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1 Features 3 Description
« Drives Three Parallel High-Voltage LED Strings Th"} LM3633b 1kll'-bfi1tt dI'_ED' drifverl pzrovidgs hi?lh-l
for Display and Keypad Lightin periormance backiight dimming for 1, 2, or 5 paraie
. Pay . yp gnting high-voltage LED strings while delivering up to 90%
* High-Voltage Strings Capable of up to 40-V efficiency. The boost converter with integrated 1-A,
Output Voltage and up to 90% Efficiency 40-V MOSFET automatically adjusts to LED forward
» Up to 30-mA per Current Sink (Both Backlight and voltage to minimize headroom voltage and effectively
Indicator) improve LED efficiency.
» 11-Bit High-Voltage LED Dimming The 'LM3633 is a c_om_plete power source for
«  PWM Input for Content Adjustable Brightness backlight, keypad, and indicator LEDs in smartphone
Control (CABC) handsets. The high-voltage inductive boost converter
. provides the power for three parallel LED strings
Integr.ated 1-A/40-V MOSFET (HVLED1, HVLED2 and HVLED3). The integrated
* Adaptive Boost Output to LED Voltages charge pump provides the bias for the six low-voltage
« Six Low-Voltage Current Sinks for Indicator LEDs indicator _LEDS (LVlF]EDl'LVLEDG)- All kl)(law-voltage
. - current sinks can have a programmable pattern
glntgg\;ateg Cé?:lt:ge :;nmp;for Improved Efficiency modulated onto their output current for a wide variety
N OP 9 9 _ of blinking patterns.
» Internal Pattern Generation Engine for Each . ) . ,
Indicator LED An additional feature is a Pulse Width Modulation
. _ (PWM) control input for content adjustable backlight
* Fully Configurable LED Grouping and Control control, which can be used to control any high-
» Four Programmable Overvoltage Protection voltage current sink.
Thresholds (16 V, 24 V, 32V, and 40 V? ] The LM3633 is fully programmable via an I°C-
* Programmable 500-kHz and 1-MHz Switching compatible interface. The device operates over a 2.7-
Frequency V to 5.5-V input voltage range and a —40°C to 85°C
« Overcurrent Protection temperature range.
* Thermal Shutdown Protection . L)
. 2 Total Solution Size Device Information
27 mm" Tota PART NUMBER PACKAGE BODY SIZE (MAX)
2 Applications LM3633 DSBGA (20) 2.04 mm x 1.78 mm
» Power Source for Smart Phone Illumination () fh%r eﬂg%‘ﬁﬂ,?é;g?ﬁgiges’ see the orderable addendum at
» Display, Keypad and Indicator lllumination
* RGB Indicator Driver
Simplified Schematic ) o
. Dual String Efficiency vs V|
un 27V105.5V AN DJ‘ ) l VOUT up to 40V
1 - »w W ¥
CIN cour Y} 3 3 0 L=22pH, f5,=1MHz
L J I & & w 92% S —
IN SW ovp v oY ¥ 90% /7
o L YO~ - 88%
1 LM3633 3_— v W R W g 8% —r
23 e SN O 8 E’:/ w% /1
SDA SbA HVLED1 (@] 82%
SCL SCL HVLED2 E /
HVLED3 = 80%
HWEN HWEN crour J_ E 78% 3S3p
N T wmwwe www W 76% / 4s3p
P LVLED1 = 74% 7 5s3p
Lneps 72% 653p
70%
txi';‘; 25 3 35 4 4.5 5 5.5
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An IMPORTANT NOTICE at the end of this data sheet addresses availability, warranty, changes, use in safety-critical applications,
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5 Pin Configuration and Functions

DSBGA (YFQ)
20 PINS
Top View Bottom View
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Pin Functions

PIN
DESCRIPTION
NAME NUMBER
c- Al Integrated charge pump flying capacitor negative pin. Connect a 1-uF ceramic capacitor between C+
and C-.
C+ A2 Integrated charge pump flying capacitor positive pin. Connect a 1-uF ceramic capacitor between C+ and
C-.
CPOUT A3 Integrated charge pump output pin. Bypass CPOUT to GND with a 1-uF ceramic capacitor.
IN A4 Input voltage connection. Bypass IN to GND with a minimum 2.2-uF ceramic capacitor.
HVLED1 B1 Input pin to high-voltage current sink 1 (40 V max). The boost converter regulates the minimum of
HVLED1, HVLED2 and HVLED3 to Vyg.
SDA B2 Serial data connection for I°C-Compatible Interface.
Overvoltage sense input. Connect OVP to the positive pin of the inductive boost output capacitor
OVP B3
(COuUT).
GND B4 Ground
HVLED2 c1 Input pin to high-voltage current sink 2 (40 V max). The boost converter regulates the minimum of
HVLED1, HVLED2 and HVLED3 to Vyg.
SCL Cc2 Serial clock connection for 1°C-Compatible Interface.
PWM c3 PWM brightness control input for CABC operation. PWM is a high-impedance input and cannot be left
floating.
SW ca Drain connection for the internal NFET. Connect SW to the junction of the inductor and the Schottky
diode anode.
HVLED3 D1 Input pin to high-voltage current sink 3 (40 V max). The boost converter regulates the minimum of
HVLED1, HVLED2 and HVLED3 to Vyg.
HWEN D2 Hardware enable input. Drive this pin high to enable the device. Drive this pin low to force the device
into a low power shutdown. HWEN is a high-impedance input and cannot be left floating.
LVLED6 D3 Low-voltage current sink 6
LVLED5S D4 Low-voltage current sink 5
LVLED1 El Low-voltage current sink 1
LVLED2 E2 Low-voltage current sink 2
LVLED3 E3 Low-voltage current sink 3
LVLED4 E4 Low-voltage current sink 4

Copyright © 2014, Texas Instruments Incorporated

Submit Documentation Feedback 3
Product Folder Links: LM3633


http://www.ti.com/product/lm3633?qgpn=lm3633
http://www.ti.com
http://www.go-dsp.com/forms/techdoc/doc_feedback.htm?litnum=SNVS867&partnum=LM3633
http://www.ti.com/product/lm3633?qgpn=lm3633

LM3633

SNVS867 —JUNE 2014

13 TEXAS
INSTRUMENTS

www.ti.com

6 Specifications

6.1 Absolute Maximum Ratings
over operating free-air temperature range (unless otherwise noted)®

MIN MAX UNIT

Vin to GND -0.3 6

Vsw: Yovp, Viviepl: Viviepz: Vivieps to GND -0.3 45

VscL: Vspa: Vewm to GND -0.3 6 \Y
Viwens Vepout t0 GND, Ve, Ve -0.3 6

Viviepi- Vivieps, o GND -0.3 6

Continuous power dissipation Iﬁi:irlgl(ljy

Junction temperature (T;.vax) 150 °C

(1) Stresses beyond those listed under absolute maximum ratings may cause permanent damage to the device. These are stress ratings
only, which do not imply functional operation of the device at these or any other conditions beyond those indicated under recommended
operating conditions. Exposure to absolute—-maximum-rated conditions for extended periods may affect device reliability.

6.2 Handling Ratings

MIN MAX UNIT
Tstg Storage temperature range -65 150 °C
Hum(%n body model (HBM), per ANSI/ESDA/JEDEC JS-001, all -1000 1000
ins
Vesp) | Electrostatic discharge P - — \%
Charged device model gCDM), per JEDEC specification =250 250
JESD22-C101, all pins®
(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.
6.3 Recommended Operating Conditions
over operating free-air temperature range (unless otherwise noted)
MIN NOM MAX UNIT
VlN to GND 2.7 55
Vsw, Vovp, Vrviept, Vvhiepz: Vvhieps t0 GND, Vewwm, Viwen: Vspas VscL 0 40 \Y
Viviepi- Vivieps to GND 0 6
Junction temperature (T;) @ @ -40 125 °C

(1) Internal thermal shutdown circuitry protects the device from permanent damage. Thermal shutdown engages at T; = 140°C (typ.) and

disengages at T;= 125°C (typ.).

(2) In applications where high power dissipation and/or poor package thermal resistance is present, the maximum ambient temperature may
have to be derated. Maximum ambient temperature (Ta.max) iS dependent on the maximum operating junction temperature (T . yax-op =
125°C), the maximum power dissipation of the device in the application (Pp.vax), and the junction-to ambient thermal resistance of the
part/package in the application (8;4), as given by the following equation: Ta max = Timax-op — (834 X Pp-max)-

6.4 Thermal Information

.’ DSBGA

THERMAL METRIC® UNIT
(20 PINS)

Rgia ‘ Thermal resistance junction-to-ambient 55.3 °C/W

(1) For more information about traditional and new thermal metrics, see the IC Package Thermal Metrics application report, SPRA953.
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6.5 Electrical Characteristics

Limits apply over the full operating ambient temperature range (-40°C < T, < 85°C) and V,y = 3.6 V, unless otherwise
specified.®®

PARAMETER | TEST CONDITIONS | MIN  TYP  MAX| UNIT
SUPPLY VOLTAGE (IN PIN)
lsHON | Shutdown current 2.7V <V 5.5V, HWEN = GND | 1 55| pA
THERMAL SHUTDOWN
- Thermal shutdown 140 oc
sb Hysteresis 15
BOOST CONVERTER AND HVLED
Full-scale current = 20.2
mA, PWM off, brightness
code = max, exponential 18.38 22.02
mapping, auto headroom 2TVsVins55V (-9%) 20.2 (9%) mA
. off, HVLED1 Bank A,
E)utput current regglatlon HVLED2/3 Bank B
| HVLED1, HVLED?Z2 or
PVLERRES) VLEDS) Full-scale current =202 | T = 25°C —34% 20%  3.2%
mA, PWM off, brightness Tp = 25°C
_ 1 , —_ 0, 0,
code = max, exponential 30VSVy <45V 3.6% 3.4%
mapping, auto headroom
off, HYLED1 Bank A, — oro 0,
HVLED2/3 Bank B Ta=25°C +2.0%
|2'7 V_Sz(\)"g ;25 v, —2.5% 2.5%
PWM off, exponential LED ~ <
HVLED1 to HVLED2 or mapping, auto headroom Ta =25°C, oo o
hwaTcH_Hv HVLED3 matching © off ILep = 20.2 mA 2.0% L7%
HVLED1,2,3 = Bank A, 27V<Vy<55V
_ -8.5% 8.5%
ILED =500 LlA
ILEp MIN Minimum LED current Full-scale current = 20.2 mA, Exponential Mapping 6.0 HA
Regulated current sink oo
VREG_Cs headroom voltage Auto headroom off, Tp = 25°C 400
Minimum current sink ILep = 95% of nominal, full- |2.7V <V y<55V 285 mv
VHR_HV headroom voltage for scale current = 20.2 mA, .
HVLED current sinks auto headroom off Ta=25°C 190
NMOS switch on _ _ oo
RDSON resistance ISW =500 mA, TA =25°C 0.3 Q
| NMOS switch t limit 880 1120 A
switch current limi m
CL_ROOST Tp = 25°C 1000
ON threshold 27VSV<55V 38.75 41.1
v Output overvoltage OVP select bits = 11 Ta = 25°C 40 v
ovp protection A
Hysteresis Ta=25°C 1
Boost frequency select bit= | 2.7V <V,y<55V 450 550
- 0 Ta = 25°C 500
fsw Switching frequency - kHz
Boost frequency select bit= | 2.7V <V,y<55V 900 1100
1 Ta = 25°C 1000
Dmax Maximum duty cycle 27V<VpsE55V 94%
CHARGE PUMP AND LVLED
| Output current regulation | PSR SIS 2202 | L ooy 1838 202 2202 mA
LVLED(1/2/3/4/5/6) | (|ow-voltage current sinks) OXEE 9 - SLVEVINZ O : : :

(1) All voltages are with respect to the potential at the GND pin.
(2) Minimum and Maximum limits are verified by design, test, or statistical analysis. Typical (Typ) numbers are not verified, but do represent

the most likely norm. Unless otherwise specified, conditions for typical specifications are: V5 = 3.6 V and Tp = 25°C.

(3) LED current sink matching in the high-voltage current sinks (HVLED1 through HVLED3) is given as the maximum matching value
between any two current sinks, where the matching between any two high voltage current sinks (X and Y) is given as (I4viepx ( or
IhvLepy) - lavex-v))/(lave(x-)) X 100. In this test all three HVLED current sinks are assigned to Bank A.
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Electrical Characteristics (continued)

Limits apply over the full operating ambient temperature range (-40°C < T, < 85°C) and V,y = 3.6 V, unless otherwise
specified.HW®

PARAMETER TEST CONDITIONS MIN TYP MAX | UNIT
LVLED current sink Full-scale current = 20.2
IMATCH_LV matching (4) mA 27V < VIN < 55 \% _31% 2%
Minimum current sink . 125
ILep = 95% of nominal, full-
VHRr Lv headroom voltage for _ B
LVLED current sinks scale current = 20.2 mA Ta = 25°C 30 iy
V. Threshold for gain 27VSViNSS5V 65 190
GTH transition Ta = 25°C 125
Charge Pump Output . _ oro
VepouTt Voltage 2X Gain Ta =25°C 4.42 \%
.. | 1X Gain, output referred 3VsVys55V 180 350
lcL pumP Charge pump current limit - mA
- 2X Gain Ta =25°C 240
Charge pump output . — opo
Rout resistance 1X Gain Ta =25°C 1.1 o)
HWEN INPUT
VHWEN_L LOgiC low 27V < VIN <55V 04 Vv
VHWEN_H LOgiC ngh 27V < VIN <55V 1.2 VlN
PWM INPUT
Vewm L Input logic low 27V<VpsS55V 0 400 v
= m
Vewm_H Input logic high 27V<VpsE55V 1.36 Vin
town g"ljlns'g“”m PWM input 2.7V £V £ 5.5 V, PWM Zero Detect Enabled 075 HS
I2C-COMPATIBLE VOLTAGE SPECIFICATIONS (SCL, SDA)
Vi Input logic low 27V<VpNsS5H5V 0 400 mV
Vi Input logic high 27V<VpNsS5H5V 1.35 VN \%
VoL Output logic low (SDA) 27V <SVNS55V, Il oap =3 mMA 400 mV

(4) LED current sink matching in the low-voltage current sinks (LVLED1 through LVLED3 or LVLED4 through LVLEDS) is given as the
maximum matching value between any two current sinks, where the matching between any two low voltage current sinks (X and Y) is
given as (IyLepx (Or lLviepy) - lavex-v))/(lave(x-v)) X 100. In this test LVLED1-3 current sinks are assigned to Bank C and LVLEDA4-6 are
assigned to Bank F.
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6.6 Timing Requirements
Limits apply over the full operating ambient temperature range (-40°C < T, < 85°C) and V,y = 3.6 V, unless otherwise

specified.®®

PARAMETER | TEST CONDITIONS | MIN TYP MAX | UNIT
I?C-COMPATIBLE TIMING SPECIFICATIONS (SCL, SDA)®), Figure 1
t1 SCL (Clock Period) 27V<VpNsS5h5V 2.5 ps
to Data In setup time to SCL high 27V<VpNsS5h5V 100
t3 Data out stable after SCL low 27V<VpNsS5h5V 0
tq SDA low setup time to SCL low (Start) 27V<VpNsS5h5V 100 ns
ts SDA high hold time after SCL high (Stop) [2.7V<Vj<55V 100
INTERNAL POR THRESHOLD AND HWEN TIMING SPECIFICATION
VIN ramp time = 100 ps 1.7 2.1
VpoRr POR reset release voltage threshold - \%
VIN ramp time = 100 ps, Ta = 25°C 1.9
POR reset complete, 2.7 V<V|y<5.5 20
tHWEN First 12C start pulse after HWEN high \4 ps
POR reset complete, Tp = 25°C 5

(1) All voltages are with respect to the potential at the GND pin.
(2) Minimum and Maximum limits are verified by design, test, or statistical analysis. Typical (Typ) numbers are not verified, but do represent

the most likely norm. Unless otherwise specified, conditions for typical specifications are: Vy = 3.6 V and T, = 25°C.

(3) SCL and SDA must be glitch-free in order for proper brightness control to be realized.

scL \ / \ /
—» — 1, —» |4—15
SDA_IN ) X \_/
SDA_OUT \

Figure 1. 1°C-Compatible Interface Timing
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6.7 Typical Characteristics
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Typical Characteristics (continued)

4.44 85
4.435 80 7
4.43 % ~75 ,/
— S
S / \ £ /
5 4.425 / > 70 A
2 / N = /
O 2
> \ I /
4.42 \ > 65
4.415 60 —— —VIN=2.7V
| Z —— VIN=3.6V
— VIN=2.7V| VIN=5.5V
4.41 55
50 25 0 25 50 75 100 125 50 25 0 25 50 75 100 125
Temperature (°C) Temperature (°C)
Figure 8. Charge Pump 2X Mode Vcpoyt VS Temperature Figure 9. Vyr | v Vs Temperature
1.4 1.2
1.2 1
—
\\\\
1 — 0.8 e I ——
S 1 T S e
£ 08 ] E
> 0.6
s =
0.6
z z
0.4
0.4
02 —— VIN=2.7V 0.2 —— VIN=2.7V
‘ —— VIN=3.6V —— VIN=3.6V
VIN=5.5V VIN=5.5V
0 0
50 25 0 25 50 75 100 125 50 25 0 25 50 75 100 125
Temperature (°C) Temperature (°C)
Figure 10. PWM V| vs Temperature Figure 11. PWM V,_vs Temperature

Copyright © 2014, Texas Instruments Incorporated

Product Folder Links: LM3633

Submit Documentation Feedback

9


http://www.ti.com/product/lm3633?qgpn=lm3633
http://www.ti.com
http://www.go-dsp.com/forms/techdoc/doc_feedback.htm?litnum=SNVS867&partnum=LM3633
http://www.ti.com/product/lm3633?qgpn=lm3633

13 TEXAS
INSTRUMENTS

LM3633
SNVS867 —JUNE 2014 www.ti.com

7 Detailed Description

7.1 Overview

The LM3633 provides the power for three high-voltage LED strings and six low-voltage LEDs. The three high-
voltage LED strings are powered from an integrated boost converter. The six low-voltage LEDs are powered from
an integrated 2X charge pump. The device is programmable over an 1>C-compatible interface. Additional features
include a Pulse Width Modulation (PWM) input for content adjustable brightness control and 6 programmable
pattern generators for RGB and indicator blinking functions on the low-voltage LEDs.

7.2 Functional Block Diagram

SW
ol
J
Programmable

Overvoltage
Protection (16V, 24V,
32V, 40V)
Hardware Enable, 1A Current Limit Boost
HWEN []_ Reference and |—,7 Converter _[] ovP
Thermal Shutdown

Programmable
500kHz/1MHz —,

Switching
Frequency

LED String High-Voltage
Open/Short Current Sinks

Detection HVLED1
Backlight LED Control HVLED2
1. 5-bit Full-Scale
Current Select HVLED3
2. 11-bit brightness
adjustment GND

3. Linear/Exponential
Mapping

4. LED Current C+

Ramping

C-

:| Internal Low Pass 2X
PWM [ Filter Charge Pump

Gain Control
(Automatic, 1X,
2X)

T

]cPOUT

6 x Programmable Low Voltage
Pattern Current Sinks

SDA [ Generators ﬂLVLEDl

1°C Compatible T LVLED2
Interface Indicator LED Control L ILVLED3
1. 5-bit Full-Scale

SCL [ J— Current Select
2. 8-bit Brightness ﬂ LVLED4

Adjustment
LVLEDS5
L |LVLED6

3. Linear/Exponential
Mapping

4, LED Current
Ramping

7.3 Feature Description

7.3.1 Control Bank Mapping

Control of the LM3633’s current sinks is not done directly, but through the programming of Control Banks. The
current sinks are then assigned to the programmed Control Bank. This allows a wide variety of current control
possibilities where LEDs can be grouped and controlled via specific Control Banks (see Figure 12 and
Figure 17).
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Feature Description (continued)
7.3.1.1 High-Voltage Control Banks (A and B)

There are 2 high-voltage control banks (A and B). All three high-voltage current sinks can be assigned to either
Control Bank A or Control Bank B. Assigning all three current sinks to the same control bank allows for better
LED current matching. Assigning a current sink to a different control bank allows for independent current sink
programming. The high-voltage control bank mapping is done via bits [2:0] of the HVLED Current Sink Output
Configuration register (see Table 5).

7.3.1.2 Low-Voltage Control Banks (C, D, E, F, G, and H)

There are 6 low-voltage control banks (C, D, E, F, G, and H). LVLED1 to LVLED3 can be assigned to control
bank C or can be assigned to independent control banks (LVLED2 to Control Bank D and LVLED3 to Control
Bank E). LVLED4 to LVLED6 can be assigned to control bank F or can be assigned to independent control
banks (LVLEDS to Control Bank G and LVLED®6 to Control Bank H). Assigning low-voltage current sinks to the
same control bank allows for the best matching between LEDs. Assigning low-voltage current sinks to different
control banks allows for each current sink to be programmed with different current levels. When the pattern
generator is disabled the low-voltage ramp up/down times (Start-up/Shutdown and Run-Time) are controlled by
the LVLED Controls C to E and Controls F to H Ramp Time register (see Table 11).

7.3.2 Pattern Generator

The LM3633 contains 6 independently programmable pattern generators for each low-voltage control bank. Each
pattern generator can have its own separate pattern: delays from turnon, high and low-current settings, and
pattern high and low times. There are two sets of rise and fall time control registers. One set is assigned to
Control Banks C to E and the other set is assigned to Control Banks F to H. All other settings are independent
(see Figure 17).

7.3.3 PWM Input

The PWM input which can be assigned to either of the high-voltage control banks. When assigned to a control
bank, the programmed current in the control bank becomes a function of the duty cycle (Dpwy) at the PWM input
and the control bank brightness setting. When PWM is disabled, Dpyyy is equal to one.

7.3.4 HWEN Input

HWEN is the global hardware enable to the LM3633. HWEN must be pulled high to enable the device. HWEN is
a high-impedance input so it cannot be left floating. When HWEN is pulled low, the LM3633 is placed in
shutdown, and all the registers are reset to their default state.

7.3.5 Thermal Shutdown

The LM3633 contains a thermal shutdown protection. In the event the die temperature reaches 140°C (typ), the
boost, charge pump, and current sinks shut down until the die temperature drops to typically 125°C (typ).
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7.4 Device Functional Modes

7.4.1 High-Voltage LED Control

Outputs
(Assigned to Control banks)

Usable Control
Stimulus Banks

Environmental
Stimulus

D Internal Low Pass
PWM Filter

High-Voltage LED Assignment
SDA E:J_ 12C Control Bank Configuration
. Boost Converter Configuration
Compatible [ Startup/Shutdown Ramp Configuration
SCL Interface Run-Time Ramp Configuration
I Brightness Control

Figure 12. High-Voltage Functional Control Diagram

7.4.1.1 High-Voltage Boost Converter

The high-voltage boost converter provides power for the three high-voltage current sinks (HVLED21, HVLED2 and
HVLED3). The boost circuit operates using a 4.7-uyH to 22-puH inductor and a 1-yF output capacitor. The
selectable 500-kHz or 1-MHz switching frequency allows for use of small external components and provides for
high boost-converter efficiency. HVLED1, HVLED2, and HVLED3 feature an adaptive current regulation scheme
where the feedback point (HVLED1, HVLED2, and HVLED3) regulates the LED headroom voltage to Vyr nv-
When there are different voltage requirements in the high-voltage LED strings (string mismatch), the LM3633
regulates the feedback point of the highest voltage string to Vg yy and drops the excess voltage of the lower-
voltage string across the lower string(s) current sink. -

7.4.1.2 High-Voltage Current Sinks (HVLED1, HVLED2 and HVLED3)

HVLED1, HVLED2, and HVLED3 control the current in the high-voltage LED strings as configured by Control
Bank A or Control Bank B. Each Control Bank has 5-bit full-scale current programmability and 11-bit brightness
control. High-voltage current sinks are assigned to a control bank through the HVLED Current Sink Output
Configuration register (see Table 5).

7.4.1.3 High-Voltage Current String Biasing

Each high-voltage current string can be powered from the LM3633 boost output (Cgyt) or from an external
source. The feedback enable bits (HVLED Current Sink Feedback Enables register bits [2:0]) determine where
the high-voltage current string anodes are connected. When set to '1' (default) the high-voltage current sink
inputs are included in the boost feedback loop. This allows the boost converter to adjust its output voltage to
maintain the LED headroom voltage Vyr yy at the current sink input.

When powered from alternate sources the feedback enable bits should be set to '0". This removes the particular
current sink from the boost feedback loop. In these configurations the application must ensure that the headroom
voltage across the high-voltage current sink is high enough to prevent the current sink from going into dropout
(see the Figure 63 for data on the high-voltage LED current vs Vg ny)-

Setting the HVLED Current Sink Feedback Enables register bits also determines triggering of the shorted high-
voltage LED String Fault flag (see Fault Flags/Protection Features section).
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Device Functional Modes (continued)
7.4.1.4 Boost Switching-Frequency Select

The LM3633 boost converter has two switching frequency settings. The switching frequency setting is controlled
via the Boost Frequency Select bit (bit O in the Boost Control register). Operating at the 500-kHz switching
frequency results in better efficiency under lighter load conditions due to the decreased switching losses. In this
mode the inductor must be between 10 uH and 22 pH. Operating at the 1-MHz switching frequency results in
better efficiency under higher load conditions due to in lower conduction losses in the MOSFETs and inductor. In
this mode the inductor can be between 4.7 pH and 22 pH.

7.4.1.5 Automatic Switching Frequency Shift

The LM3633 has an automatic frequency-select mode (bit 3 in the Boost Control register) to optimize the
frequency vs load dependent losses. In Auto-Frequency mode the boost converter switching frequency is
changed based on the high-voltage LED current. The threshold (Control A and Control B brightness code) at
which the frequency switchover occurs is programmable via the Auto-Frequency Threshold register. The Auto-
Frequency Threshold register contains an 8-bit code which is compared to the 8 MSBs of the brightness code.
When the brightness code is greater than the Auto-Frequency Threshold value the boost converter switching
frequency is 1 MHz. When the brightness code is less than or equal to the Auto-Frequency Threshold register
the boost converter switching frequency is 500 kHz. The default value in the Auto-Frequency Threshold register
is set for the default full-scale current setting (20.2 mA).

Figure 13 shows the LED efficiency improvement (3p5s LED configuration with a 4.7-yH inductor) when the auto-
frequency feature is enabled. When the LED brightness is less than or equal to 0x6C, the switching frequency is
500 kHz, and it improves the LED efficiency by up to 6%. When the LED brightness is greater than 0x6C, the
switching frequency is 1 MHz, and it improves LED efficiency by up to 2.2%.

1Mhz Eff - 500Khz Eff, 4.7uH, Three String
{Megative values when 500K hz more elficient)

3.0%
. 1Mhz LED Eff = 500Khz LED Eff
1.0% [~k LA’ -
£ 0.0% - ;\‘5 i
=
= -1.0% . Auto-Frequency
:I—J R \ Threshold = 0x6C
ﬂ - . Ua f ‘\
L3 [~ |
u 4o 500Khz LED Eff = 1Mhz LED Eff
-5.(Ph
-6.0°7G
=) [v=] (4] =4 —_ —_ —_ —_ ra
(4] - (=7} (=] 1] o =j (=]
®omo® ROBR B OB &
BRIGHTNESS CODE

Figure 13. Auto-Frequency Boost Efficiency Improvement

Table 1 summarizes the general recommendations for auto-frequency threshold setting vs inductance values and
LED string configurations. These are general recommendations — the optimum auto-frequency threshold setting
should be evaluated for each application

Table 1. Auto-Frequency Threshold Settings

THREE STRING TWO STRING
INDUCTOR AUTO-FREQUENCY PEAK EFFICIENCY PEAK FRI'EAQUJISI:ICY PEAK EFFICIENCY PEAK
(uH) THRESHOLD IMPROVEMENT (%) CONFIGURATION THRESHOLD IMPROVEMENT (%) CONFIGURATION
4.7 6C 2.2 3p5s AC 11 2p6s
10 74 1.7 3p4s B4 1.3 2p5s
22 7C 0.7 3p3s BC 0.7 2p4s
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7.4.1.6 Brightness Register Current Control

The Brightness Register Current Control allows simple user-adjustable current control by writing directly to the
appropriate control bank brightness register. The current for Control Bank A and B is a function of the full-scale
LED current, the 11-bit code in the respective brightness register, and the PWM input duty cycle (if PWM is
enabled). The Control Bank A and B brightness should always be written with LSBs first and MSBs last.

7.4.1.6.1 8-Bit Control (Preferred)

The preferred operating mode is to control the high-voltage LED brightness by setting the Control Bank LSB
register (3 LSBs) to zero, using only the Control Bank MSB register (8 MSBs). In 8-bit control mode the LM3633
controls the 3 LSBs to ramp the high-voltage LED current using all 11 bits.

7.4.1.6.2 11-Bit Control

In this mode of operation, both Control Bank LSB and MSB registers must be written whenever a change in
Brightness is required. The high-voltage LED current does not change until the Control Bank MSB register is
written. If the brightness change affects only the 3 LSBs, the Control Bank MSB register (8 MSBs) must be
rewritten to change the high-voltage LED current.

7.4.1.7 PWM Control

The LM3633 PWM input can be enabled for Control Bank A or B (see Table 21). Once enabled, the LED current
becomes a function of the code in the Control Brightness registers and the PWM input-duty cycle.

The PWM input accepts a logic level voltage and internally filters it to an analog-control voltage. This results in a
linear response of duty cycle to current, where 100% duty cycle corresponds to the programmed brightness code
multiplied by the Full-Scale Current setting.

|
I Analog Domain
I

LPF

PWM Input < |
polarity D—]i) jl

I

I Full-Scale To Assigned

I g

Ez:terﬁ High Voltage

I Current Sinks
Digital Domain |

I —_—

Backlight Digital LED Control Block DAC

Full-Scale Current Select

Brightness Setting
Exponential or Linear Mapping
Startup/Shutdown Ramp Generator
Runtime Ramp Generator

Figure 14. PWM Input Architecture

7.4.1.7.1 PWM Input Frequency Range

The usable input frequency range for the PWM input is governed on the low end by the cutoff frequency of the
internal low-pass filter (540 Hz, Q = 0.33) and on the high end by the propagation delays through the internal
logic. For frequencies below 2 kHz the current ripple begins to become a larger portion of the DC LED current.
Additionally, at lower PWM frequencies the boost output voltage ripple increases, causing a non-linear response
from the PWM duty cycle to the average LED current due to the response time of the boost and current-sink
dropout. For the best response of current vs. duty cycle, the PWM input frequency should be kept between 2 kHz
and 100 kHz.
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7.4.1.7.2 PWM Input Polarity

The PWM Input can be set for active low polarity, where the LED current is a function of the negative duty cycle.
This is set via the PWM Configuration register (see Table 21).

7.4.1.7.3 PWM Zero Detection

The LM3633 incorporates a feature to detect when the PWM input is near zero. When this feature is enabled the
minimum PWM input pulse must be greater than tpyy (See Electrical Characteristics). Bit 3 in the PWM
Configuration register is used to enable or disable PWM zero detection.

7.4.1.8 Start-up/Shutdown Ramp

The high-voltage LED start-up and shutdown ramp times are independently programmable in the Control A and
Control B Start-Up/Shutdown Ramp Time register (see Table 7). There are 16 different start-up and 16 different
shutdown times. The start-up times can be programmed independently from the shutdown times, but each
Control bank is not independently programmable.

The start-up ramp time is the period from when the Control Bank is enabled to when the LED current reaches its
initial set point. The shutdown ramp time is the period from when the Control Bank is disabled to when the LED
current reaches 0.

7.4.1.9 Run-Time Ramp

Current ramping from one brightness level to the next is programmed via the Control A and Control B Run-Time
Transition Time register (see Table 9). There are 16 different ramp-up times and 16 different ramp-down times.
The ramp-up time can be programmed independently from the ramp-down time, but each Control Bank cannot
be independently programmed. For example, programming a ramp-up or ramp-down time is a global setting for
all high-voltage LED Control Banks.

7.4.1.10 High-Voltage Control A/B Ramp Select

The LM3633 provides three options for configuring Control A and Control B ramp times. When the run-time ramp
select bits are set to 00 the control bank uses both the start-up/shutdown and run-time ramp times. When the
run-time ramp select bits are set to 01 the control bank uses the start-up/shutdown ramp times for both
startup/shutdown and run-time. When the run-time ramp select bits are set to 1x the control bank uses a zero
psec run-time ramp.

7.4.1.11 LED Current Mapping Modes

All control banks can be programmed for either exponential or linear mapping modes (see Figure 19). These
modes determine the transfer characteristic of backlight code to LED current. Independent mapping of Control
Bank A and B is not allowed; both banks use the same mapping mode.

7.4.1.12 Exponential Mapping
In Exponential Mapping Mode the current ramp (either up or down) appears to the human eye as a more uniform

transition than the linear ramp. This is due to the logarithmic response of the eye.

7.4.1.12.1 8-Bit Code Calculation

In 8-bit Exponential Mapping Mode the brightness code-to-backlight current transfer function is given by the
equation:
Code +1

(44 - 55151818

lLeo = lLep FutLscate X 0.85 X Dpwm (1)

Where | gp ruiiscale is the full-scale LED current setting (see Table 13), Code is the 8-bit brightness code in the
Control Brightness MSB register and Dpyyy is the PWM Duty Cycle.

7.4.1.12.2 11-Bit Code Calculation

In 11-bit Exponential Mapping Mode the brightness code-to-backlight current transfer function is given by the
equation:
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Code +1
(44 - 5 88181818
llep = lLep FuLLscale X 0.85 ' X Dpwm )

Where | ep ruiLscace is the full-scale LED current setting (see Table 13), Code is the 11-bit brightness code in
the Control Brightness MSB and LSB registers and Dpyyis the PWM Duty Cycle.

7.4.1.13 Linear Mapping
In Linear Mapping Mode the brightness code-to-backlight current has a linear relationship.

7.4.1.13.1 8-Bit Code Calculation
In Linear Mapping Mode the brightness code-to-backlight current has a linear relationship and follows the
equation:

1
lep =1 X == X Code x D
LED = ILED_FULLSCALE X SEE PWM 3)
Where I gp ruiiscace is the full-scale LED current setting, Code is the 8-bit brightness code in the Control
Brightness MSB register and Dpyyyis the PWM Duty Cycle.

7.4.1.13.2 11-Bit Code Calculation
In Linear Mapping Mode the brightness code-to-backlight current has a linear relationship and follows the
equation:

lLep = lLep_FuLLscaLE X %];1—7 x Code X Dpwwm @)

Where |l gp ruiLscace IS the full-scale LED current setting, Code is the 11-bit brightness code in the Control
Brightness MSB and LSB registers and Dpyyyis the PWM Duty Cycle.
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Figure 15. LED Current Mapping Modes (8-bit) Figure 16. LED Current Mapping Modes (11-bit)
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7.4.2 Low-Voltage LED Control
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Figure 17. Low-Voltage LED Functional Control Diagram

7.4.2.1 Integrated Charge Pump

The LM3633 features an integrated (2X/1X) charge pump capable of supplying LVLED1 to LVLEDG6 current. The
fixed 1-MHz switching frequency allows for use of tiny 1-uF ceramic flying capacitors (CP) and output capacitor
(CPOUT). The charge pump can supply the power for the low-voltage LEDs connected to LVLED1 to LVLED6
and can operate in 4 different modes: disabled, automatic gain, 1X gain, or 2X gain (see Figure 18).

—_——— e — — — — Y ——— 4

VIN T Q ] |
CIN |
L
- | Charge
| Pump | | 1X, 2X
I Control Charge Pump
| Register
s SDA I
DA )—FI— re.
| Compatible
SDA >i|:|— Interface
i ®
I v I 1_
—_— e —_——_ = - =

Figure 18. Integrated Charge Pump

7.4.2.2 Charge Pump Disabled

With the charge pump disabled, the path from IN to CPOUT is high impedance. Additionally, with the charge
pump disabled, the low-voltage current sinks can still be active, thus allowing the low-voltage LEDs to be biased
from external sources (see Low-Voltage LED Biasing section). Disabling the charge pump also has no influence
on the state of the low-voltage current sinks. For instance, if a low-voltage current string is set to have its anode
connected to CPOUT, and the charge pump is disabled, the current sink continues to try to sink current.
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7.4.2.3 Automatic Gain

In Automatic Gain Mode the charge-pump-gain transition is actively selected to maintain LED current regulation
in the CPOUT-connected, low-voltage current sinks. At higher input voltages the charge pump operates in Pass
Mode (1x gain) allowing the voltage at CPOUT to track the input voltage. As V,y drops, the voltage on the low-
voltage current sink(s) drops also. Once any of the active, CPOUT-connected, low-voltage current sink input
voltages reach Vg v (see Electrical Characteristics), the charge pump automatically switches to a gain of 2x
thus preventing dropout (see 2X Gain). Once the charge pump switches over to 2X gain it remains in 2X gain
until the active low-voltage current sinks are turned off (enable bit or brightness code 0), even if the current sink
input voltage goes above the switch over threshold.

7.4.2.4 Automatic Gain (Flying Capacitor Detection)

In Automatic Gain Mode the LM3633 starts up and automatically detects if there is a flying capacitor (CP)
connected between C+ and C-. If there is, Automatic Gain Mode operates normally. If the detection circuitry
does not detect a connected flying capacitor, the LM3633 automatically switches to 1X Gain mode.

7.4.2.5 1X Gain

In 1X Gain Mode the charge pump passes V,y directly through to the output capacitor (CPOUT). There is a
resistive drop between IN and CPOUT in the 1X Gain Mode (typically 1.1 Q) which should be accounted for
when determining the headroom requirement for the low-voltage current sinks. In forced 1X Gain Mode the
charge pump does not switch; thus, the CP and CPOUT can be omitted from the circuit.

7.4.2.6 2X Gain

In 2X Gain Mode the internal charge pump doubles V,y and post-regulates CPOUT to, typically, 4.4 V. This
allows for biasing LEDs whose forward voltages are greater than the input supply (Vy)-

7.4.2.7 Low-Voltage Current Sinks (LVLED1 to LVLED®6)

Low-voltage current sinks LVLED1 to LVLED6 each provide the current for a single LED as configured via
Control Banks C to H. Each control bank has 8-bit brightness control and 5-bit full-scale current programmability.
The low-voltage current sinks can be controlled directly through a dedicated brightness register or with different
blinking patterns via the 6 internal pattern generators. Configuration of the low-voltage current sinks is done
through the low-voltage Control Bank C to H (LVLED1, LVLED2, and LVLED3 to Control Bank C to E and
LVLED4, LVLEDS5, and LVLEDG6 to Control Bank F to H). (See Table 6.)

7.4.2.8 Low-Voltage LED Biasing

Each low-voltage LED can be powered from the LM3633 charge pump output (CPOUT) or from an external
source. When powered from CPOUT the feedback enable bit (LVLED Current Sink Feedback Enables Register
bits [5:0]) for that particular low-voltage current sink must be set to '1' (default). This allows for the specific low-
voltage current sink to have control over the charge pumps gain control (see Automatic Gain section).

When powered from alternate sources (such as V) the feedback enable bit for the particular low-voltage current
sink must be set to '0". This removes the particular current sink from the charge pump feedback loop. In these
configurations the application must ensure that the headroom voltage across the low-voltage current sink is high
enough to prevent the low-voltage current sinks from going into dropout (see Figure 64 for data on the low-
voltage LED current vs headroom voltage).

The LVLEDX feedback enable bits also determine how the shorted low-voltage LED String fault flag is triggered
(see Fault Flags/Protection Features).

7.4.2.9 Brightness Register Current Control

The LM3633 features brightness register current control for simple user-adjustable current control set by writing
directly to the appropriate Control Bank Brightness Registers. The current for the low-voltage LED Control Bank
C to H is a function of the full-scale LED current and the 8-bit code in the respective brightness register. The
control bank brightness register code represents the percentage of the full-scale LED current. This percentage of
full-scale current is different depending on the selected mapping mode (see Table 12).
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7.4.2.10 LED Current Mapping Modes

All control banks can be programmed for either exponential or linear mapping modes (see Figure 19). These
modes determine the transfer characteristic of brightness code to LED current. All low-voltage control banks use
the same mapping mode.

7.4.2.11 Exponential Mapping

In Exponential Mapping Mode the current ramp (either up or down) appears to the human eye as a more uniform
transition than the linear ramp. This is due to the logarithmic response of the eye.

In Exponential Mapping Mode the brightness code-to-current transfer function is given by the equation:

Code + 1

(44 - T oiaioia
lLep = lep_ruriscace X 0.85 >.81818ls (5)

Where I gp ruLiscace is the full-scale LED current setting (see Table 13) and Code is the brightness code in the
brightness register.

7.4.2.12 Linear Mapping
In Linear Mapping Mode the brightness code-to-current has a linear relationship and follows the equation:

lLep = lLep_FuLLscALE X 7%@ x Code ©

Where | ep ruliscace is the full-scale LED current setting and Code is the brightness code in the brightness
register.
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Figure 19. LED Current Mapping Modes

7.4.2.13 Start-up/Shutdown Ramp

The start-up and shutdown ramp times are independently programmable in the Control C to Control H Start-
Up/Shutdown Ramp-Time registers (see Table 8). There are 8 different start-up and 8 different shutdown times.
The start-up times can be programmed independently from the shutdown times. The start-up ramp time is from
when the Control Bank is enabled to when the LED current reaches its initial set point. The shutdown ramp time
is from when the Control Bank is disabled to when the LED current reaches O.

7.4.2.14 Run-Time Ramp

Current ramping from one brightness level to the next is programmed via the Control C to E and Control F to H
Ramp-Time registers (see Table 11). There are 8 different ramp-up times and 8 different ramp-down times. The
ramp-up time can be programmed independently from the ramp-down time, but each Control Bank cannot be
independently programmed. There is one ramp time register which is common to Control Bank C to E and one
ramp time register which is common to Control Bank F to H. This register sets the ramp-up and ramp-down times
for both direct brightness control and pattern generator modes of operation.
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7.4.3 Low-Voltage LED Pattern Generator

The LM3633 contains 6 programmable pattern generators (one for each low-voltage control bank). Each pattern
generator has the ability to drive a unique programmable pattern. Each pattern generator has its own set of
registers available for pattern programming. The programmable patterns are : delay time, high period, low period,
high brightness, and low brightness (see Figure 20). The ramp-up and ramp-down times are controlled by the
Control C to E and Control F to H Ramp-Time register. (See Table 11.)
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Figure 20. Pattern Generator Timing

7.4.3.1 Delay Time

The delay time (tpgay) is the delay from when the pattern is enabled to when the LED current begins ramping up
in the control bank assigned current source(s). The pattern starts when the respective Control Bank Enable
register is written high if the Pattern Generator is enabled. There is one tyg Ay register for each pattern generator
(6 total). The selectable times are programmed with the lower 6 bits of the tpg ay registers. The times are split
into 2 groups where codes 0x00 to Ox3C are short durations from 16.384 ms (code 0x00) up to 999.424 ms
(code 0x3C) or 16.384 ms/bit. The higher codes (0x3D to 0x7F) select tpg ay from 1130.496 ms up to 9781.248
ms, or 131.072 ms/bit (see Table 27).

7.4.3.2 Rise Time

The LED current rise time (tg;sg) is the time the LED current takes to move from the low-current brightness level
(I.ow) to the high-current brightness level (I5gn). The rise time of the LED current (tgsg) is set via the Control C
to E and Control F to H Ramp-Time registers. There are 8 available ramp-up time settings (see Table 11). There
is one ramp-time register which is common to Control Bank C to E and one ramp-time register which is common
to Control Bank F to H.

7.4.3.3 Fall Time

The LED current fall time (tza..) is the time the LED current takes to move from the high-current brightness level
(Iqign) to the low-current brightness level (I ow). The fall time of the LED current (tga ) is set via the Control C to
E and Control F to H Ramp Time registers. There are 8 available ramp-down settings (see Table 11). There is
one ramp-time register which is common to Control Bank C to E and one ramp-time register which is common to
Control Bank F to H.

7.4.3.4 High Period

The LED current high period (tycn) is the duration that the LED pattern spends at the high LED current set point
(thich)- The tycn times are programmed via the Pattern Generator High-Time registers. The programmable times
are broken into 2 groups. The first set (from code 0x00 to 0x3C) increases the ty,gy time in steps of 16.384 ms.
The second set (from code 0x3D to 0x7F) increases the ty,gy time in steps of 131.072 ms (see Table 29).

7.4.3.5 Low Period

The LED current low period (t ow) is the duration that the LED current spends at the low LED current set point
(I.ow)- The t ow times are programmed via the Pattern Generator Low-Time registers. There are 256 t o
settings that are broken into 3 groups of linearly increasing times. The first set (from code 0x00 to Ox3C)
increases the t oy time in steps of 16.384 ms. The second set (from code 0x3D to 0x7F) increases the t gy time
in steps of 131.072 ms. The third set (from code 0x80 to OxFF) increases the t, o time in steps of 524.288 ms
(see Table 28).
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7.4.3.6 Low-Level Brightness

The LED current low brightness level (I ow) is the LED current set point that the pattern rests at during the t ow
period. This level is set via the Pattern Generator Low-Level Brightness registers (BREGL_C to BREGL_H). The
brightness level has 8 bits of programmability. 1, o\ is a function of the Control Bank full-scale current setting and
the code in the Pattern Generator Low-Level Brightness registers.

For exponential mapping I, o is:
BREGL X +1

(44 -
llow = lLep FutLscate X 0.85 58181818 %)

For linear mapping |, ow is:

lLow = ILeD_FuLLSCALE X ?%? X BREGL_X .

BREGL_X is the Pattern Generator Low-Level Brightness Register setting for the specific Control Bank.

7.4.3.7 High-Level Brightness

The LED current high brightness level (Iy,cn) is the LED current set point that the pattern rests at during the tygn
period. This high-current level is set via the Control Banks Brightness Register (BREGH_C to BREGH_H). The
brightness level has 8 bits of programmability. I gH is @ function of the Control Bank full-scale current setting and
the code in the Control Banks Brightness Register, prior to the Mapping Mode selected.

For exponential mapping ly g is:
BREGH_X + 1

(44 -
lich = lLep FuLiscace X 0.85 >.8181818 ©)

For linear mapping Iy gH is:

lrieh = lLep_FuLLscaLE X% X BREGH_X )

BREGH_X is the Control Banks Brightness Register setting for the specific Control Bank.

7.4.4 Fault Flags/Protection Features

The LM3633 contains both an LED open-fault and LED short-fault detection. These fault detections are designed
to be used in production-level testing and not during normal operation. For the fault flags to operate they must be
enabled via the LED Fault Enable Register (see Table 35). The Open LED String (HVLED), Shorted LED String
(HVLED), Open LED (LVLED), and Shorted LED (LVLED) sections detail proper procedure for reading back
open and short faults in both the high-voltage LED and low-voltage LED strings.

7.4.4.1 Open LED String (HVLED)

An open LED string is detected when the voltage at the input to any active high-voltage current sink has fallen
below 200 mV, and the boost output voltage has hit the OVP threshold. This test assumes that the HVLED string
being detected for an open is connected to the LM3633 boost output (COUT+) (see Table 31). For an HVLED
string not connected to the LM3633 boost output voltage, but connected to another voltage source, the boost
output does not trigger the OVP flag. In this case an open LED string is not detected.

The procedure for detecting an open fault in the HVLED current sinks (provided they are connected to the boost
output voltage) is:

* Apply power to the LM3633

» Enable Open Fault (Register 0xB4, bit [0] = 1)

e Assign HVLED1, HVLED2 and HVLED3 to Bank A (Register 0x10, Bits [2:0] = (0, 0, 0)

» Set the start-up ramp times to the fastest setting (Register 0x12 = 0x00)

e Set Bank A full-scale current to 20.2 mA (Register 0x20 = 0x13)

e Configure HVLED1, HVLED2, and HVLED3 for LED string anode connected to Coyt (Register 0x28, bits[2:0]
=(1.11)
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» Set Bank A brightness to maximum (Register 0x41 = OxFF)

» Enable Bank A (Register 0x2B Bit[0] = 1

* Wait4 ms

* Read back bits[2:0] of register 0xBO. Bit [0] = 1 (HVLED1 open). Bit [1] = 1 (HVLED2 open). Bit [2] = 1
(HVLED3 open)

« Disable all banks (Register 0x2B = 0x00)

7.4.4.2 Shorted LED String (HVLED)

The LM3633 features an LED short-fault flag indicating one or more of the HVLED strings have experienced a
short. The method for detecting a shorted HVLED strings is if the current sink is enabled and the string voltage
(Mout - Vhviepiom) falls to below (Viy — 1 V). This test must be performed on one HVLED string at a time.
Performing the test with both current sinks enabled can result in a faulty reading if one of the strings is shorted
and the others are not.

The procedure for detecting a short in an HVLED string is:

* Apply power to the LM3633

* Enable Short Fault (Register 0xB4, bit [1] = 1)

* Enable Feedback on the HVLED Current Sinks (Register 0x28, bits[2:0] = (1,1,1))
» Assign HVLEDL1 to Bank A (Register 0x10, Bits [2:0] = (1, 1, 0)

* Set the start-up ramp times to the fastest setting (Register 0x12 = 0x00)
* Set Bank A full-scale current to 20.2 mA (Register 0x20 = 0x13)

» Set Bank A brightness to max (Register 0x41 = OxFF)

* Enable Bank A (Register Ox2B Bit[0] = 1)

* Wait4 ms

» Read back bits[0] of register 0xB2. 1 = HVLED1 short.

» Disable all banks (Register 0x2B = 0x00)

» Repeat the procedure for the HVLED2 and HVLED3 strings

7.4.4.3 Open LED (LVLED)

The LM3633 features an open-LED-fault flag indicating one or more of the active low-voltage LED strings are
open. An open in a low-voltage LED string is flagged if the voltage at the input to any active low-voltage current
sink goes below Vg v (typically 80 mV).

Since the open LED detect is flagged when any active current sink input falls below Vg v, certain configurations
can result in falsely triggering an open. These include:

1. LED anode is tied to CPOUT, charge pump is in 1X gain, and V,y drops low enough to bring any active
LVLED current sink below Vg v.

2. LED anodeis not tied to CPOUT and V| gp anope goes low enough to bring any active LVLED current sink
below Vyg v-

The following list describes a test procedure that can be used in detecting an open in the LVLED strings:

* Apply power to the LM3633

» Enable Open Fault (Register 0xB4, bit [0] = 1)

e Assign LVLED1, LVLED2, and LVLED3 to Bank C and LVLED4, LVLEDS5, and LVLEDG6 to Bank F (Register
0x11 = 0x00)

» Set the start-up ramp times to the fastest setting (Registers 0x14 and 0x17 = 0x00)
* Set Bank C and Bank F full-scale current to 20.2 mA (Registers 0x22 and 0x25 = 0x13)
» Configure all LVLED strings for Anode connected to CPOUT (register 0x29 bits[5:0]=1)

» Force the Charge Pump into 2X gain (Register Ox2A Bits[2:1] = 11). Ensure that CPOUT and CP are in the
circuit and that (Vepout iS > Vepviep + Vir Lv)

» Set Bank C and Bank F brightness to max (Registers 0x42 and 0x45 = OxFF)

* Enable Bank C and Bank F (Register 0x2B Bits[5,2] = 1)

« Wait4 ms

» Read back bits[5:0] of register OxB1 (1 indicates an open, and a 0 indicates normal operation (see Table 32))
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» Disable all banks (Register 0x2B = 0x00)

7.4.4.4 Shorted LED (LVLED)

The LM3633 features an LED short-fault flag indicating when any active low-voltage LED is shorted (Anode to
Cathode). A short in a low-voltage LED is determined when the LED voltage (Vcpour - Vir Lv) falls below 1 V.

A procedure for determining a short in an LVLED string is detailed below:
e Apply Power
e Enable Short Fault (Register 0xB4, bit [1] = 1)

e Assign LVLED1, LVLED2, and LVLEDS3 to Bank C and LVLED4, LVLEDS5, and LVLEDG6 to Bank F (Register
0x11 = 0x00)

e Set the start-up ramp times to the fastest setting (Registers 0x14 and 0x17 = 0x00)

e Set Bank C and Bank F full-scale current to 20.2 mA (Registers 0x22 and 0x25 = 0x13)

» Enable Feedback on the LVLED Current Sinks (Register 0x29 = 0x3F)

e Set Charge Pump to 1X gain (Register 0x2A = 0x40)

e Set Bank C and Bank F brightness to max (Register 0x42 and 0x45 = OxFF)

e Enable Bank C and Bank F(Register 0x2B Bits[5,2] = 1)

 Wait4 ms

» Read bits[5:0] from register 0xB3. A 1 indicates short, and a 0 indicates normal operation (see Table 34).
« Disable all banks (Register 0x2B = 0x00)

7.4.4.5 Overvoltage Protection (Inductive Boost)

The overvoltage protection threshold (OVP) on the LM3633 has 4 different programmable options: 16 V, 24 V, 32
V, and 40 V. The OVP protects the device and associated circuitry from high voltages in the event a high-voltage
LED string becomes open. During normal operation, the LM3633 inductive boost converter boosts the output up
SO0 as to maintain Vg at the active, high-voltage (COUT connected) current sink inputs. When a high-voltage
LED string becomes open, the feedback mechanism is broken, and the boost converter over-boosts the output.
When the output voltage reaches the OVP threshold the boost converter stops switching, thus allowing the
output node to discharge. When the output discharges to Vqyp minus 1 V, the boost converter begins switching
again. The OVP sense is at the OVP pin, so this pin must be connected directly to the inductive boost output
capacitor positive pin.

For high-voltage current sinks that have the HVLED Current Sink Feedback Enables setting such that the high-
voltage current sinks anodes are not connected to COUT (feedback is disabled), the overvoltage sense
mechanism is not in place to protect the input to the high-voltage current sink. In this situation the application
must ensure that the voltage at HVLED1, HVLED2, or HVLED3 does not exceed 40 V.

The default setting for OVP is set at 16 V. For applications that require higher than 16 V at the boost output, the
OVP threshold must be programmed to a higher level after power up.

7.4.4.6 Current Limit (Inductive Boost)

The NMOS switch current limit for the LM3633 inductive boost is set at 1 A (typ). When the current through the
LM3633 NFET switch hits this overcurrent protection threshold (OCP), the device turns the NFET off, and the
inductor's energy is discharged into the output capacitor. Switching is then resumed at the next cycle. The
current limit protection circuitry can operate continuously each switching cycle. The result is that during high-
output power conditions the device can run continuously in current limit. Under these conditions the LM3633
inductive boost converter stops regulating the headroom voltage across the high-voltage current sinks. This
results in a drop in the LED current.

7.4.4.7 Current Limit (Charge Pump)

The LM3633 charge pump output current limit is set high enough so that the device supports 29.8 mA (maximum
full-scale current) in all LVLED current sinks. (This is typically 29.5 mA x 6 = 179 mA.) For 1X gain the output
current limit is typically 350 mA (V,y = 3.6 V). For 2X gain the current limit is typically 240 mA (output referred),
with a typical limit on the input current of 480 mA. Figure 67 and Figure 68 detail the charge pump current limit vs
V|y at both 1X and 2X gain settings.
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7.45 [°C-Compatible Interface

7.4.5.1 Start and Stop Conditions

The LM3633 is controlled via an I2C-compatible interface. START and STOP conditions classify the beginning
and the end of the I2C session. A START condition is defined as SDA transitioning from HIGH to LOW while SCL
is HIGH. A STOP condition is defined as SDA transitioning from LOW to HIGH while SCL is HIGH. The I2C
master always generates START and STOP conditions. The I2C bus is considered busy after a START condition
and free after a STOP condition. During data transmission the 1°C master can generate repeated START
conditions. A START and a repeated START condition are equivalent function-wise. The data on SDA must be
stable during the HIGH period of the clock signal (SCL). In other words, the state of SDA can only be changed
when SCL is LOW.

< Y R U Y A

Start Condition Stop Condition

Figure 21. Start and Stop Sequences

7.45.2 I1’C-Compatible Address

The chip address for the LM3633 is 0110110 (36h). After the START condition, the 1°C master sends the 7-bit
chip address followed by an eighth read or write bit (R/W). R/W = 0 indicates a WRITE, and R/W = 1 indicates a
READ. The second byte following the chip address selects the register address to which the data is written. The
third byte contains the data for the selected register.

7.4.5.3 Transferring Data

Every byte on the SDA line must be eight bits long, with the most significant bit (MSB) transferred first. Each byte
of data must be followed by an acknowledge bit (ACK). The acknowledge related clock pulse (9th clock pulse) is
generated by the master. The master releases SDA (HIGH) during the 9th clock pulse. The LM3633 pulls down
SDA during the 9th clock pulse signifying an acknowledge. An acknowledge is generated after each byte has
been received.

7.5 Register Descriptions
Table 2 lists the available registers within the LM3633.

Table 2. LM3633 Register Descriptions

Name Address Power On Reset Operation
Revision 0x00 0x00 Dynamic
Software Reset 0x01 0x00 Dynamic
HVLED Current Sink Output Configuration 0x10 0x06 Static
LVLED Current Sink Output Configuration 0x11 0x36 Static
Control A Start-Up/Shutdown Ramp Time 0x12 0x00 Static
Control B Start-Up/Shutdown Ramp Time 0x13 0x00 Static
Control C Start-Up/Shutdown Ramp Time 0x14 0x00 Static
Control D Start-Up/Shutdown Ramp Time 0x15 0x00 Static
Control E Start-Up/Shutdown Ramp Time 0x16 0x00 Static
Control F Start-Up/Shutdown Ramp Time 0x17 0x00 Static
Control G Start-Up/Shutdown Ramp Time 0x18 0x00 Static
Control H Start-Up/Shutdown Ramp Time 0x19 0x00 Static
Control A and Control B Runtime Ramp Time Ox1A 0x00 Static
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Register Descriptions (continued)

Table 2. LM3633 Register Descriptions (continued)

Name Address Power On Reset Operation
Control A and Control B Runtime Ramp Configuration 0x1B 0x00 Static
Control C to E Runtime Ramp Time 0x1C 0x00 Static
Control F to H Runtime Ramp Time 0x1D 0x00 Static
Reserved Ox1E 0x33 Static
Brightness Configuration OX1F 0x00 Static®
Control A Full-Scale Current Setting 0x20 0x13 Static
Control B Full-Scale Current Setting 0x21 0x13 Static
Control C Full-Scale Current Setting 0x22 0x13 Static
Control D Full-Scale Current Setting 0x23 0x13 Static
Control E Full-Scale Current Setting 0x24 0x13 Static
Control F Full-Scale Current Setting 0x25 0x13 Static
Control G Full-Scale Current Setting 0x26 0x13 Static
Control H Full-Scale Current Setting 0x27 0x13 Static
HVLED Current Sink Feedback Enable 0x28 0x07 Static
LVLED Current Sink Feedback Enable 0x29 0x3F Static
Charge Pump Control OX2A 0x00 Dynamic®
Control Bank Enables 0x2B 0x00 Dynamic®
Pattern Generator Enable 0x2C 0x00 Dynamic
Boost Control 0x2D 0x00 Static
Auto-Frequency Threshold 0x2E OxCF Static
PWM Configuration Ox2F 0x04 Dynamic®
Reserved 0x30 0x0B Static
Reserved 0x31 0x00 Static
Control A Brightness LSB 0x40 0x00 Dynamic®
Control A Brightness MSB 0x41 0x00 Dynamic
Control B Brightness LSB 0x42 0x00 Dynamic®
Control B Brightness MSB 0x43 0x00 Dynamic
Control C Brightness 0x44 0x00 Dynamic
Control D Brightness 0x45 0x00 Dynamic
Control E Brightness 0x46 0x00 Dynamic
Control F Brightness 0x47 0x00 Dynamic
Control G Brightness 0x48 0x00 Dynamic
Control H Brightness 0x49 0x00 Dynamic
Control C Pattern Generator Delay Time 0x50 0x00 Static
Control C Pattern Generator Low Time 0x51 0x00 Static
Control C Pattern Generator High Time 0x52 0x00 Static
Control C Pattern Generator Low-Level Brightness 0x53 0x00 Dynamic
Control D Pattern Generator Delay Time 0x60 0x00 Static
Control D Pattern Generator Low Time 0x61 0x00 Static
Control D Pattern Generator High Time 0x62 0x00 Static
Control D Pattern Generator Low-Level Brightness 0x63 0x00 Dynamic

(1) This register requires special handling due to the control of both high-voltage and low-voltage LEDs.
(2) Only the charge pump enable bit is dynamic; the charge pump gain select bits should only be changed when the charge pump is

disabled.

®3)
4)

(5)

This register requires special handling due to the control of both high-voltage and low-voltage LEDs.

The PWM input should always be in the inactive state when setting the Control Bank PWM Enable bit. The PWM configuration bits
should only be changed when the PWM is disabled for both Control Banks.

The Control Brightness MSB Register must be written for the Control Brightness LSB Register value to take effect.
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Register Descriptions (continued)
Table 2. LM3633 Register Descriptions (continued)

Name Address Power On Reset Operation
Control E Pattern Generator Delay Time 0x70 0x00 Static
Control E Pattern Generator Low Time 0x71 0x00 Static
Control E Pattern Generator High Time 0x72 0x00 Static
Control E Pattern Generator Low-Level Brightness 0x73 0x00 Dynamic
Control F Pattern Generator Delay Time 0x80 0x00 Static
Control F Pattern Generator Low Time 0x81 0x00 Static
Control F Pattern Generator High Time 0x82 0x00 Static
Control F Pattern Generator Low-Level Brightness 0x83 0x00 Dynamic
Control G Pattern Generator Delay Time 0x90 0x00 Static
Control G Pattern Generator Low Time 0x91 0x00 Static
Control G Pattern Generator High Time 0x92 0x00 Static
Control G Pattern Generator Low-Level Brightness 0x93 0x00 Dynamic
Control H Pattern Generator Delay Time 0xAQ 0x00 Static
Control H Pattern Generator Low Time O0xAl 0x00 Static
Control H Pattern Generator High Time 0xA2 0x00 Static
Control H Pattern Generator Low-Level Brightness 0xA3 0x00 Dynamic
HVLED Open Faults 0xB0O 0x00 Production Test Only
LVLED Open Faults 0xB1 0x00 Production Test Only
HVLED Short Faults 0xB2 0x00 Production Test Only
LVLED Short Faults 0xB3 0x00 Production Test Only
LED Fault Enable 0xB4 0x00 Production Test Only
Table 3.
Revision (Address 0x00)
Bits [7:4] Bits [3:0]
Not Used Silicon Revision
Reserved xxxx Rev. A Silicon
Table 4. Software Reset (Address 0x01)
Bits [7:1] Bit [0]
Not Used Silicon Revision
Reserved 0 = Normal Operation _
1 = Software Reset (self-clearing)
Table 5. HVLED Current Sink Output Configuration (Address 0x10)
Bits [7:3] Bit [2] Bit [1] Bit [0]
Not Used HVLED3 Configuration HVLED2 Configuration HVLED1 Configuration
Reserved 0 = Control A 0 = Control A 0 = Control A (default)
1 = Control B (default) 1 = Control B (default) 1 =Control B
Table 6. LVLED Current Sink Output Configuration (Address 0x11)
Bits [7:6] Bit [5] Bit [4] Bit [3] Bit [2] Bit [1] Bit [0]
Not Used LVLEDG6 LVLEDS Not Used LVLED3 LVLED2 Not Used
Configuration Configuration Configuration Configuration
0 = Control F 0 = Control F 0 = Control C 0 = Control C
Reserved 1= Control H 1 = Control G LVLED4 1 = Control E 1 = Control D LVLED1
(default) (default) (default) (default)
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Table 7. Control A and Control B Start-up/Shutdown Ramp Time (Address 0x12 Through 0x13)

Bits [7:4]
Start-up Ramp

Bits [3:0]
Shutdown Ramp

0000 = 2048 ps (default)
0001 = 262 ms
0010 =524 ms
0011 =1.049 s
0100 =2.097 s
0101 =4.194s
0110=8.389 s
0111 =16.78 s
1000 = 33.55 s
1001 =41.94s
1010 =50.33 s
1011 =58.72 s
1100 = 67.11 s
1101 =83.88 s
1110 = 100.66 s
1111 =117.44 s

0001 =262 ms
0010 =524 ms
0011 =1.049 s
0100 =2.097 s
0101 =4.194 s
0110=8.389 s
0111 =16.78 s
1000 = 33.55 s
1001 =41.94s
1010 =50.33 s
1011 =58.72 s
1100 =67.11s
1101 =83.88 s

0000 = 2048 ps (default)

1110 = 100.66 s
1111 =117.44 s

Table 8. Control C to Control H Start-up/Shutdown Ramp Time (Address 0x14 Through 0x19)

Bit [7] Bits [6:4] Bit [3] Bits [2:0]
Not Used Start-up Transition Time Not Used Shutdown Transition Time

000 = 2048 ps (default) Reserved 000 = 2048 ps (default)
001 = 262 ms 001 = 262 ms
010 =524 ms 010 =524 ms
011=1.049s 011=1.049s

Reserved 100 = 2.097 s 100 = 2.097 s
101=4.194 s 101=4.194 s
110=8.389 s 110=8.389 s
111=16.78 s 111=16.78 s

Table 9. Control A and Control B Run-Time Ramp Time (Address 0x1A)

Bits [7:4]

Transition Time Ramp Up

Transition Time Ramp Down

Bits [3:0]

000 = 2048 s (default)
001 =262 ms
010 =524 ms
011=1.049s
100 =2.097 s
101 =4.194 s
110=8.389 s
111 =16.78 s
1000 =33.55 s
1001 =41.94s
1010 =50.33 s
1011 =58.72 s
1100 =67.11s
1101 =83.88s
1110 = 100.66 s
1111 =117.44 s

000 = 2048 s (default)
001 =262 ms
010 =524 ms
011=1.049s
100 =2.097 s
101 =4.194 s
110=8.389 s
111 =16.78 s
1000 = 33.55 s
1001 =41.94s
1010 =50.33 s
1011 =58.72 s
1100 =67.11s
1101 =83.88 s
1110 = 100.66 s
1111 =117.44 s

Table 10. Control A and Control B Run-Time Ramp Configuration (Address 0x1B)

Bits [7:4]
Not Used

Bits [3:2]
Control B Run-time Ramp Select

Bits [1:0]
Control A Run-time Ramp Select

Reserved

00 = Controls A and B Runtime Ramp Times
(default)

01 = Control B Start-up and Shutdown Ramp
Times

1x = Ramp disabled

00 = Controls A and B Runtime Ramp Times
(default)

01 = Control A Start-up and Shutdown Ramp
Times

1x = Ramp disabled
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Table 11. Controls C to E and Controls F to H Ramp Time (Address 0x1C and 0x1D)

Bit [7] Bits [6:4] Bit [3] Bits [2:0]
Not Used Transition Time Ramp Up Not Used Transition Time Ramp Down
000 = 2048 ps (default) Reserved 000 = 2048 ps (default)
001 =262 ms 001 =262 ms
010 =524 ms 010 =524 ms
011=1.049s 011=1.049s
Reserved 100 =2.097 s 100 =2.097 s
101=4.194s 101=4.194s
110=8.389 s 110=8.389 s
111 =16.78 s 111 =16.78 s
Table 12. Control A to Control H Brightness Configuration (Address 0x1F)
Bits [7:4] Bit [3] Bit [2] Bit [1] Bit [O]
Not Used Control B Dither Disable | Control A Dither Disable | Controls C, D, E, F, G, H Control A/B Mapping
Mapping Mode Mode
Reserved 0 Enable (default) 0 Enable (default) 0 Exponential (default) 0 Exponential (default)
1 Disable 1 Disable 1 Linear 1 Linear

Table 13. Control A to Control H Full-Scale Current Setting (Address 0x20 Through 0x27)

Bits [7:5] Bits [4:0]
Not Used Controls A, B, C, D, E, F, G, H Full-Scale Current Select Bits
Reserved 00000 =5 mA
10011 = 20.2 mA (default)
11111 = 29.8 mA
(0.8 mA steps, FS =5 mA + code * 0.8 mA)
Table 14. HVLED Current Sink Feedback Enable (Address 0x28)
Bits [7:3] Bit [2] Bit [1] Bit [0]
Not Used HVLED3 Feedback Enable HVLED2 Feedback Enable HVLED1 Feedback Enable
0 = LED anode is NOT CONNECTED |0 = LED anode is NOT CONNECTED |0 = LED anode is NOT CONNECTED
Reserved to COUT to COUT to COUT
1 = LED anode is CONNECTED to 1 = LED anode is CONNECTED to 1 = LED anode is CONNECTED to
COUT (default) COUT (default) COUT (default)
Table 15. LVLED Current Sink Feedback Enable (Address 0x29)
Bits [7:6] Bit [5] Bit [4] Bit [3] Bit [2] Bit [1] Bit [0]
Not LVLEDG6 Feedback | LVLEDS Feedback | LVLED4 Feedback | LVLED3 Feedback | LVLED2 Feedback | LVLED1 Feedback
Used Enable Enable Enable Enable Enable Enable

Reserved

0 = LED anode is
NOT CONNECTED
to CPOUT

1 =LED anode is
CONNECTED to
CPOUT (default)

0 = LED anode is
NOT CONNECTED
to CPOUT

1 =LED anode is
CONNECTED to
CPOUT (default)

0 = LED anode is
NOT CONNECTED
to CPOUT

1 =LED anode is
CONNECTED to
CPOUT (default)

0 = LED anode is
NOT CONNECTED
to CPOUT

1 =LED anode is
CONNECTED to
CPOUT (default)

0 = LED anode is
NOT CONNECTED
to CPOUT

1=LED anode is
CONNECTED to
CPOUT (default)

0 = LED anode is
NOT CONNECTED
to CPOUT

1=LED anode is
CONNECTED to
CPOUT (default)

Table 16. Charge Pump Control (Address 0x2A)

Bits [7:3] Bits [2:1] Bit [0]
Not Used Gain Select Charge Pump Disable
N/A 0X = Automatic gain select (default) 0 = Enable (default)
10 = Gain set at 1X 1 = Disable
11 = Gain set at 2X
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Table 17. Control Bank Enable (Address 0x2B)

Bit [7] Bit [6] Bit [5] Bit [4] Bit [3] Bit [2] Bit [1] Bit [0]
Control H Control G Control F Control E Control D Control C Control B Control A
Enable Enable Enable Enable Enable Enable Enable Enable
0 = Disable 0 = Disable 0 = Disable 0 = Disable 0 = Disable 0 = Disable 0 = Disable 0 = Disable

(default) (default) (default) (default) (default) (default) (default) (default)
1 = Enable 1 = Enable 1 = Enable 1 = Enable 1 = Enable 1 = Enable 1 = Enable 1 = Enable
Table 18. Pattern Generator Enable (Address 0x2C)

Bit [7] Bit [6] Bit [5] Bit [4] Bit [3] Bit [2] Bits [1:0]
Control H Pattern | Control G Pattern | Control F Pattern | Control E Pattern | Control D Pattern | Control C Pattern Not
Generator Enable | Generator Enable | Generator Enable | Generator Enable | Generator Enable | Generator Enable Used
0 = Disable 0 = Disable 0 = Disable 0 = Disable 0 = Disable 0 = Disable
(default) (default) (default) (default) (default) (default) Reserved
1 = Enable 1 = Enable 1 = Enable 1 = Enable 1 = Enable 1 = Enable

Table 19. Boost Control (Address 0x2D)
Bits [7:5] Bit [4] Bit [3] Bits [2:1] Bit [0]
Not Used Auto-Headroom Enable Auto-Frequency Enable Boost OVP Select Boost Frequency Select
Reserved 0 = Disable (default) 0 = Disable (default) 00 =16 V (default) 0 = 500 kHz (default)
1 = Enable 1 = Enable 01=24V 1=1MHz
10=32V
11=40V

Table 20. Auto-Frequency Threshold (Address 0x2E)

Bits [7:0]

Auto-Frequency Threshold (default = 11001111)

Table 21. PWM Configuration (Address Ox2F)

. . Bit [3] . . .
Bits [7:4] n Bit [2] Bit [1] Bit [0]
Not Used Hid Zlgr.'cgggtectlon PWM Polarity Control B PWM Enable | Control A PWM Enable
Reserved 0 = Disable 0 = Active Low 0 = Disable (default) 0 = Disable (default)
1 = Enable (default) 1 = Active High (default) 1 = Enable 1 = Enable
Table 22. Control A Brightness LSB (Address 0x40)
Bits [7:3] Bits [2:0]
Not Used Control A Brightness [2:0]
Reserved Brightness LSB

Table 23. Control A Brightness MSB (Address 0x41)

Control A Brightness [10:3]

Bits [7:0]

Brightness MSB

(LED current ramping does not start until the MSB is written, LSB must always be written before MSB)

Table 24. Control B Brightness LSB (Address 0x42)

Bits [7:3]
Not Used

Bits [2:0]
Control B Brightness [2:0]

Reserved

Brightness L

SB
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Table 25. Control B Brightness MSB (Address 0x43)

Bits [7:0]
Control B Brightness [10:3]

Brightness MSB
(LED current ramping does not start until the MSB is written, LSB must always be written before MSB)

Table 26. Control C to Control H Brightness (Address 0x44 Through 0x49)

Bits [7:0]
Control C-H Brightness [7:0] (BREGH_X)
Brightness Code (refer to High-Level Brightness)

7.5.1 Pattern Generator Registers

ll—— tHIGH — ™

.’ \ J '\

. \ .’ N\

T

IHIGH

N

T ILow
1
§<—tDELAY ——4—RISE—P>] l— tFALL— - ——— t oy ————»|

Figure 22. Pattern Generator Timing

Table 27. Control C to Control H Pattern Generator Delay Time (Address 0x50, 0x60, 0x70, 0x80, 0x90,
0xAO0)

Bit [7] Bits [6:0]

tDELAY times
0x00 = 16.384 ms (16.384 ms/step) (default)
0x01 = 32.768 ms

0x3B = 983.05 ms

Reserved 0x3C =999.424 ms

0x3D = 1130.496 ms (131.072 ms/step)
Ox3E = 1261.568 ms

Ox7F =9781.248 ms

Table 28. Control C to Control H Pattern Generator Low Time (Address 0x51, 0x61, Ox71, 0x81, 0x91,
0xA1l)

Bits [7:0]

tLow times
0x00 = 16.384 ms (16.384 ms/step) (default)
0x01 = 32.768 ms

0x3B = 983.05 ms

0x3C =999.424 ms

0x3D = 1130.496 ms (131.072 ms/step)
O0x3E = 1261.568 ms
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Table 28. Control C to Control H Pattern Generator Low Time (Address 0x51, 0x61, Ox71, 0x81, 0x91,
0xA1l) (continued)

Bits [7:0]

Ox7F = 9781.248 ms
0x80 = 10.305536 s (524.288 ms/step)

OxFF = 76.890112 s

Table 29. Control C to Control H Pattern Generator High Time (Address 0x52, 0x62, 0x72, 0x82, 0x92,
0xA2)

Bit [7] Bits [6:0]
Not Used tHiGH times
0x00 = 16.384 ms (16.384 ms/step) (default)
0x01 = 32.768 ms

0x3B = 983.05 ms

0x3C =999.424 ms

0x3D =1130.496 ms (131.072 ms/step)
0x3E = 1261.568 ms

Ox7F = 9781.248 ms

Table 30. Control C to Control H Pattern Generator Low-Level Brightness (Address 0x53, 0x63, 0x73,
0x83, 0x93, 0xA3)

Bits [7:0]
Controls C to H Low-Level Brightness (BREGL_X)

Brightness Code (refer to Low-Level Brightness)

Table 31. HVLED Open Faults (Address 0xBO0)

Bits [7:3] Bit [2] Bit [1] Bit [0]

Not Used HVLED3 Open HVLED2 Open HVLED1 Open

Reserved 0 f Normal Operation 0 f Normal Operation 0 f Normal Operation
1 = Open 1 = Open 1 = Open

Table 32. LVLED Open Faults (Address 0xB1)

Bits [7:6] Bit [5] Bit [4] Bit [3] Bit [2] Bit [1] Bit [0]
Not Used LVLEDG6 Open LVLED5 Open LVLED4 Open LVLED3 Open LVLED2 Open LVLED1 Open
0 = Normal 0 = Normal 0 = Normal 0 = Normal 0 = Normal 0 = Normal
Reserved Operation Operation Operation Operation Operation Operation
1= Open 1= Open 1= Open 1= Open 1= Open 1= Open

Table 33. HVLED Short Faults (Address 0xB2)

Bits [7:3] Bit [2] Bit [1] Bit [0]
Not Used HVLEDS3 Short HVLED2 Short HVLED1 Short
0 = Normal Operation 0 = Normal Operation 0 = Normal Operation
Reserved 1 = Short 1 = Short 1 = Short
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Table 34. LVLED Short Faults (Address 0xB3)

Bits [7:6] Bit [5] Bit [4] Bit [3] Bit [2] Bit [1] Bit [0]
Not Used LVLEDS6 Short LVLEDS Short LVLED4 Short LVLED3 Short LHVLED2 Short |LVLED1 Short
0 = Normal 0 = Normal 0 = Normal 0 = Normal 0 = Normal 0 = Normal
Reserved Operation Operation Operation Operation Operation Operation
1 = Short 1 = Short 1 = Short 1 = Short 1 = Short 1 = Short
Table 35. LED Fault Enable (Address 0xB4)
Bits [7:2] Bit [1] Bit [0]
Not Used Short Faults Enable Open Faults Enable
Reserved 0 = Disable (default) 0 = Disable (default)
1 = Enable 1 = Enable
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8 Applications and Implementation

8.1 Application Information

The LM3633 provides a complete high-performance, high-voltage LED and low-voltage-indicator LED lighting
solution for mobile handsets. The LM3633 is highly configurable and can support the high-voltage LED
configurations summarized in Table 36. The LM3633 utilizes internal ramp-time generators to provide smooth 11-
bit high-voltage LED dimming while requiring only an 8-bit command from the host controller. The LM3633EVM is
available with GUI software to aid understanding of the LM3633 operation.

Table 36. Supported High-Voltage LED Configurations

NUMBER OF HIGH-VOLTAGE LED STRINGS

MAXIMUM NUMBER OF SERIES HIGH-VOLTAGE LEDs

3 6
2 10
1 10
8.2 Typical Application
D1
L1 NSR0240V2T1G
4q]V
VIN » YN [ vouT >
| | VLF302512MT-100M !
—re) | N 10pH | couT
2.2uF Us 1uF
— —H W - —
GND ) 3 GND
OVP
CP
L LAz
RS ‘RD ot |_
10k 310k o AL 1uF
SDA SDA o— 2% spa HVLEDI ?1 LED1
‘ HVLED2 (= LED2
[ scL SCL l S5 seL HVLED3 2L LED3
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[ PWM PWM Sl pwM LVLED2 gi Gl
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LVLED4 |5 R2
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Figure 23. LM3633 Simplified Schematic
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Typical Application (continued)
Table 37. Application Circuit Component List

CURRENT/VOLTAGE RATING
COMPONENT | MANUFACTURER VALUE PART NUMBER SIZE e
L 10 pH VLF302512MT-100M Z'Sm”I ;rﬁﬁmm X 620 MA/0.25 mQ
couT TDK 1uF C2012X5R1H105 0805 50 V
CIN 22 uF C1005X5R1A225 0402 10V
CPOUT/CP 1uF C1005X5R1A105 0402 10V
WLED 312WBCW(A) 0603 30 MA3.3 V (typ.)
Diode On-Semi NSR0240V2T1G SOD-523 40V, 250 mA

8.2.1 Design Requirements

Table 38. Design Parameters

DESIGN PARAMETER EXAMPLE VALUE
Full-scale current setting 20.2 mA
Minimum Input Voltage 3.0V
LED series/parallel configuration 6s3p
LED maximum forward voltage (Vs) 35V

Efficiency 80

The designer needs to know the following

* Full-scale current setting

*  Minimum input voltage

» LED series/parallel configuration

* LED maximum V; voltage

» LM3633 Efficiency for LED configuration

The full-scale current setting, number of led strings, number of series LEDs, and minimum input voltage are

needed in order to calculate the peak input current. This information guides the designer to make the appropriate
inductor selection for the application.

The LM3633 boost converter output voltage (Voyr) is calculated as follows: number of series LEDs * V¢ + 0.4V

The LM3633 boost converter output current (Ioyt) is calculated as follows: number of parallel LED strings * Full-
scale current

The LM3633 peak input current (I _pk) is calculated as follows: Voyr * loyr / Minimum V,y / Efficiency
lIN_PK > VouTxlouT <+ Minimum VIn= Efficiency
VouT =21.4V =6x3.5V +0.4V
lout =0.0606 A =0.0202x 3
lIN_PK > 0.54A =21.4V x0.0606 A +3.0V +0.8 (11)

8.2.2 Detailed Design Procedure

8.2.2.1 Boost Converter Maximum Output Power (Boost)

Maximum output power of the LM3633 is governed by two factors: the peak current limit (I, = 880 mA min), and
the maximum output voltage (Voyp). When the application causes either of these limits to be reached it is
possible that the proper current regulation and matching between LED current strings is not met.
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8.2.2.1.1 Peak Current Limited

In the case of a peak current limited situation, the NFET switch turns off for the remainder of the switching period
when the inductor current peak hits the LM3633 current limit. If this happens each switching cycle the LM3633
regulates the inductor current peak instead of the headroom across the current sinks. This can result in the
dropout of the boost output connected current sinks, and the LED current dropping below its programmed level.

The peak current in a boost converter is dependent on the value of the inductor, total LED current in the boost
(Iout), the boost output voltage (Vout) (Which is the highest voltage LED string + Vg ), the input voltage (V).
the switching frequency, and the efficiency (Output Power/Input Power). Additionally, the peak current is different
depending on whether the inductor current is continuous during the entire switching period (CCM), or
discontinuous (DCM) where it goes to O before the switching period ends. For Continuous Conduction Mode the
peak inductor current is given by:

lpeak =

VOUT

lout X Vout + Vin xl1- VN X efﬁciency
Vn X efficiency 2 xfswx L

12

For Discontinuous Conduction Mode the peak inductor current is given by:

2x|
lpEAk = 2« (VOUT - Vin %X efficiency)
J(sw x L x efficiency 13

To determine which mode the circuit is operating in (CCM or DCM) it is necessary to perform a calculation to test
whether the inductor current ripple is less than the anticipated input current (l,\). If Al is less than |,y then the
device operates in CCM. If Al is greater than I,y then the device is operating in DCM.

lout X Vourt S ViN < VN x efficiency
V| X efficiency )(sw %L Vour

(14)
Typically at currents high enough to reach the LM3633 peak current limit, the device operates in CCM.

The following figures show the output current and voltage derating for a 10-uH and a 22-pH inductor. These plots
take equations (1) and (2) from above and plot Vot and lgyr with varying V,y, a constant peak current of 880
mMA (I min), 500-kHz switching frequency, and a constant efficiency of 85%. Using these curves gives a good
design guideline on selecting the correct inductor for a given output power requirement. A 10-uH inductor is
typically a smaller device with lower on resistance, but the peak currents are higher. A 22-pH inductor provides
for lower peak currents, but to match the DC resistance of a 10-pH inductor, a larger-sized device is required.

0.095 0.095
0.090 0.090 —
P 0.085 —
0.085 0.080
/ | 0.075 = —
0.080 % % 0'070 1
< o075 o < 0.065 el -
S 5 0.060 FI- - —
3 0070 % 3 o085 = ]
0.065 [~ 0.050 — —
1 = 0.045 —] —
0.060 L4 ——VOUT=22V : ——
— VOUT=24V 0.040 = VOUT=22V
0.055 VOUT=26V 0.035 VOUT=24V
——VOUT=30V 0.030 VOUT=26V
0.050 % ———VOUT=34V 0.025 ——VOUT=30V
0.045 ——VOUT=38V 0.020 ——— VOUT=34V
TUNND OO RWAESSSR OO NN O OO WAESSMEO OO
N O P WO N O R WOoN O PR wo N O P WO N O R WOoN O PR wo
VIN (V) VIN (V)
Figure 24. Maximum Output Power (22 pH) Figure 25. Maximum Output Power (10 pH)
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8.2.2.1.2 Output Voltage Limited

In the case of a output voltage limited situation (Vout = Vovp), When the boost output voltage hits the LM3633
OVP threshold, the NFET turns off and stays off until the output voltage falls below the hysteresis level (typically
1 V below the OVP threshold). This results in the boost converter regulating the output voltage to the
programmed OVP threshold (16 V, 24 V, 32 V, or 40 V), causing the current sinks to go into dropout. The default
OVP threshold is set at 16 V. For LED strings higher than typically 4 series LEDs, the OVP has to be
programmed higher after power-up or after a HWEN reset.

8.2.2.2 Boost Inductor Selection

The boost circuit operates using a 4.7-uH to 22-yH inductor. The inductor selected must have a saturation
current greater than the peak operating current.

8.2.2.3 Output Capacitor Selection

The LM3633 inductive boost converter requires a 1.0-uF (X5R or X7R) ceramic capacitor to filter the output
voltage. The voltage rating of the capacitor depends on the selected OVP setting. For the 16-V setting a 16-V
capacitor must be used. For the 24-V setting a 25-V capacitor must be used. For the 32-V setting, a 35-V
capacitor must be used. For the 40-V setting a 50-V capacitor must be used. Pay careful attention to the
capacitor tolerance and DC bias response. For proper operation the degradation in capacitance due to tolerance,
DC bias, and temperature, should stay above 0.4 uF. This might require placing two devices in parallel in order
to maintain the required output capacitance over the device operating range, and series LED configuration.

8.2.2.4 Schottky Diode Selection

The Schottky diode must have a reverse breakdown voltage greater than the LM3633 maximum output voltage
(see Overvoltage Protection (Inductive Boost) section). Additionally, the diode must have an average current
rating high enough to handle the LM3633 maximum output current, and at the same time the diode peak current
rating must be high enough to handle the peak inductor current. Schottky diodes are required due to their lower
forward voltage drop (0.3 V to 0.5 V) and their fast recovery time.

8.2.2.5 Input Capacitor Selection

The input capacitor on the LM3633 filters the voltage ripple due to the switching action of the inductive boost and
the capacitive charge-pump doubler. A ceramic capacitor of at least 2.2-uF (X5R or X7R) must be used to filter
the input voltage.

8.2.2.6 Maximum Output Power (Charge Pump)

The maximum output power available from the LM3633 charge pump is determined by the maximum output
voltage available from the charge pump. In 1X gain the charge pump operates in Pass Mode so the voltage at
CPOUT tracks Vy (less the drop across the charge-pump pass switch). In this case the maximum output power
is given as:

Pout_max = luvien_tora X (Vin = livieo_totat X Rep) (15)

where Rcp is the resistance from V|y to CPOUT and I v ep toTaL is the maximum programmed current in the
LVLED strings.

In 2X gain the voltage at CPOUT (Vcpour 2x) is regulated to typically 4.4 V. In this case the maximum output
power is given by:

Pout max = lviep_totaL X Vepour 2x (16)

Both equations assume there is sufficient headroom at the top side of the low-voltage current sinks to ensure the
LED current remains in regulation (Vg v) in the electrical table.

8.2.2.7 Charge Pump Flying Capacitor Selection

The charge pump flying capacitor must quickly charge up to the input voltage and then supply the current to the
output every switching cycle (1 MHz). This fast switching action requires a 1.0-pF (X5R or X7R) ceramic
capacitor connected to the C+ and C- pins with a low inductive connection.
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8.2.2.8 Charge Pump Output Capacitor Selection

The charge pump output capacitor filters the switched charge from the flying capacitor every switching cycle (1
MHz). This fast switching action requires a 1.0-pF (X5R or X7R) ceramic capacitor connected to the CPOUT pin
with a low-inductive connection.

8.2.2.9 Charge Pump Input Capacitor Selection
The input capacitor for the LM3633 charge pump is the same one used for the LM3633 inductive boost converter
(see Input Capacitor Selection).

8.2.3 Application Performance Plots

Vin=3.6V, V=32V @ 20 mA, Typical Application Circuit, T, = 25°C, Full-Scale Current = 20.2 mA unless otherwise
specified. Efficiency is Vour X (luvieps * lnvieoz + lnviens)/(Vin % i), matching curves are (Al gp wax/liep_ave)- See Table 37.

Three String, L=22pH, 500kHz Three String, L=22uH, 1MHz
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1
— 86% — 86%
2 oo SNV
> >
Q 82% / / Q 82% / //
5 80% / 5 80%
K 78% / K 78% /
2 76% / 2 76% /
74% 74% 7
72% 72%
70% 70%
25 3 35 4 45 5 5.5 25 3 35 4 45 5 5.5
VIN (V) VIN (V)
Top to Bottom: 3x3, 3x4, 3x5, 3x6 (LEDs) Top to Bottom: 3x3, 3x4, 3x5, 3x6 (LEDs)
Figure 26. Efficiency vs V), Three String Figure 27. Efficiency vs V), Three String
Two String, L=22pH, 500kHz Two String, L=22pH, 1MHz
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Figure 28. Efficiency vs V), Dual String Figure 29. Efficiency vs V), Dual String
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Vin=3.6V, V=32V @ 20 mA, Typical Application Circuit, T, = 25°C, Full-Scale Current = 20.2 mA unless otherwise
specified. Efficiency is Vour X (luvieps * lnvienz + lnviens)/(Vin % Iin), matching curves are (Al gp wax/liep_ave)- See Table 37.
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Figure 30. Efficiency vs V|y, Single String

One String, L=22uH, 1MHz
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Figure 31. Efficiency vs V|y, Single String
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Figure 32. Efficiency vs V), Three String
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Figure 33. Efficiency vs V|, Three String

Two String, L=10pH, 500kHz
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Figure 34. Efficiency vs V), Dual String
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Figure 35. Efficiency vs V), Dual String
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Vin=3.6V, V=32V @ 20 mA, Typical Application Circuit, T, = 25°C, Full-Scale Current = 20.2 mA unless otherwise
specified. Efficiency is Vour X (luvieps * lnvienz + lnviens)/(Vin % Iin), matching curves are (Al gp wax/liep_ave)- See Table 37.

One String, L=10uH, 500kHz
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Figure 36. Efficiency vs V|y, Single String
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Figure 37. Efficiency vs V|, Single String
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Figure 38. Efficiency vs V|, Three String
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Figure 39. Efficiency vs V|, Three String
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Figure 40. Efficiency vs V), Dual String
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Figure 41. Efficiency vs V), Dual String
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Vin=3.6V, V=32V @ 20 mA, Typical Application Circuit, T, = 25°C, Full-Scale Current = 20.2 mA unless otherwise
specified. Efficiency is Vour X (luvieps * lnvienz + lnviens)/(Vin % Iin), matching curves are (Al gp wax/liep_ave)- See Table 37.

One String, L=4.7pH, 500kHz
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Figure 42. Efficiency vs V|, Single String

One String, L=4.7pH, 1MHz
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Figure 43. Efficiency vs V|y, Single String

Three String, L=22uH, 500kHz

Three String, L=22uH, 1MHz

Top to Bottom: 2x3, 2x4, 2x5, 2x6, 2x7, 2x8, 2x9, 2x10 (LEDs)

Figure 46. Efficiency vs I gp
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Figure 44. Efficiency vs I gp Figure 45. Efficiency vs I gp
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Figure 47. Efficiency vs I gp
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Vin=3.6V, V=32V @ 20 mA, Typical Application Circuit, T, = 25°C, Full-Scale Current = 20.2 mA unless otherwise
specified. Efficiency is Vour X (luvieps * lnvienz + lnviens)/(Vin % Iin), matching curves are (Al gp wax/liep_ave)- See Table 37.

Three String, L=10puH, 500kHz

Three String, L=10pH, 1MHz

Figure 50. Efficiency vs I gp
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Figure 48. Efficiency vs I gp Figure 49. Efficiency vs I gp
90% Two String, L=10pH, 500kHz 90% Two String, L=10pH, 1MHz
0 0
88% 88%
—
86% 86% |fF—
—
< 84% < 84%
e e f
> 82% o % 82% —
E 80% E 80%
o o
m 78% m 78%
w 76% w 76%
74% 74%
72% 72%
70% 70%
0 12 24 36 48 0 12 24 36 48
ILED (mA) ILED (mA)

Top to Bottom: 2x3, 2x4, 2x5, 2x6, 2x7, 2x8, 2x9, 2x10 (LEDs)

Figure 51. Efficiency vs I gp

Three String, L=4.7pH, 500kHz
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Figure 52. Efficiency vs I gp

EFFICIENCY (%)

Three String, L=4.7pH, 1MHz
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Figure 53. Efficiency vs I gp

Copyright © 2014, Texas Instruments Incorporated

Submit Documentation Feedback 41

Product Folder Links: LM3633


http://www.ti.com/product/lm3633?qgpn=lm3633
http://www.ti.com
http://www.go-dsp.com/forms/techdoc/doc_feedback.htm?litnum=SNVS867&partnum=LM3633
http://www.ti.com/product/lm3633?qgpn=lm3633

LM3633
SNVS867 —JUNE 2014

13 TEXAS
INSTRUMENTS

www.ti.com

Vin=3.6V, V=32V @ 20 mA, Typical Application Circuit, T, = 25°C, Full-Scale Current = 20.2 mA unless otherwise
specified. Efficiency is Vour X (luvieps * lnvienz + lnviens)/(Vin % Iin), matching curves are (Al gp wax/liep_ave)- See Table 37.
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Figure 54. Efficiency vs I gp

Top to Bottom: 2x3, 2x4, 2x5, 2x6, 2x7, 2x8, 2x9, 2x10 (LEDs)
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Figure 55. Efficiency vs I gp
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Figure 58. HVLED Current vs Code
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Figure 59. HVLED Matching vs Code
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Vin=3.6V, V=32V @ 20 mA, Typical Application Circuit, T, = 25°C, Full-Scale Current = 20.2 mA unless otherwise
specified. Efficiency is Vour X (luvieps * lnvienz + lnviens)/(Vin % Iin), matching curves are (Al gp wax/liep_ave)- See Table 37.
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Figure 60. HVLED Matching vs Code Figure 61. LVLED Matching vs Code
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Vin=3.6V, V=32V @ 20 mA, Typical Application Circuit, T, = 25°C, Full-Scale Current = 20.2 mA unless otherwise
specified. Efficiency is Vour X (luvieps * lnvienz + lnviens)/(Vin % Iin), matching curves are (Al gp wax/liep_ave)- See Table 37.
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Figure 66. LED Current Ripple vs fpywm
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Figure 67. Charge Pump Output Short Circuit Current Limit
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Figure 68. Charge Pump Output Short Circuit Current

Limit vs Vg

Figure 69. Idle State Supply Current
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Figure 70. Start-up Response Figure 71. Response to Step Change in PWM Input Duty
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Vin=3.6V, V=32V @ 20 mA, Typical Application Circuit, T, = 25°C, Full-Scale Current = 20.2 mA unless otherwise
specified. Efficiency is Vour X (luvieps * lnvienz + liviens)/(Vin % Iin), matching curves are (Al gp wax/liep_ave)- See Table 37.
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200 us/div

Typical Application Circuit 3 x 6 LEDs

Figure 72. Line Step Response

8.3 Initialization Set Up

Table 39 shows the minimum number of register writes required for a two-parallel, seven-series LED
configuration. This example uses the default settings for ramp times (2048 psec), mapping mode (exponential)
and full-scale current (20.2 mA). In this mode of operation the LM3633 controls the brightness LSBs to ramp
between the 8-bit MSB brightness levels providing 11-bit dimming while requiring only 8-bit commands from the
host controller.

Table 39. Control Bank A, 8-Bit Control, Two-String, Seven Series LED Configuration Example

REGISTER NAME ADDRESS DATA DESCRIPTION
HVLEDC%%rfriZEtraSﬂig:ﬁ Output 0x10 0x04 HVLEDSs 1 and 2 assigned to Control Bank A
HVLED Current Sink 0x28 0x03 Enable feedback on HVLEDs 1 and 2, disable feedback on
Feedback Enables HVLED 3
Boost Control 0x2D 0x04 OVP = 32V, fqw = 500 kHz
Control Bank Enabled 0x2B 0x01 Enable Control Bank A
Control A Brightness LSB 0x40 0x00 Control A Brightness LSB written only once
Control A Brightness MSB 0x41 User Value Control A Brightness MSB updated as required

Table 40 shows the minimum number of register writes required for a two-parallel, six-series LED configuration
with PWM Enabled. This example uses the default settings for ramp times (2048 usec), mapping mode
(exponential) and full-scale current (20.2 mA). In this mode of operation the host controller must update both the
brightness LSB and MSB registers whenever a brightness change is required.

Table 40. Control Bank A, 11-Bit Control, Two-String, Six Series LED Configuration Example

REGISTER NAME ADDRESS DATA DESCRIPTION
HVLED Curr_ent S_mk Output 0x10 0x04 HVLEDs 1 and 2 assigned to Control Bank A
Configuration

Enable feedback on HVLEDs 1 and 2, disable feedback on

HVLED Current Sink
0x28 0x03 HVLED 3

Feedback Enables
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Table 40. Control Bank A, 11-Bit Control, Two-String, Six Series LED Configuration Example (continued)

REGISTER NAME ADDRESS DATA DESCRIPTION
Boost Control 0x2D 0x03 OVP =24V, fey =1 MHz
) . PWM Zero Detect = Enabled, PWM Polarity = Active High,
PWM Configuration Ox2F 0x0D Control B PWM = Disabled, Control A PWM = Enabled
Control Bank Enabled 0x2B 0x01 Enable Control Bank A
Control A Brightness LSB written as required
Control A Brightness LSB 0x40 User Value (NOTE: The Brightness LSB change does not take effect until the
Brightness MSB register is written.)

Control A Brightness MSB 0x41 User Value Control A Brightness MSB updated as required®

(1) Anytime the Brightness LSB is changed the Brightness MSB must be written for the Brightness LSB change to take effect.)

Table 41 shows the minimum number of register writes required for five low-voltage indicator LEDs. This
example uses the default settings for ramp times (2048 ys), mapping mode (exponential) and charge pump and
can be combined with either Table 39 or Table 40 above paying careful attention to the Brightness Configuration
and Control Bank Enable registers (these registers control both high-voltage and low-voltage LEDS). In this mode
of operation the host controller must update both Controls C and F brightness whenever a low-voltage LED
brightness change is required. In this example the indicator LEDs is not synchronized due to the time delay
between configuration of the Control C and Control F brightness settings. If synchronization of the indicator LED
timing is required the user must enable the Control Bank after writing all Control Bank brightness registers.

Table 41. Control Bank A Enable with Control Bank C and Control Bank F Low-Voltage LED
Configuration Example

REGISTER NAME ADDRESS DATA DESCRIPTION

LVLEDs 1, 2, and 3 assigned to Control Bank C
0x11 0x20 LVLED 4, 5 assigned to Control Bank F, LVLED 6 assigned to

LVLED Current Sink Output

Configuration Control Bank H
Control C Full-Scale Current 0x22 0x00 Set Full-Scale current to 5 mA
Setting
Control F Full-Scale Current 0x25 0x00 Set Full-Scale current to 5 mA
Setting
LVLED Current Sink 0x29 OX1F Enable feedback on LVLEDs 1, 2, 3, 4, 5; LVLED 6 disabled

Feedback Enables

Enable LVLED Control Banks F and C with HVLED Control Bank

A
Control Bank Enable 0x2B 0x25 (If synchronization of indicator LEDs is required enable Control
Bank after Control Banks C and F Brightness register
configuration)
Control C Brightness 0x44 User Value Control C Brightness written as required
Control F Brightness 0x47 User Value Control F Brightness updated as required

Table 42 shows the minimum number of register writes required to configure the pattern generator for all six low-
voltage indicator LEDs. This pattern sequences through all six indicator LEDs using a uniform delay time of
196.608 ms.

Table 42. Low Voltage LED Pattern Generator Configuration Example

REGISTER NAME ADDRESS DATA DESCRIPTION
LVLED Current Sink Output All low-voltage LED current sinks assigned to independent Control
) ’ 0x11 0x36
Configuration Banks
Control C Start-up/Shutdown 0x14 0x33 Set Start-up and Shutdown Ramp time to 1.049 seconds
Ramp Time
Control D Start-up/Shutdown .
Ramp Time 0x15 0x33 Set Start-up and Shutdown Ramp time to 1.049 seconds
Control & Start-u‘p/Shutdown 0x16 0x33 Set Start-up and Shutdown Ramp time to 1.049 seconds
Ramp Time
Control F Start-up/Shutdown .
Ramp Time 0x17 0x33 Set Start-up and Shutdown Ramp time to 1.049 seconds
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Table 42. Low Voltage LED Pattern Generator Configuration Example (continued)

REGISTER NAME ADDRESS DATA DESCRIPTION
Control G Start-up/Shutdown .
Ramp Time 0x18 0x33 Set Start-up and Shutdown Ramp time to 1.049 seconds
Control H Start-u_p/Shutdown 0x19 0x33 Set Start-up and Shutdown Ramp time to 1.049 seconds
Ramp Time
Control C//D/E Ramp Time 0x1C 0x33 Set Ramp Up/Down Transition time to 1.049 seconds
Control F/G/H Ramp Time 0x1D 0x33 Set Ramp Up/Down Transition time to 1.049 seconds
Control C FuII—_ScaIe Current 0x22 0x00 Set Full-Scale current to 5 mA
Setting
Control D FuII-_ScaIe Current 0x23 0x00 Set Full-Scale current to 5 mA
Setting
Control & FuII—_ScaIe Current 0x24 0x00 Set Full-Scale current to 5 mA
Setting
Control F FuII-_ScaIe Current 0x25 0x00 Set Full-Scale current to 5 mA
Setting
Control G FuII—_ScaIe Current 0x26 0x00 Set Full-Scale current to 5 mA
Setting
Control H FuII-_ScaIe Current 0x27 0x00 Set Full-Scale current to 5 mA
Setting
Control C Brightness 0x44 OxA5 Control C Brightness
Control D Brightness 0x45 OxA5 Control D Brightness
Control E Brightness 0x46 OxA5 Control E Brightness
Control F Brightness 0x47 OxA5 Control F Brightness
Control G Brightness 0x48 OxA5 Control G Brightness
Control H Brightness 0x49 OxA5 Control H Brightness
Control C Pattern Generator .
Delay Time 0x50 0x00 Set Control C Delay time to 16.384 ms
Control D Pattern Generator 0x60 0x0C Set Control D Delay time to 212.992 ms
Delay Time
Control E Pattern Generator !
Delay Time 0x70 0x18 Set Control E Delay time to 409.6 ms
Control F Pattern Generator 0x80 0x24 Set Control F Delay time to 606.208 ms
Delay Time
Control G Pattern Generator "
Delay Time 0x90 0x30 Set Control G Delay time to 802.816 ms
Control H Pattern Generator OXAO 0x3C Set Control H Delay time to 999.424 ms
Delay Time
Control C Pattern Generator 0x51 0x3A Set Control C Low Time to 950.27 ms
Low Time
Control D Pattern Generator 0x61 0x3A Set Control D Low Time to 950.27 ms
Low Time
Control & Pattern Generator 0x71 0x3A Set Control E Low Time to 950.27 ms
Low Time
Control F Pattern Generator 0x81 0x3A Set Control F Low Time to 950.27 ms
Low Time
Control G Pattern Generator 0x91 0x3A Set Control G Low Time to 950.27 ms
Low Time
Control H Pattern Generator OXAL 0x3A Set Control H Low Time to 950.27 ms
Low Time
Control C Pattern Generator . )
High Time 0x52 0x40 Set Control C High Time to 1507.33 ms
Control D Pattern Generator 0x62 0x40 Set Control D High Time to 1507.33 ms
High Time
Control E Pattern Generator . )
High Time 0x72 0x40 Set Control E High Time to 1507.33 ms
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Table 42. Low Voltage LED Pattern Generator Configuration Example (continued)
REGISTER NAME ADDRESS DATA DESCRIPTION
Control F Pattern Generator . )
High Time 0x82 0x40 Set Control F High Time to 1507.33 ms
Control G Pattern Generator 0x92 0x40 Set Control G High Time to 1507.33 ms
High Time
Control H Pattern Generator . )
High Time 0xA2 0x40 Set Control H High Time to 1507.33 ms
Control C Patterr_l Generator 0x53 0x01 Set Control C Low-Level Brightness
Low-Level Brightness
Control D Pattern Generator )
Low-Level Brightness 0x63 0x01 Set Control D Low-Level Brightness
Control E Patterr_l Generator 0x73 0x01 Set Control E Low-Level Brightness
Low-Level Brightness
Control F Pattern Generator )
Low-Level Brightness 0x83 0x01 Set Control F Low-Level Brightness
Control G Patterr_l Generator 0x93 0x01 Set Control G Low-Level Brightness
Low-Level Brightness
Control H Pattern Generator )
Low-Level Brightness 0xA3 0x01 Set Control H Low-Level Brightness
Pattern Generator Enables 0x2C OxFC Enable Control Bank C/D/E/F/G/H Pattern Generators
Control Bank Enables 0x2B OxFC Enable Control Banks C/D/E/FIG/H

9 Power Supply Recommendations

The LM3633 is designed to operate from an input supply range of 2.7 V to 5.5 V. This input supply should be
well regulated and provide the peak current required by the High-voltage LED and Low-voltage LED
configurations.

10 Layout

10.1 Layout Guidelines (Boost)

The LM3633 inductive boost converter detects a high switched voltage (up to Voyp) at the SW pin, and a step
current (up to I goost) through the Schottky diode and output capacitor each switching cycle. The high
switching voltage can create interference into nearby nodes due to electric field coupling (I = Cdv/dt). The large
step current through the diode and the output capacitor can cause a large voltage spike at the SW pin and the
OVP pin due to parasitic inductance in the step current conducting path (V = Ldi/dt). Board layout guidelines are
geared towards minimizing this electric field coupling and conducted noise. Figure 73 highlights these two noise-
generating components.
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Layout Guidelines (Boost) (continued)
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Figure 73. LM3633 Inductive Boost Converter Showing Pulsed Voltage at SW (High dv/dt) and Current
Through Schottky and COUT (High di/dt)

The following list details the main (layout sensitive) areas of the LM3633 inductive boost converter in order of
decreasing importance:

1. Output Capacitor
— Schottky Cathode to COUT+
— COUT-to GND
2. Schottky Diode
— SW pin to Schottky Anode
— Schottky Cathode to COUT+
3. Inductor
— SW Node PCB capacitance to other traces
4. Input Capacitor
— CIN+ to IN pin
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Layout Guidelines (Boost) (continued)
10.1.1 Boost Output Capacitor Placement

Because the output capacitor is in the path of the inductor current discharge path it sees a high-current step from
0 to lpgak €ach time the switch turns off and the Schottky diode turns on. Any inductance along this series path
from the cathode of the diode through COUT and back into the LM3633 GND pin contributes to voltage spikes
(Vspike = Lp x di/dt) at SW and OUT. These spikes can potentially over-voltage the SW pin, or feed through to
GND. To avoid this, COUT+ must be connected as close as possible to the Cathode of the Schottky diode, and
COUT- must be connected as close as possible to the LM3633 GND bump. The best placement for COUT is on
the same layer as the LM3633 so as to avoid any vias that can add excessive series inductance.

10.1.2 Schottky Diode Placement

In the LM3633 boost circuit the Schottky diode is in the path of the inductor current discharge. As a result the
Schottky diode sees a high-current step from 0 to Ipgak €ach time the switch turns off and the diode turns on.
Any inductance in series with the diode causes a voltage spike (Vspkg = Lp X di/dt) at SW and OUT. This can
potentially over-voltage the SW pin, or feed through to Vour and through the output capacitor and into GND.
Connecting the anode of the diode as close as possible to the SW pin and the cathode of the diode as close as
possible to COUT+ reduces the inductance (Lp ) and minimize these voltage spikes.

10.1.3 Inductor Placement

The node where the inductor connects to the LM3633 SW pin has 2 considerations. First, a large switched
voltage (0 to Vout *+ VE scHotTky) appears on this node every switching cycle. This switched voltage can be
capacitively coupled into nearby nodes. Second, there is a relatively large current (input current) on the traces
connecting the input supply to the inductor and connecting the inductor to the SW pin. Any resistance in this path
can cause voltage drops that can negatively affect efficiency and reduce the input operating voltage range.

To reduce the capacitive coupling of the signal on SW into nearby traces, the SW bump-to-inductor connection
must be minimized in area. This limits the PCB capacitance from SW to other traces. Additionally, high-
impedance nodes that are more susceptible to electric field coupling need to be routed away from SW and not
directly adjacent or beneath. This is especially true for traces such as SCL, SDA, HWEN, and PWM. A GND
plane placed directly below SW dramatically reduces the capacitance from SW into nearby traces.

Lastly, limit the trace resistance of the VIN-to-inductor connection and from the inductor-to-SW connection, by
use of short, wide traces.

10.1.4 Boost Input Capacitor Placement

For the LM3633 boost converter, the input capacitor filters the inductor current ripple, and the internal MOSFET
driver currents during turnon of the internal power switch. The driver current requirement can range from 50 mA
at 2.7 V to over 200 mA at 5.5 V with fast durations of approximately 10 ns to 20 ns. This appears as high di/dt
current pulses coming from the input capacitor each time the switch turns on. Close placement of the input
capacitor to the IN pin and to the GND pin is critical since any series inductance between IN and CIN+ or CIN-
and GND can create voltage spikes that could appear on the VIN supply line and in the GND plane.

Close placement of the input bypass capacitor at the input side of the inductor is also critical. The source
impedance (inductance and resistance) from the input supply, along with the input capacitor of the LM3633, form
a series RLC circuit. If the output resistance from the source (Rg) is low enough the circuit is underdamped and
has a resonant frequency (typically the case). Depending on the size of Lg the resonant frequency could occur
below, close to, or above the LM3633 switching frequency. This can cause the supply current ripple to be:

1. Approximately equal to the inductor current ripple when the resonant frequency occurs well above the
LM3633 switching frequency;

2. Greater than the inductor current ripple when the resonant frequency occurs near the switching frequency; or

3. Less than the inductor current ripple when the resonant frequency occurs well below the switching frequency.
Figure 74 shows the series RLC circuit formed from the output impedance of the supply and the input
capacitor.

The circuit is redrawn for the AC case where the VIN supply is replaced with a short to GND and the LM3633 +
Inductor is replaced with a current source (Al,). Equation 1 is the criteria for an underdamped response. Equation
2 is the resonant frequency. Equation 3 is the approximated supply current ripple as a function of Lg, Rg, and
C|N.
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Layout Guidelines (Boost) (continued)

As an example, consider a 3.6-V supply with 0.1 Q of series resistance connected to C,y through 50 nH of
connecting traces. This results in an under-damped input-filter circuit with a resonant frequency of 712 kHz.
Since both the 1-MHz and 500-kHz switching frequency options lie close to the resonant frequency of the input
filter, the supply current ripple is probably larger than the inductor current ripple. In this case, using equation 3,
the supply current ripple can be approximated as 1.68 times the inductor current ripple (using a 500 kHz
switching frequency) and 0.86 times the inductor current ripple using a 1-MHz switching frequency. Increasing
the series inductance (Lg) to 500 nH causes the resonant frequency to move to around 225 kHz, and the supply
current ripple to be approximately 0.25 times the inductor current ripple (500-kHz switching frequency) and 0.053
times for a 1-MHz switching frequency.

IsuppLY —» Al —»
Rs Ls L
AMA—_m _ YYYL _sw
. - LM3633
ViN Supply ____ Cn j[ q
IsuppLy —™
Rs Ls
C|NI l Alp
RZ2
1. L 5 T 5
LsxCp  4xLg
- | RESONANT an
1
2nx500kHz x C,,
3. IsuppLvrippie = Al X >
RS+ |2nx 500 kHz X Lg- ———+
21 x 500 kHz xC,

Figure 74. Input RLC Network

10.2 Layout Guidelines (Charge Pump)

The charge pump basically has three areas of concern regarding component placement:
1. The flying capacitor (CP)

2. The output capacitor (CPOUT)

3. The input capacitor

10.2.1 Flying Capacitor (CP) Placement

The charge pump flying capacitor must quickly charge up to the input voltage and then supply the current to the
output every switching cycle. Since the charge-pump switching frequency is 1 MHz, the capacitor must be a low-
inductance and low-resistive ceramic. Additionally, there must be a low-inductive connection from CP to the
LM3633 flying capacitor pin C+ and C-. This is accomplished by placing CP as close as possible to the LM3633
and on the same layer to avoid vias.
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Layout Guidelines (Charge Pump) (continued)

10.2.2 Output Capacitor (CPOUT) Placement

The charge pump output capacitor sees the switched charge from the flying capacitor every switching cycle (1
MHz). This fast switching action requires that a low inductive and low resistive capacitor (ceramic) be used and
that CPOUT be connected to the LM3633 CPOUT pin with a low inductive connection. This is done by placing

CPOUT as close as possible to the CPOUT and GND pins of the LM3633 and on the same layer as the LM3633
to avoid vias.

10.2.3 Charge Pump Input Capacitor Placement

The input capacitor for the LM3633 charge pump is the same one used for the LM3633 inductive boost converter
(see Boost Input Capacitor Placement section).

10.3 Layout Example

SCL SDA

HVLED1
HVLED2
HVLED3 Gl D

3.9mm

S

LVLED1 _'

d

HWEN Schottky

LVLEDG6 ovp
LVLED2

LVLED3
LVLED4

LVLEDS

PWM

6.9 mm

Figure 75. LM3633 Example Layout
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11 Device and Documentation Support

11.1 Device Support

11.1.1 Third-Party Products Disclaimer

TI'S PUBLICATION OF INFORMATION REGARDING THIRD-PARTY PRODUCTS OR SERVICES DOES NOT
CONSTITUTE AN ENDORSEMENT REGARDING THE SUITABILITY OF SUCH PRODUCTS OR SERVICES
OR A WARRANTY, REPRESENTATION OR ENDORSEMENT OF SUCH PRODUCTS OR SERVICES, EITHER
ALONE OR IN COMBINATION WITH ANY TI PRODUCT OR SERVICE.

11.2 Trademarks
All trademarks are the property of their respective owners.

11.3 Electrostatic Discharge Caution

This integrated circuit can be damaged by ESD. Texas Instruments recommends that all integrated circuits be handled with
A appropriate precautions. Failure to observe proper handling and installation procedures can cause damage.

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

SLYZ022 — TI Glossary.
This glossary lists and explains terms, acronyms and definitions.

12 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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PACKAGING INFORMATION

Orderable part number Status  Material type Package | Pins Package qty | Carrier RoOHS Lead finish/ MSL rating/ Op temp (°C) Part marking
@ @ ® Ball material Peak reflow ©)
@ ©)
LM3633YFQR Active Production DSBGA (YFQ) | 20 3000 | LARGE T&R Yes SNAGCU Level-1-260C-UNLIM -40to 85 633B
LM3633YFQR.A Active Production DSBGA (YFQ) | 20 3000 | LARGE T&R Yes SNAGCU Level-1-260C-UNLIM -40to 85 633B

@ status: For more details on status, see our product life cycle.

@ material type: When designated, preproduction parts are prototypes/experimental devices, and are not yet approved or released for full production. Testing and final process, including without limitation quality assurance,
reliability performance testing, and/or process qualification, may not yet be complete, and this item is subject to further changes or possible discontinuation. If available for ordering, purchases will be subject to an additional
waiver at checkout, and are intended for early internal evaluation purposes only. These items are sold without warranties of any kind.

® RoHS values: Yes, No, RoHS Exempt. See the Tl RoHS Statement for additional information and value definition.

@ Lead finish/Ball material: Parts 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.

® msL rating/Peak reflow: The moisture sensitivity level ratings and peak solder (reflow) temperatures. In the event that a part has multiple moisture sensitivity ratings, only the lowest level per JEDEC standards is shown.
Refer to the shipping label for the actual reflow temperature that will be used to mount the part to the printed circuit board.

© part marking: There may be an additional marking, which relates to the logo, the lot trace code information, or the environmental category of the part.

Multiple part markings will be inside parentheses. Only one part marking contained in parentheses and separated by a "~" will appear on a part. If a line is indented then it is a continuation of the previous line and the two
combined represent the entire part marking for that device.

Important Information and Disclaimer: The information provided on this page represents TI'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. TI has taken and continues to take reasonable steps to provide representative
and accurate information but may not have conducted destructive testing or chemical analysis on incoming materials and chemicals. Tl and Tl suppliers consider certain information to be proprietary, and thus CAS numbers
and other limited information may not be available for release.

In no event shall TI's liability arising out of such information exceed the total purchase price of the Tl part(s) at issue in this document sold by Tl to Customer on an annual basis.
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TAPE AND REEL INFORMATION
REEL DIMENSIONS TAPE DIMENSIONS
4 |+ KO [¢—P1—
L Regic oy Rogic e o T
o| |e o Bo W
el |
. Diameter ' '
Cavity —>| AO |<—
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 O O OO0 O 00 Sprocket Holes
| |
T T
St N Il )
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)
LM3633YFQR DSBGA | YFQ 20 3000 178.0 8.4 189 | 22 0.76 | 4.0 8.0 Q1
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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)
LM3633YFQR DSBGA YFQ 20 3000 208.0 191.0 35.0
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B. This drawing is subject to change without notice.
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