSCR WSON DSC 10 3000 330.0 12.4 3.3 3.3 1.1 8.0 12.0 Q2
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TAPE AND REEL BOX DIMENSIONS

*All dimensions are nominal

Device Package Type |Package Drawing| Pins SPQ Length (mm) | Width (mm) | Height (mm)

TPS7A9401DSCR WSON DSC 10 3000 367.0 367.0 35.0
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