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ABSTRACT

This application report describes how to build high-density, high refresh rate, multiplexing panel with the
TLC5958; a 48 channel, 16-bit ES-PWM LED driver with pre-charge FET, LED open detection and display
data memory supporting 32-multiplexing.
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1 Introduction

The TLC5958 is a 48 channel, constant-current sink driver for multiplexing system with 1 to 32 duty ratio.
Each channel has an individually-adjustable, 65536-step, pulse width modulation (PWM) grayscale (GS).

The 48K bit display memory is implemented to increase the visual refresh rate and to decrease the GS
data writing frequency.

The TLC5958 implements Low Gray Scale Enhancement (LGSE™) technology to improve the display
quality at low gray scale condition. This feature makes the TLC5958 more suitable for high-density
multiplexing application.

The output channels are grouped into three groups, each group has 16 channels. Each group has a 512-
step color brightness control (CC) function. The maximum current value of all 48 channels can be set with
8-step global brightness control (BC) function. CC and BC can be used to adjust the brightness deviation
between LED drivers. GS, CC, and BC data are accessible via a serial interface port.

The TLC5958 has one error flag: LED open detection (LOD), which can be read via a serial interface port.
The TLC5958 also has a power-save mode that sets the total current consumption to 0.8 mA (typ) when
all outputs are off.
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The TLC5958 has the following features:
» 48 channels constant current sink output
* Low Gray Scale Enhancement (LGSE™) technology
* Sink Current Capability with Max BC/CC data:
- 25mAat5VvCC
— 20mA at 3.3 VCC
» Global Brightness Control (BC): 3 bit (8 Step)

» Color Brightness Control (CC) for Each Color
Group: 9-Bit (512 Step), Three Groups

» Grayscale (GS) control with multiplexed enhanced spectrum (ES) PWM: 16 bit
e 48K hit Grayscale data memory support 32-multiplexing
e LED power-supply voltage up to 10 V
* Vcc=3.0Vto55V
» Constant current accuracy
— Channel to Channel = £1% (Typ), 3% (Max)
— Device to Device = +1% (Typ), £2% (Max)
» Data Transfer Rate: 25 MHz
e Gray Scale Clock: 33 MHz
» LED Open Detection (LOD)
e Thermal Shut Down (TSD)
» Iref resistor Short Protection (ISP)
» Power-Save Mode (PSM) with high speed recovery
« Delay switching to prevent inrush current
e Pre-charge FET to avoid ghosting phenomenon
» Operating temperature: —40°C to 85°C

The TLC5958 is mainly targeted for the following applications:
e LED video displays with multiplexing system

» LED signboards with multiplexing system

» High refresh rate and high-density LED panels

Figure 1 is a typical application circuit of the TLC5958.
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Figure 1. Typical Application Circuit (Multiple Daisy Chained TLC5958s)
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2.2

Device Specification

Basic Information

Basic information, such as electrical characteristics, thermal package information, and recommended
operation conditions, can be found in (SLVSCE7Y).

The TLC5958 functional block diagram, pin-out information, and pin description is also found in the

datasheet (SLVSCE?7).

Switching Characteristics

AtV =3.0-55V, T, =-40-85°C, C, =15 pF, R_ =4 kQ, target at 1 mA loLC, VLED =5.0 V. Typical
values are at VCC = 3.3V, T, = +25°C( unless otherwise noted)

toa OUTGXx turn-on/off;
OUTGXx turn-on/off to
OUTBX turn-on/off, x = 0 — 15)

Parameter Test Conditions MIN  TYP MAX Unit
tro SOUT 2 5 ns
‘ Rise time OUTx0-15, x = R/G/B, BC = 7h, CCR/G/B = 1FFh, RIREF = 7.41 30 ns
RL kQ (25-mA target), T, = +25°C, R_ = 160 Q
tro SOUT 2 5 ns
¢ Fall time OUTx0-15, X = RIG/B, BC = 4h, CCR/G/B = 1FFh, RIREF = 12 20 ns
F1 kQ(10-mA target), T, = +25°C, R, =400 Q

SCLK?t to SOUT, SEL_TDO = 00b 15 ns
‘ SCLK? to SOUT, SEL_TDO = 01b 23 ns
Lo SCLK? to SOUT, SEL_TDO = 10b 32 ns
SCLK|t o SOUT, SEL_TDO = 11b 12 ns
to1 LAT| to SOUT, ReadFC1/2, ReadSID 26 50 ns
to, 0GﬁCLKl to OUTRO0/7/8/15 turn on or turn 13 ns
Propagation delay time between group
Propagation and next group
delzfy gme (OUTRO/7/8/15 turn-on/off to
t OUTR1/6/9/14 turn-on/off; RIREF = 7.41 kQ 5 ns
D3 OUTR1/6/9/14 turn-on/off to (25-mA target),
OUTR2/5/10/13 turn-on/off; BC = 7h, CCR/G/B =
OUTR2/5/10/13 turn-on/off to 1FFh,
OUTR3/4/11/12 turn-on/off) T, =+25°C, SEL_GDLY
Propagation delay time between color =1
and next color in same group
(OUTRXx turn-on/off to 167 ns
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2.3 Parameter Measurement Information
231 Pin Equivalent Input and Output Schematic Diagrams
*9 » vce

VCC i Tve
* OUTPUT

INPUT —¢—— " \N\N—9—9¢ o¢—---—-- ——— AN
- * GND

GND * oo oo
SIN/SCLK/LAT/GCLK SOuUT

OUTXn
(1)

(1) X=R or G or B, n=0~15
GND

(1) X=RorGorB,n=0-15
Figure 2. Pin Schematic Diagrams

2.3.2 Test Circuit

vCC RL
vee VLED vee
—_— OUTXn —_— vee
@ L, - souT—
GND 0 CL
T GND TU)
. ®
(1) CL includes measurement probe and jig capacitance. Y (1) CLincludes measurement probe and jig capacitance.
(2) X=R or G or B, n=0~15
Figure 3. Rise Time and Fall Time Test Circuit
VCC  ouTRO
vce L e {
—_ OUTXn
- S L VOUTXn
GND OUTBI5 | —¢ T )
VOUTSix
| T
A
(1) X=RorGorB,n=0-15
Figure 4. Constant Current Test Circuit for OUTXn
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Timing Diagrams

tro, tr1, tFo, tF1, tpo, tp1, tD2, tD3, tD4

----VCC or VOUTXnH

INPUT (1) 50%

---- GND or VOUTXnL

----VOH or VOUTXnH

OUTPUT 50%

- ——— VOL or VOUTXnL

1
: 1 tRortF
—p——————

[ I
(1) Input pulse rise and fall time is 1-3 ns.
(2) X=RorGorB,n=0-15

Figure 5. Output Timing

3 Detailed Description
3.1 How to use the TLC5958
After power on, all OUTXn of the TLC5958 are turned off. All the internal counters and function control
registers (FC1/FC2) are initialized. The following steps summarize operation of the TLC5958, providing a
general idea how this part works. After that, the function block related to each step is detailed in following
sections.
1. According to required LED current, choose BC and CC code, select the current programming resistor
Rirer-
2. Send WRTFC command to set FC1/2 register value if the default value needs to change.
3. Write GS data of all lines (max 32 lines) into one of the two memory BANKSs.
4. Send Vsync command, the BANK with the GS data just written is displayed.
5. Input GCLK continuously, 257GCLK (or 513GCLK) as a segment. Between the interval of two
segments, supply voltage should be switched from one line to next line accordingly.
6. During the same period of step 5, GS data for the next frame should be written into another BANK.
7. When the time of one frame ends, the Vsync command should be input to swap the purpose of the two
BANKsS.
Repeat step 5-7...
3.2 Step 1 — Choose BC and CC, Select Rz
3.2.1 What is BC Function?
The TLC5958 is able to adjust the output current of all constant-current outputs simultaneously. This
function is called global brightness control (BC). The global BC for all outputs is programmed with a 3-bit
word, thus, all output currents can be adjusted in 8 steps from 12.9% to 100% (see Table 2) for a given
current programming resistor (Rjger)-
BC data can be set via the serial interface. When the BC data changes, the output current also changes
immediately. When the device is powered on, the BC data in the function control(FC) register FC1 is set to
4h as the initial value.
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3.2.2 What is CC Function?

The TLC5958 is able to adjust the output current of each of the three color groups OUTRO-OUTR15,
OUTGO0-OUTG15, and OUTBO-OUTB15 separately. This function is called color brightness control (CC).
For each color, there is a 9-bit data latch CCR, CCG, or CCB in FC1 register (see Table 4 for FC1 register
bit assignment). Thus, all color group output currents can be adjusted in 512 steps from 0% to 100% of
the maximum output current, I cuax- S€€ next section for more details about I, sy The CC data are
entered via the serial interface. When the CC data changes, the output current also changes immediately.

When the IC is powered on, the CC data are set to ‘100h’. Equation 1 calculates the actual output current.
lout (MA) = lg.cvae (MA) X (CCR/511d or CCG/511d or CCB/511d) 1)

Where:
loLemax = the maximum channel current for each channel determined by BC data and Rk (see

Equation 2)
CCR/G/B = the color brightness control value for each color group in the FC1 register (000h to 1FFh)

Table 1 shows the CC data versus the constant-current against o, cyax-

Table 1. CC Data vs Current Ratio and Set Current Value

CC Data (CCR or CCG or CCB) . Output Current (mA, RIREF = 7.41 kQ)
. . Ratio of Output Current to = o
Bl Dzl X loleMax(%, typical) (lolcMax = 25 mA) | (lolcMax = 3.2 mA)

0 0000 0000 0 0 0 0 0
0 0000 0001 1 1 0.2 0.05 0.006
0 0000 0010 2 2 0.4 0.1 0.013
! ?Ec))gfc;g%oo (Déf5a6ult) (Dé%%lt) 501 12.52 1.621
111111101 509 1FD 99.6 24.9 3.222
11111 1110 510 1FE 99.8 24.95 3.229
111111111 511 1FF 100 25 3.235

3.2.3 How to Select R for a given BC

The maximum output current per channel, lo cva 1S decided by a resistor, R ke, Which is placed between
the IREF and IREFGND pins, and the BC code in FC1 register (see Table 4 for FC1 register bit
assignment). The voltage on IREF is typically 1.2 V. Rz can be calculated by Equation 2.

Riref (kQ) = Viref(V) / I cua(MA) x Gain (2)

Where:

Vzer = the internal reference voltage on IREF (1.20 V, typical)
loLemax 1S the largest current for each output at CCR/G/B = 1FFh.
Gain = the current gain at a selected BC code (see Table 2)

Table 2. Current Gain Versus BC Code

BC Data . . . .
- Gain Ratio of Gain/Gain_max (at Max BC®)
Binary HEX

000 (recommend) 0 (recommend) 20 12.90%
1 1 39.5 25.60%
10 2 58.6 37.90%
11 3 80.9 52.40%
100 (default) 4 (default) 100 64.70%
101 5 113.3 73.30%

@ Recommend to use smaller BC code for better performance. For noise immunity purpose, suggest Rjzer < 60 kQ.
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Table 2. Current Gain Versus BC Code (continued)
BC Data . . . .
- Gain Ratio of Gain/Gain_max (at Max BC®)
Binary HEX
110 6 141.6 91.70%
111 7 154.5 100%

3.2.4 How to Choose BC/CC for Different Application

BC is mainly used for global brightness adjustment between day and night. Suggested BC is 4h, which is
in the middle of the range, thus, one can change brightness up and down flexibly.

CC can be used to fine tune the brightness in 512 steps, this is suitable for white balance adjustment
between RGB color group. To get a pure white color, the general requirement for the luminous intensity
ratio of R, G, B LED is 3:6:1. Depending on LED’s characteristics (Electro-Optical conversion efficiency),
the current ratio of R, G, B LED will be much different from this ratio. Usually, the Red LED will need the
largest current. One can choose 511d (the max value) CC code for the color group which need the largest
current at first, then choose proper CC code for the other two color groups according to the current ratio
requirement of the LED used.

3.24.1 Example 1. Red LED Current is 20 mA, Green LED Needs 12 mA, Blue LED Needs 8 mA

Red LED needs the largest current, so choose 511d for CCR.

511 x 12 mA / 20 mA = 306.6, thus, choose 307d for CCG. With same method, choose 204d for CCB.
According to the required red LED current, choose 7h for BC.

4. According to Equation 2, Riref = 1.2 V/ 20 mA x 154.5 = 9.27 kQ.

In this example, we choose 7h for BC, instead of using the default 4h. This is because that the Red LED
current is 20 mA, which is approaching the upper limit of current range. To prevent the constant output
current from exceeding the upper limit in case a larger BC code is input accidently, we choose the max
BC code here.

w N e

3.2.4.2 Example 2: Red LED Current is 5 mA, Green LED Needs 2 mA, Blue LED Needs 1 mA

Red LED needs the largest current, so choose 511d for CCR.

511 x 2 mA /5 mA = 204.4, thus choose 204d for CCG. With same method, choose 102d for CCB.
According to the required Blue LED current, choose 0Oh for BC.

4. According to Equation 2, Riref = 1.2 V /5 mA x 20 = 4.8 kQ.

In this example, we choose Oh for BC, instead of using the default 4h. This is because the Blue LED
current is 1 mA, which is approaching the lower limit of current range. To prevent the constant output
current from exceeding the lower limit in case a lower BC code is input accidently, the min BC code is
selected here.

w N e

In general, if LED current is in the middle of the range (that is, 10 mA), one can just use the default 4h as
BC code.

3.3 Step 2 — Write Function Control Register FC1 and FC2

3.3.1 Input Data for FC1/2 Through Common Shift Register

The common shift register is 48 bits long and is used to shift data from the SIN pin into the TLC5958. The
data shifted into the register can be latched into GS memory unit, or latched into function control (FC)
registers FC1/2 depending on which command is received.

Figure 6 shows the configuration of the common shift register and the data latches.
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Common shift register (48bits)

1
1 MSB LSB I
: Common | Common | Common | Common | Common] Common | Common | Common | Common | Common | Common 4_:_ SIN
SOUT<—|— Data bit | Data bit | Data bit | Data bit | Data bit - Data bit | Data bit | Data bit | Data bit | Data bit | Data bit
| 47 46 45 44 43 5 4 3 2 1 0 “I‘ SCK
| 47 46 45 44 43 - 5 4 3 2 1 0 1
1 |
48bit
4 . Lower 44bit
FC1 data latch (44bits)
iy gy ey e A g
|l | msB Lse : This latch pulse is
. | generated when
48bit} | | BCBit2 | BCBit! | BCBito | ... | Reserve | SEL_GD | SEL_tDO [ SEL_tDO | LODVTH [LODVTH 4_:_ WRTFC command
| d LY Bit1 Bit0 Bit1 Bit0 input with '1001b’ in
[ A I N I common shift register
1 43 42 41 5 4 3 2 1 0 | bitd7~44
____________________________________________ 1
N\,
FC2 data latch (17bits) Lower 17bit
e |
1 M 0000O0O0O0OO____3 LSB | This latch pulse is
I | generated when
1 Reserve | Reserve SEL_ I MAX__LI MAX__LI MAX__LI MAX__LI 4=~ WRTFC command
1 d d PWM NE Bit3 | NE Bit2 | NE Bit1 | NE Bit0 | input with ‘0110b’ in
\ V-t common shift register
| 16 15 14 3 2 1 0 : bit47~44
\
GS memory data latch (48bits) 48bit
e [ 1 This latch pulse is
| MSB LsB | generated when
' 1 1 1T I """ | WRTGS command
| Bit15 of | Bit14 of | Bit13 of | Bit12 of | Bit11 of R Bit5 of Bit4 of Bit3 of Bit2 of Bit1 of Bit0 of [ input. Which PP"“OO of
1 Blue Blue Blue Blue Blue Red Red Red Red Red Red | memory be writen is
[ A S R S S DR selected by CH counter,
| 47 46 45 44 43 . 5 4 3 2 1 0 : line write counter, and

bank selection bit.

Figure 6. Common Shift Register and Data Latch Configuration

The LSB of the common shift register is connected to SIN and the MSB is connected to SOUT. On each
rising edge of SCLK, the data on SIN are shifted into the LSB and all 48 bits are shifted towards the MSB.
The register MSB is always connected to SOUT.

When the device is powered on, all 48 bits of the common shift register are set to '0'".

3.3.2 How to Write Function Control Register

TLC5958 use commands FCWRTEN and WRTFC to latch the data of common shift register into
FC1/FC2. These commands are distinguished by the number of SCLK rising edge included in the LAT
pulse. Table 3 describes more about these two commands.

Table 3. WRTFC/FCWRTEN Commands Description

SCLK Rising
Co,\rl\;r:q:;nd Edges While LAT Description
is High
WRTFC 5 The lower 44-bit data or the lower 17-bit data in common shift registers are copied to the FC1
(FC data or FC2 register. Bit47-44 of the common shift register will be used to choose which FC register
write) be written to.
If ‘1001b’ is received for bit47—-44 of common shift register, then the lower 44-bit in common
shift register will be copied to FC1 register.
If ‘0110b’ is received for bit47—-44 of common shift register, then the lower 17-bit in common
shift register will be copied to FC2 register.
Refer to Figure 7 for a timing diagram of this command operation.
FCWRTEN 15 FC writes are enabled by this command. This command must always be input before the FC
(FC write data write occurs. Refer to Figure 7 for a timing diagram of this command operation.
enable)

10 Build High-Density, High-Refresh Rate, Multiplexing LED Panel with TLC5958
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3.3.3

Note that the FCWRTEN command must be input before inputting the WRTFC command, otherwise this
WRTFC command will be neglected.

When inputting the WRTFC command, the bit47-bit44 of common shift register is used to choose which
FC register be written to. See Table 3 for more details.

Refer to Figure 7 for a detailed command input timing diagram.

Function Control (FC) Register FC1

FC1 is used to select BC/CC code, group delay, low grayscale enhancement feature, and LED open
detection (LOD) voltage.

Table 4 shows the FC1 register bit assignment.

Table 4. FC1 Register Bit Assignment

" 5 Default
Bit Bit s
Value Description

No. Name (Binary)

1-0 LODVTH 01b LOD detection threshold voltage. These two bits select the detection threshold voltage for the
LED open detection (LOD). Table 5 shows the detect voltage truth table.

32 SEL_TDO 01b TDO select. SOUT hold time is decided by TDO definition and selection. Table 6 shows the
detail.

4 SEL_GDLY 1b Group delay select.
When this bit is ‘0", there is no delay between channels. All channels turn on at same time.
When this bit is ‘1", channels turn on with different delay times, thus the inrush current is
minimized. See Table 7 for more detail.

6-5 LGSE1-B 00b Low Gray Scale Enhancement for blue color, can be used to solve the 1st line issue which
commonly happens in high density, multiplexing panel, also is helpful for the white balance at
low grayscale condition.

The functionality is as follows:

00b — no enhancement

01b — weak enhancement

10b — medium enhancement

11b — strong enhancement
7 RSV Ob Reserved data. Don't care.

9-8 LGSE1-G 00b Low Gray Scale Enhancement for green color, can be used to solve the 1% line issue which
commonly happens in high density, multiplexing panel, also is helpful for the white balance at
low grayscale condition.

The functionality is as follows:
00b — no enhancement

01b — weak enhancement
10b — medium enhancement
11b — strong enhancement

10 RSV Ob Reserved data. Don't care.

12-11 LGSE1-R 00b Low Gray Scale Enhancement for red color, can be used to solve the 1% line issue commonly
happens in high density, multiplexing panel, also is helpful for the white balance at low
grayscale condition.

The functionality is as follows:
00b — no enhancement

01b — weak enhancement
10b — medium enhancement
11b — strong enhancement

13 RSV Ob Reserved data. Don't care.

22-14 cCB 1 0000 Color brightness control data for BLUE color group (Data = 000h-1FFh. See Table 1)

0000b
31-23 CCG 1 0000 Color brightness control data for GREEN color group (Data = 000h-1FFh. See Table 1)
0000b

40 - 32 CCR 1 0000 Color brightness control data for RED color group (Data = 000h-1FFh. See Table 1)
0000b

43 - 41 BC 100b Global brightness control data for all output (Data = Oh- 7h. See Table 2)
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e FCV\ T TTTTTT
Cr X XX X X teponteare /6 ow ‘ow/wS ' ) 2, S

~15 SCLK rising edge must be

LAT —=Z7input while LAT is high. Then FC ¢
>> « |register is enabled to be written | 55 4
77 !

44-bit FC1 $ SN STrr X Nowsata

Data Latch 7
/II
. // 1/ - e
I;;Ela)ltzt%ﬁ S\ FC2 register content unchanged \\ ;,I ________

’
5 SCLK rising edge must be input while LAT is high. If the
bit47~44 of the common shift register is “1001b’, then the
lower 44 bit of common shift register is copied to FC1
register at the falling edge of LAT

_-15 SCLK rising edge must be

Vi
- input while LAT is high. Then FC
LAT g >> « | register is enabled to be written ,4
77

44-bit FC1 \\ FC1 register content unchanged \\ I"

Data Latch . //
/
/
17-bit FC2 ’\’\ ’\’\ P /," X

Data Latch
’
’
’
,I
5 SCLK rising edge must be input while LAT is high. If the
bit47~44 of the common shift register is ‘0110b’, then the
lower 17 bit of common shift register is copied to FC2
register at the falling edge of LAT

Figure 7. FC Write Enable (FCWRTEN) and FC Data Write (WRTFC) Command

New data

Table 5. LOD Threshold Voltage Truth Table

LODVTH LED Open Detection (LOD)
Bit1 Bit0O Threshold Voltage

0 0 VLODO (0.10 V typ)

0 1 VLOD1 (0.25 V typ, Default value)

1 0 VLOD2 (0.40 V typ)

1 1 VLOD3 (0.50 V typ)
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Table 6. TDO Definition and Selection

SEL_TDO L .
— - TDO Definition and Selection
Bit3 Bit2

0 0 TDO is the time from SCLK? to SOUT1|, typical value 15 ns.
Once SCLK1 is received, with 15 ns delay, SOUT begins to change.

0 1 TDO is the time from SCLK1 to SOUT1|, typical value 23 ns (default value when power up).
Once SCLKY is received, with 23 ns delay, SOUT begins to change.

1 0 TDO is the time from SCLK? to SOUT1|, typical value 32 ns.
Once SCLK? is received, with 32 ns delay, SOUT begins to change.

1 1 TDO is the time from SCLK| to SOUT1|, typical value 12 ns.
Once SCLK| is received, with 12 ns delay, SOUT begins to change.
One can adjust the hold time from SCLK1 to SOUT1| by changing duty of SCLK

Table 7. Group Delay When SEL_GDLY =1

OUiELE T Ou?ped?)é;gﬂﬁelzlr'?mnGCC):rI;/}f)Tfft(()ns)
OUTRO/7/8/15 tD2
OUTGO0/7/8/15 tD2 + 1.67
OuUTBO0/7/8/15 tD2 + 3.34
OUTR1/6/9/14 tD2 +5
OUTG1/6/9/14 tD2 +5 + 1.67
OuUTB1/6/9/14 tD2 +5 + 3.34
OUTR2/5/10/13 tD2 + 10

OUTG2/5/10/13 tD2 + 10 + 1.67
OUTB2/5/10/13 tD2 + 10 + 3.34
OUTR3/4/11/12 tD2 + 15

OUTG3/4/11/12 tD2 + 15 + 1.67
OUTB3/4/11/12 tD2 + 15 + 3.34
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3.34 Function Control (FC) Register FC2
FC2 is used to select ES-PWM mode, pre-charge function, power save mode, and the multiplexing ratio.
Table 8 shows the FC2 register bit assignment.
Table 8. FC2 Register Bit Assignment
Bit ) Default o
Nlhe Bit Name \{alue Description
(Binary)
4-0 MAX_LINE 0 0000b | Multiplexing ratio select. Based on the multiplexing ratio in real application, correct
scan line number should be selected here. Table 9 shows the scan line number vs
MAX_LINE setting.
5 PSAVE_ENA Ob Power Save mode select. When this bit is ‘0’, power save function is disabled. This
is the default value when power is on.
When this bit is ‘1", power save function is enabled. The TLC5958 will enter power
save mode if all ‘0’ GS data is input. If detect a non ‘0’ GS data input, normal mode
will be resumed. Refer to Figure 26 for the timing diagram of enter/exit power save
mode.
6 SEL_GCLK_EDGE Ob GCLK edge select.
When this bit is ‘0", OUTn only turns on/off at the rising edge of GCLK, this is the
default setting;
When this bit is ‘1, OUTn turns on/off at both edge (rising and falling) of GCLK. At
this condition, the maximum input GCLK is 16.5 MHz.
7 SEL_PCHG Ob Pre-charge working mode select.
When this bit is ‘1":
After power on, Pre-charge FET is enabled. When 1st GCLK input, pre-charge FET
is turned off and stays off until this segment finished (257" GCLK in 8+8 mode, or
513" GCLK in 9+7 mode). Once this segment finished, Pre-charge FET is turn on
again. This means the Pre-charge FET keep off during whole segment period, and
remains on during the dead-time (the time between two adjacent segments).
When this bit is ‘0"
After power on, Pre-charge FET is enabled. When 1st GCLK input, the pre-charge
FET state will depends on the GS data. If GS = 0, then the pre-charge FET will
always keep on. If GS>0, the Pre-charge FET will be turn off, and will be turn on
again once the output channel is turn off. This means the Pre-charge FET will only
keep off during the period in which the channel is on.
See Figure 27 for more detail.
10-8 RSV All Ob Reserved data. Don’t care.
11 EMI_REDUCE_B Ob EMI reduce select for blue channels.
When this bit is ‘0", EMI noise contributed by blue channels will be reduced.
When this bit is ‘1’, EMI noise contributed by blue channels is at default value.
However, low grayscale visual effect will be better.
12 EMI_REDUCE_G Ob EMI reduce select for green channels.
When this bit is ‘0", EMI noise contributed by green channels will be reduced.
When this bit is ‘1’, EMI noise contributed by green channels is at default value.
However, low grayscale visual effect will be better.
13 EMI_REDUCE_R Ob EMI reduce select for red channels.
When this bit is ‘0", EMI noise contributed by red channels will be reduced.
When this bit is ‘1’, EMI noise contributed by red channels is at default value.
However, low grayscale visual effect will be better.
14 SEL_PWM Ob ES-PWM mode select.
When this bit is ‘0", 8BMSB + 8LSB mode is chosen. The whole 65536 GCLK display
period is divided into 256 segments. Each segment include 257 GCLK. LED turn on
time is scattered in these 256 segments.
When this bit is ‘1, 9MSB + 7LSB mode is chosen. The whole 65536 GCLK display
period is divided into 128 segments. Each segment include 513 GCLK. LED turn on
time is scattered in these 128 segments.
See Section 3.6.2 “Multiplexed Enhanced Spectrum(ES) PWM Control” for more
detail.
16 - 15 LGSE2 00b Besides LGSE1-R/G/B in FC1, these two bits will also improve the first line issue at
low grayscale condition.
00b — no improvement
01b — weak improvement
10b — medium improvement
11b — strong improvement
14 Build High-Density, High-Refresh Rate, Multiplexing LED Panel with SLVAG645-December 2014
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34.1

Table 9. Scan Line Number vs MAX_LINE Setting

MAX_LINE (Bit4—Bit0) Scan Line Number
0 0000b 1
0 0001b 2
0 0010b 3
01111b 16
11101b 30
11110b 31
11111b 32

Step 3 — Write GS Data into one Memory BANK

Overview of the Memory Structure

The bottleneck for a traditional PWM LED driver to realize a high visual refresh rate is the GS data
transmission limitation. To remove this limitation, the TLC5958 has 48K bit display memory implemented.
With this memory size, a multiplexing LED display system with from 1 up to 32 duty ratio (that is, 32
multiplexing) is supported.

The memory is divided into two BANKs: BANK A and BANK B. One is read for current display image, the
other one is written with GS data of next display image. This BANK selection is decided by BANK_SEL bit
which is an internal flag bit. At power on, BANK_SEL = 0, thus BANK A is selected to be written with GS
data for next frame, while the GS data in BANK B is read out for current frame display. When the time of
one frame elapsed, Vsync command (see Section 3.4.2 for detail) should be input, and the usage of these
two BANKSs will be exchanged. By this method, TLC5958 can display the image of current frame at a very
high refresh rate, without the limitation of GS data transmission. See Figure 8 for this BANK select mode
change.

[¢——SIN
[&——SCLK

[&——SIN
[¢&——SCLK

SOUT ¢— 48bits common shift register SOUT ¢— 48bits common shift register

N
#

Memory BANK A

Memory BANK B

Memory BANK A

Memory BANK B
Store GS data for
next frame

Selector

i

| Multiplexing ES-PWM |

{

OUTRO - OUTB15

BANK select mode B

Store GS data for Used for current Used for current
next frame frame display frame display
| Multiplexing ES-PWM | :>
OUTRO - OUTB15 Vsync command
BANK select mode A
Figure 8. BANK Select Mode Change
3.4.2 What’s Vsync Command?

Vsync is the Vertical Frame Synchronization command. When the period of one frame ends, this
command should be input to exchange the usage of the two memory BANKS, then the new image in the

other BANK is displayed in the coming frame period.
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If 3 SCLK rising edges are detected during LAT high period, then TLC5958 considers this as a Vsync
command.

Table 10. Vsync Commands Description

SCLK Rising
Command Name Edges While Description
LAT is High
Vsync (Vertical 3 Vertical Synchronization signal. When this command is received, BANK_SEL bit
Synchronization) will be toggled, and all counters will be reset to 0. New frame images will be
displayed in coming frame period. Refer to Figure 9 for a timing diagram of this
command operation.

All the internal counters are initiated once the Vsync command is received. Figure 9 shows the timing of
Vsync command.

3 SCLK rising edge must
-~ be input while LAT is high

LAT « ol (R
) /)
Y
|

//
BANK SEL————Af———————————— -
(internal bit Ny 0(or 1) Toggedtoior0) Ny
! r~*~ BANK_SEL is toggled, all counters are reset to 0 at the falling edge of LAT
. . V7 A B H R ¥ B
I-”z:eomrtléer \\ Old counter value Reset to 0 SS_
. \/
Charnel —m———m—————m—m—m ¥ ™ ™ ™  (C7V09Z/0D/Z7/—/7 7777077/ T\V o €
Counter \\ Old counter value \ X Reset to 0
// \. ____________________________
GS Counter S\ Old counter value \ X Reset to 0 SS_

\

Li R Y A . R Y
mc?our??eci S\ Old counter value \ X Resetto0 SS_ _____________________

\

. A . B
Sub-Period S\ Old counter value X Reset to 0 SS_

Counter

Figure 9. Vertical Synchronization (Vsync) Command

3.4.3 Detail of the Memory BANK
Each BANK contains all the GS data of 32 scan lines. Each line is comprised of sixteen 48 bits-width
memory units. Each unit contains the R/G/B grayscale(GS) data of one channel. For example, the
memory unit for channel 0 contains 16-bit GS data for OUTRO, 16-bit GS data for OUTGO, and 16-bit GS
data for OUTBO. Figure 10 shows the bit arrangement of this memory unit. In this example, bit 32-47
contains the 16-bit GS data for OUTBO (Pin10 of IC) for line x.
T T T T T T T T T T T T T T T T T T T T T T T T ST T oSS s s e e e e e e e
: Bit 47 Bit 46 Bit 32 Bit 31 Bit 30 Bit 16 Bit 15 Bit 14 Bit 0 |
I Bit15 for | Bit14 for Bit0 for | Bit15 for | Bit14 for Bit0 for | Bit15 for | Bit14 for Bit0 for : One Memory Unit
: outBo | outBo | "~~~ | outBo | ouTGo |outGo | T~ | ouTGo | ouTRo |OUTRO | T 77 | OUTRO | (Channel 0 of line x)
|
|
L |
Figure 10. Bit Arrangement of One Memory Unit
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Depending on the scan line number selected in the FC2 register (bit4—0), the total memory units to be

written in one BANK is: 16 x scan_line_number. For example, if 32 multiplexing is chosen, then 512 (32 x
16 = 512) memory units should be written during one frame period. Figure 12 shows the memory structure

detail.

3.4.4 Write GS Data to one Memory Unit (48 Bits-Width) With WRTGS Command
If TLC5958 detected one SCLK rising edge during LAT high period, it considers this as WRTGS

command, and will latch the data of common shift register into one memory unit (48-bits width) at the

falling edge of LAT.

The data of common shift register is latched into memory unit according to Figure 11 bit sequence. When
GS data is shifted into the common shift register, bit 15 of OUTBn (Blue color) should be input first.

48bits common shift register

! Bit47 Bit 46 Bit32 ! Bit31 Bit 30 Bit16 ! Bit15 Bit 14 Bit0 !
Bit15 for | Bit14 for | _ _ _ | Bitofor | Bit15for |Bitt4for | _ _ _ | Bit0for | Bit15for |Bitt4for | __ | Bit0for J¢&—— SIN
SOuT < OUTBn | OUTBN ouTBn | outen | ouTGn oUTGn | OUTRn | OUTRn OUTRn |e—— scLk
Higher 16bits Middle 16bits Lower 16bits
for OUTBN for OUTGn for OUTRn
_________ Yy _ YN __
| i
: Bit 47 Bit 46 Bit32  Bit31 Bit 30 Bit16  Bit15 Bit 14 Bit 0 |
| )
: Bit15 for | Bit14 for | _ _ | Bitofor | Bit15for |Bitt4for | _ __ | Bit0for | Bit15for |Bitt4for | _ _ _ | Bit0for | One Memory Unit
| OUTBn | OUTBn OUTBn | OUTGn | OUTGn OUTGn | OUTRn | OUTRn OUTRn | (Channel n)
| |
| |
|

Figure 11. Latch Common Shift Register Data into One Memory Unit
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] ]
1 1
SOUT«+—] : 48bits common shift register : SIN
T ! o ! le—— SOLK
1Bit47 Bit32IBit31 Bit161Bit15 Bito:
] ]
I qmmmmm——————————— When WRTGS command received,
Higher 16bits Middle 16bits Lower 16bits thel48b|tsldata in common shift
register will be copied to one
"""""""""""""""""""""""""""""""""""""""" 1 unit(48bits width) of the memory.
| BANK_SEL bit(an internal bit), Line
1 write counter, and Channel address
v N ! counter will decide which unit be
/ Bitt5  Channel 0, Blue GS Bito[Bitt5  Channel 0, Green GS  Bito[Bit15  Channel 0, Red GS Bit0 | written to.
1
Bit15  Channel 1, Blue GS Bito[gitt5  Channel 1, Green GS  Bito|gitt5 ~ Channel 1, Red GS Bit0 |
1
Bit15  Channel 2, Blue GS Bito[Bit15 ~ Channel 2, Green GS  Bito[Bit15  Channel 2, Red GS Bit0| > Line 0 '
1
_______________ !
Bit15 Channel 15, Blue GS Bito[Bit15 ~ Channel 15, Green GS  Bito[Bit15 Channel 15, Red GS Bit0 |
1
Bit15 Channel 0, Blue GS Bit0 |Bit15 Channel 0, Green GS Bit0[Bit15 Channel 0, Red GS Bit0 :
1
Bitt5s  Channel 1, Blue GS Bito[Bit15 ~ Channel 1, Green GS  Bito[Bit15  Channel 1, Red GS Bit0 ,
Bit15 Channel 2, Blue GS Bit0[Bit15 Channel 2, Green GS  Bit0|Bit15 Channel 2, Red GS Bit0| » Line 1 |
1
BANKA L - oo e :
1
Bit15  Channel 15, Blue GS  Bito[gitt5 ~ Channel 15, Green GS  Bito|git15 ~ Channel 15, Red GS Bit0|J \
|
1
|
1
Bitt5s  Channel 0, Blue GS Bito[Bit15 ~ Channel 0, Green GS  Bito[Bit15  Channel 0, Red GS Bit0 A ,
Bit15  Channel 1, Blue GS Bito[Bit15 ~ Channel 1, Green GS  Bito[Bit15  Channel 1, Red GS Bit0 ‘
1
Bitt5s  Channel 2, Blue GS Bito|Bit15 ~ Channel 2, Green GS  Bito|Bit15  Channel 2, Red GS Bito[ MLine 31 ,
1
_______________ :
1
\ s Channel 15, Blue GS  siofsiis  Channel 15, Green GS  siofitis  Channel 15, Red GS Bit0|J !
|
/ Bit15  Channel 0, Blue GS Bito[git15 ~ Channel 0, Green GS  Bito|gitt5 ~ Channel 0, Red GS Bit0 \
1
Bit15 Channel 1, Blue GS Bit0 [Bit15 Channel 1, Green GS  Bit0|Bit15 Channel 1, Red GS Bit0 ,
Bit15  Channel 2, Blue GS Bito[Bit15 ~ Channel 2, Green GS  Bito[gitt5  Channel 2, Red GS Bit0| >Line 0 |
_______________ |
|
Bit15 ~ Channel 15,Blue GS  Bito[Bit15 ~ Channel 15, Green GS  Bito[Bitt5 ~ Channel 15, Red GS  Bito ) \
1
Bit15  Channel 0, Blue GS Bito[git15 ~ Channel 0, Green GS  Bito[Bit15 ~ Channel 0, Red GS Bit0 A ,
Bit15  Channel 1, Blue GS Bito[Bit15 ~ Channel 1, Green GS  Bito[Bit15  Channel 1, Red GS Bit0 |
1
Bit15  Channel 2, Blue GS Bito[Bit15 ~ Channel 2, Green GS  Bito[Bitt5 ~ Channel 2, Red GS Bito[ > Line 1 |
1
BANKB < - oo e :
1
Bit15 Channel 15, Blue GS Bit0 [Bit15 Channel 15, Green GS  Bit0 [Bit15 Channel 15, Red GS Bit0| ) '
1
1
____________________________ 1
|
Bit15  Channel 0, Blue GS Bito[Bit15 ~ Channel 0, Green GS  Bito[Bit15 ~ Channel 0, Red GS Bit0 |
1
Bit15  Channel 1, Blue GS Bito[Bit15 ~ Channel 1, Green GS  Bito[Bitt5 ~ Channel 1, Red GS Bit0 ,
1
Bit15  Channel 2, Blue GS Bito[Bit15 ~ Channel 2, Green GS  Bito[Bit15s ~ Channel 2, Red GS Bit0 Line31 |
1
_______________ !
\ |Bit15 Channel 15, Blue GS BitO|Bit15 Channel 15, Green GS Bit0|Bit15 Channel 15, Red GS Bit0 |
1
1

Figure 12. Memory Structure

BANK_SEL bit(an internal bit), Line write address counter, and channel address counter will decide which
unit to be written.

Figure 13 shows the timing of this command.
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Line Write 0 [ 00000b 0w
Counter 2 The channel address counter va)ll}Je is increased
‘e 7 by 1 for each WRTGS command{ir{lput.
Z
Channel )7 ) Y A
Counter 0 ()() \ X ! ()() x 2
_The data in the 48-bit common shift register are copied {o the memory unit selected
(¢ .~ by BANK_SEL, Line write counter, and channel counter|
Memory unit %5 K f)f) ........
(BANKA, Line0, Old GS data (e New GS data (e \
Channel )Y Yy \ ........
Memory unit (G O ——— | S
(BANKA, Line ) Old GS data ) X NewGs data
Channel1) )) . °~TTT==="
! |
! |
1 1
. (( ((
Memory unit ) -
(BANKA, LineO, (c Old GS data o
Channel 15) )Y N—---eee-
Memory unit f)f) f)f) ........
(BANKA, Line 1, ‘0 Old GS data o
Channel 0) ) -
Figure 13. 48-Bit GS Data Write (WRTGS) Command
3.45 Write GS Data to one Memory BANK

One BANK contains maximum memory units (48 bits-width) number is: 32 lines x 16 channels = 512.

Depending on the multiplexing ratio selected in the FC2 register (bit4-0), the total memory units needed to
be written in one BANK is: 16 x scan_line_number. Users should write to these memory units one by one
sequentially. A detailed description follows:

After power on, BANK_SEL bit, line write counter, and channel counter are reset to 0. Thus, the memory
unit of BANK A, Line 0, Channel 0 are selected to be written with the 48-bits GS data in common shift
register when WRTGS command received.

After that, the channel counter increments (+1), then the memory unit of BANK A, Line 0, and channel 1
will be copied with the 48-bit data in common shift register when next WRTGS command input.

In this sequence, when all sixteen channel’s memory unit of line 0 have been written, the channel counter
will be higher than 15. At this moment, the channel counter will be reset to 0, and line counter will +1.

Next, the sixteen channel’s memory unit of line 1 is written one by one in same method. When linel is
finished, line counter increments (+1), and the sixteen channels of line 2 are written.

In this manner, when the line counter is higher than MAX_LINE (see Table 9), it means all scan lines had
been updated with new GS data, then the line counter is reset to 0.

See Figure 14 for this timing diagram.
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See Figure13 for the detail The channel address counter value is increased
_- timing of WRTGS command by 1 for each WRTGS command input
‘/ // /
/
Input command  |wrtes|  |wrres|  |wrres! ( [wrres| fwrres| [wrres]  [wrres| I [wrrad]

L S N

((::232?:: o A1 A 2 )C---SS.--X 5 (Ao A 1 X 2 )C___ss___)( 15 R0

_ - Line write counter increased by 1 when channel counter reset to 0 \.

Line Write (’(‘ - ('
Counter 9 (,(, X ! (/(; 2
Input command  [wrras|  [wrtes|  |wrres| . [wrres| |wrres|  |wrres |WRTGs|____1)S‘_“ |WRTGS|

Channel — V. VY . VY ~—~O)r--
Counter 0 X ! x 2 X.--.SS.--X 15

Line Write
Counter

S><a

5
31 (C -7
))

Line write counter is reset to 0 when it reached the programmed max scan line
number (in this example, we assume MAX_LINE=1Fh).

Figure 14. Memory Write Sequence

3.5 Step 4 — Send Vsync Command to Switch the BANK Purpose
Send Vsync command, then the BANK to which the GS data had been written in previous step will be
displayed in the coming frame period. See Figure 9 to learn how to send Vsync command.

3.6 Step 5— Input GCLK to Begin Display the Image of one new Frame

Input GCLK continuously, 257GCLK (or 513GCLK) as a segment. Between the interval of two segments,

LED supply voltage should be switched from one line to next line accordingly. Since TLC5958 needs

some time to prepare GS data for the 1% line of a new frame, after sending Vsync command (falling edge

of LAT pulse), some wait time (2.5uS) is needed before sending the 1% GCLK .

3.6.1 Basic Knowledge: What's PWM CONTROL?

PWM Control means pulse width modulation (PWM) control scheme, which control the OUTx pin turn on

ratio during one display period proportional to the GrayScale (GS) data of this channel. The use of 16-bits

GS data per channel results in 65536 brightness steps, from 0% up to 100% brightness.

For example:

« If GS =0, then OUTx will not turn on during one display period (65536 GCLK period totally), the
brightness is 0%

* If GS =500, then during one display period, OUTx will turn on 500 GCLK period, then the brightness
ratio will be 500/65535 = 0.763% (Assume 100% brightness if 65535 GCLK period is turn on during
one display period)

» If GS = 65534, then during one display period, OUTx will turn on 65534 GCLK period, then the
brightness ratio will be 65534/65535 = 99.9985%

3.6.2 Multiplexed Enhanced Spectrum (ES) PWM Control

TLC5958 is designed mainly for multiplexed display system. It uses an innovative Multiplexed ES PWM

method to improve the visual refresh rate while maintain the best grayscale performance.
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Two PWM modes can be selected: 8-bit MSB + 8-bit LSB (8+8) mode, and 9-bit MSB + 7-bit LSB (9+7)
mode. This is decided by SEL_PWM (bit 14 of FC2 register).

3.6.2.1  8+8 mode ES PWM Control
When SEL_PWM (bit 14 of FC2 register) = 0, ES-PWM is in 8MSB + 8LSB mode.

In the conventional 8MSB + 8LSB ES-PWM control, one total display period (include 65536 GCLK period)
is divided to 256 display segments. Each segment has 256 GCLK periods. The OUTx total on-time during
one display period is distributed evenly in these 256 segments. By this mean, the visual refresh rate is
increased by 256 times.

This is a good method for static display system, but not good for multiplexed (dynamic) display system. If
one finished all the 256 segments of one scan line, then change to display another scan line, the refresh
rate will be very low.

In TLC5958's multiplexed ES PWM control, one display period is divided into 256 sub-periods, which
corresponding to the 256 segments of the conventional ES-PWM. During one sub-period, all scan lines
will display their corresponding segment sequentially. When all scan lines finished their segment, this sub-
period ends, and next sub-period will start. Because each scan line has a chance to display in one sub-
period, thus the visual refresh rate is 256 time higher than that of the conventional ES-PWM control.

The time of one sub-period will determine the visual refresh rate, as Equation 3 shows:
fRefresh = 1/tSub-per|0d (3)

Where:

fretresn 1S the visual refresh rate
tsub-perioa 1S the time of one sub-period needed.

Figure 15 shows the timing of multiplexed ES PWM operation in 8+8 mode.
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Conventional ES-PWM (8+8 mode)
(Static Driver)

(GS Data = 0000h)

(GS Data = 0001h)

(GS Data = 0002h)

(GS Data = 0003h)

16382 16385 32766 32769 49153 65278 65281 65534
255 257 16383 16386 32767 32770 49151 49154 65279 65282 65535 1 2 3
123 256 258 16384 16387 32768 32771 49152 65280 65283 65536
GCLK ¢TI ¢TI g UL g UL ¢ MU
| Segment 0 : Seg 1 Seg :Seg Seg | Seg Seg : Seg Seg 1 Segment 255 1 Seg1
1 1
(Voltage Level = High) | i 63 |64 127 1 128 191 1 192 254, |
- I I I I I 1 1
| (( I (¢ I (( I (( I (( ((
OUTxn OFF I )) : )] : )] I ) : ) : )) :
ON ________. -:- (Voltage Level = Low) | : ! : :
1 1 1
: I I : I : :
1 1 1 1 1 1 1
1 1 1 1 I 1 1
! (( ! (( ! (( ! (( ! (( ! (( !
OUTXn OFF |_| )Y X )7 X )7 T )7 ' )7 T D) LI_
__________ 1 1 1
ON 1 1 1 : 1 : 1
1 | 1 1 1 | : 1 1
—! e—t=GCLK ! ! —»| = t=GCLK | ' i
[ | | [ | | |
. (( H (( H (( . (( H (( ((
OUTXn OFF I_I D) ) )7 | )7 l_l ) | )7 i )7 I_I_
ON ccmmmmee 1 : : : : I
1 1 1 1 I 1 1
1 1 1 1 I 1 1
1 1 1 1 I 1 1
1 1 1 1 1 1 1
| (( | (¢ | (( | (( | (( ; (( '
!
OUTXn OFF I_I )) : ) I_I ) U ) : )7 T )
ON . . i i |—I
1 1 1 1 I 1 1
1 1 1 1 I 1 1
1 1 1 1 I 1 1
1 1 1 1 1 1 1
| Segment 0 |Seg 1| ISeg 63|Seg 64| ISeg 127beg 12&1 beg 191Seg 192’ beg 254 Segment 255 ISeg OI
/ ‘\ // II
/ \ it !
)/ v L /!
Multiplexed ES-PWM (8+8 mode) )/ \ . /
(32 multiplexing ratio) J \ 7 I/
/ \ 7’
! ’ \ . . , ! I
1 Total Display Period I
€ ————— = T DEEEELL ol isplay Ferlod _ _ S e > K
| \ g L
Selected Scan line , i | Sub-Period ! L | /
number for PWM control | /" Sub-Period 0 | Sub-Period 1 | 2~254 | ,* Sub-Period 255 | Syb-Period 0
B e [ Lt e * - e -l >
1

3.6.2.2

Scan line 0
Scan line 1

v
Scan line 30

Scan line 31

External LED anode
side switch

SWCOM 0
SWCOM 1

v
SWCOM 30
SWCOM 31

-

|
1
:
|
|
! L] L]
: - -
1
1 1 1
\ | | 257 x32x
1 257 x 32 GCLK 1 257 x 32 GCLK 1 253 GCLK
|- —m - mmmm———mm———— L e - - -
1 1 1
1 1 1
1 I 1
1 1 1
1 ON 1 ON 1
|
[ Lo [ Lo .. Loocceeee
|
|
|
————— e

Figure 15. Multiplexed ES-PWM Operation (8+8 mode)

9+7 Mode ES PWM Control

When SEL_PWM (bit 14 of FC2 register) = 1, ES-PWM is in 9MSB + 7LSB mode.

In the conventional 9MSB +7LSB ES-PWM control, one total display period (include 65536 GCLK period)
is divided to 128 display segments. Each segment has 512 GCLK periods. The OUTx total on-time during
one display period is distributed evenly in these 128 segments. By this mean, the visual refresh rate is

increased by 128 times.
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This is a good method for static display system, but not good for multiplexed (dynamic) display system. If
one finished all the 128 segments of one scan line, then change to display another scan line, the refresh
rate will be very low.

In TLC5958's multiplexed ES PWM control, one display period is divided into 128 sub-periods, which
corresponding to the 128 segments of the conventional ES-PWM. During one sub-period, all scan lines
will display their corresponding segment sequentially. When all scan lines finished their segment, this sub-
period ends, and next sub-period will start. Because each scan line has a chance to display in one sub-
period, thus the visual refresh rate is 128 times higher than that of the conventional ES-PWM control.

Figure 17 shows the timing of multiplexed ES PWM operation in 9+7 mode.
3.6.3 How to input GCLK and Address of Lines for Multiplexing

3.6.3.1 Example: 8+8 Mode, Multiplexing Ratio 1/32

Example: 8+8 mode, Multiplexing ratio 1/32

Interval between segments. This time depends on the discharge circuit of scan
lines. It can be as short as possible, as long as no ghost phenomena observed.
Suggested range is 0.5uS~1uS

Tsu3>25u8 -~ RN

L] N
] ] ] ] ]
] ] ] ] ]
o Lo

GCLK I 257GCLK| I 257GCLKI I 257GCLKI SS I 257GCLKI 257GCLKI I 257GCLKI I 257GCLKI SS—

S A e
! Sub-Period 0 ! Sub-Period 1 !

D D TS G GETID T GETED GETED G ST C

Address (A4~A0) for
selection of scan lines

Vsync command H,/’

(SCLK/LAT) 5§

g~
N2

Write GS data | Start writing GS data to another BANK for next frame display image

(SIN/SCLKI/LAT)

g~ Jd~
NZNINGEN

Figure 16. Controller Timing Sequence, 8+8 Mode, 32 Multiplexing

3.6.3.2 Example: 9+7 Mode
Same timing sequence as 8+8 mode, except 513GCLK per segment instead of 257GCLK per segment.
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Conventional ES-PWM (9+7 mode)
(Static Driver) 16382 16385 32766 32769 49153 65278 65281 65534
255 257 16383 16386 32767 32770 49151 49154 65279 65282 65535 1 2 3
123 256 258 16384 16387 32768 32771 49152 65280 65283 65536
GCLK
1 Segment0 ! Seg 1 Seg :Seg Seg 1Seg Seg ! Seg Seg | Segment 127 1 Seg0
1 1 1 1
31 132
(Voltage Level = High) : : : & : b4 % : % 126 : :
I (( I (( I (( | (( I (( (C
(?UTxn OFF I )) : )] : )) ) ) : ) : )] :
(GS Data=0000h)  ON _________ - (Voltage Level = Low) | | ! i |
1 1 1
: 1 1 : I : :
1 1 1 1 1 1 1
1 1 1 1 I 1 1
! (( ! (( ! (( ! (( ! (( ! (( !
OUTXn OFF )) \ )) \ )) ; )) \ )) : ))
(GS Data=0001h) ON —-—oee__ |_| H H | H '
B ! ! L : ! !
—» le—t=GCLK | ! —» —t=GCLK | | |
(B | | [ | | |
(( L (C L (( , (C L (( ((
OUTXn OFF I )Y " ) 1 1)) f M) ) M) | )
(GS Data=0002") ON —cceeee__.l ! ! l_| ! I
1 1 1 1 I : :
1 1 1 1 I 1 1
1 1 1 1 I 1 1
1 1 1 1 1 1 1
| (( | (( | (C | (( | (( ; (( '
1 L l
OUTXn OFF I—l )) : )) I_I )) U )) : )) [ ))
(GSData=0003n) ON __________| . . ! I I
1 1 1 1 I 1 1
1 1 1 1 I 1 1
1 1 1 1 I 1 1
1 1 1 1 1 1 1
| segmento  [seg 1|  [seg3ilseg32|  |seg63lseg64| peg95lseg96| seg 12  Segment 127 | seg of
// ‘\ /// II
)/ \ /// ’/I
Multiplexed ES-PWM (9+7 mode) )/ \ . /
(32 multiplexing ratio) J \ 7 I/
/ \ 4
! ’ \ . . , ! I
e S N 1 Tolal DisplayPerid S R
! 4 “ 7 | i
. / 1
Selected Scan line | / " | Sub-Period ! // | /
number for PWM control | /" Sub-Period 0 1 Sub-Period 1 | 2~126 1 " Sub-Period 127 | Syb-Period 0
B i A i P D T T Pl >
| | | | 4 |
. 1
Scantine 0[] - | - -
. I 1 I
Scanline 1 | | | i | | | i | | | |
! : 1 : 1 : : : 1 : 1
' 1 1 1 1 1
v ! v ! v ! | ! v ! v
. 1 1 1 * 1 1
nlin
Scan e 30 | — — ; |
Scanfine 31 | 1 — | —
1 I 1
' i | 513x32x | i
| 513 x 32 GCLK i 513 x 32 GCLK | 125GCLK 1 513 x 32 GCLK I
|- —m—— - o B A REEEE LR >
External LED anode 1 1 1 1 I
side switch | 1 1 1 1
1 ON 1 ON | I ON I ON
1
1

SWCOM 0 | | o L [ ] o . | | o — [ Lo

SWCOM 1 i_,_[___ 5 ) ___i_ _________ i_,_[____i_l_l

v
SWCOM 30
SWCOM 31

Figure 17. Multiplexed ES-PWM Operation (9+7 mode)

3.7 Finish the Last Two Steps to Operate TLC5958

3.7.1 Step 6 — During the same period of step5, GS data for next frame should be written into another
BANK

See Figure 16 for detail.
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3.7.2 Step 7 — When the time of one frame ends, Vsync command should be input to swap the
purpose of the two BANKs

Example: A big picture of the timing sequence, 9+7 mode

Example: A big picture of the timing sequence, 9+7 mode

Write GS to BANK A Write GS to BANK A Write GS to BANK A
1 1
ll 1 1
. ' | \
Wnte‘ FC12 Write GS to BANK B \ Write GS to BANK B \
: \ \ ! '// o | / o |
h
sinscLkiar [ ] ] 1 | ” | ” | [] | |1
T * R N
| I A 1l I Il
: Vsynf: Vsynlc Vsynlc Vsynlc Vsynlc
| | | | | |
Address (A4~A0) for i i ! ! ! !
selection of scan lines | | | Address sequence repeat |I | Address sequence repeat |I | Address sequence repeat |I | Address sequence repeat |I
T T T ] | |
| | | | | |
| | | | | |
GCLK ! ! I . ) | X |
! | | ‘Dlsplay BANK A || | Display BANK B || | Display BANK A || | Display BANK B ||
4 i DN i i | |
/ : : Include many cluster$ of GCLK. Each cluster includd 513 GCLK pulses. There is ~0.5uS interval between two |
Power (/)n | | clusters. During this interval, power supply should be c}hanged from one scan line to next line. :
| | | | | |
| | | | | |
st : nd ; rd ; th ;
i i* - TFramePeriod __ 1, __2"FramePeiod ___\, __ 3 FramePericd __ 1, ___4"FramePeriod __ |
1 1
1 1

Figure 18. Timing Sequence, 9+7 mode

3.8 Led Open Detection (LOD)

3.8.1 How does LOD Operate?

LOD function detect a fault caused by an open circuit in any LED string, or a short from OUTXn to ground
with low impedance, by comparing the OUTXn voltage to the LOD detection threshold voltage level set by
LODVLT in the FC1 register (see Table 5). If the OUTXn voltage is lower than the programmed voltage,
the corresponding output LOD bit will be set to '1' to indicate a opened LED. Otherwise, the output of that
LOD bit is '0' (see Figure 19). LOD data output by detect circuit are valid only during the ‘on’ period of that
OUTXn output channel. LOD data are always ‘0’ for outputs that are turned off.

VLED

A

LED lamp

LOD data - .
1= Error + ouUTXn
w VLOD

1~25 mA
On-Off with maximum
control BC/CC data

GND
Figure 19. LOD Detect Circuit of One Channel

The output of LOD detect circuit are loaded into the 48-bit register called SID holder (Figure 20 shows the
bit arrangement of this SID holder) at the rising edge of the thirty-third GCLK in each segment. To get a
correct detecting result, it's necessary to make sure OUTXn kept ‘on’ in the thirty-third GCLK period in one
segment. See Figure 21 for the timing diagram.
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I

: Bit47  Bit46 Bit32  Bit31 Bit 30 Bit16  Bit15  Bit14 Bit 0 |
I

: Lobfor| LoDfor | ___ | LoDfor| LODfor | LODfor | ___ | LoDfor | LODfor | LODfor | ___ | LoDfor [ |
| | outrs| oUTR14 OUTRO | 0UTG15| ouTG14 OUTGO | OUTB15 |OUTB14 ouTBO | |
! |
! I

8+8 mode (SEL_PWM=0):

GCLK |||||

1 2

255 256
The 48-bit output of LOD detector are copied to SID
register at the 33th GCLK rising edge (when GS
_ -~ counter =32) in each segment. .o
((C (C (( (C
)T T )T )T ) )T
OUtpUt of LOD 0 / Detected LOD data 0 or 1 (c \ 0 / Detected LOD data 0 or 1 (¢ \ 0
Detector 5y ) 06 5y ) 06
(( \ (( (( \ ((
SID holder 0ld LOD data {){) X ()() New LOD data ()() X ()() New LOD data
)) )) )) ))

9+7 mode (SEL_PWM = 1):

GCLK |||||

1 2

s Counter 5z Y0 Y1 X, X

The 48-bit output of LOD detector are copied to SID
register at the 33th GCLK rising edge(when GS
_ -~ counter =32) in each segment. ~

(C ((C (C ((C
)T T )T )T \ ))
Output of LOD 0 / Detected LOD data 0 or 1 % \ 0 / Detected LOD dataOor1 \ 0
Detector Sy ) S 5% A (¢
g \ g g \ g
SID holder Old LOD data (,( X (,( New LOD data (,( X (}(] New LOD data

Figure 21. LOD Information Latch Into SID Holder

3.8.2 Read LOD Information With READSID Command

Once TLC5958 detected 7 rising edges of SCLK during LAT high period, it consider this as a READSID
command. The 48bit data in SID holder will be latched into common shift register at the falling edge of
LAT signal. After that, 48 SCLK pulse should be input to shift out the LOD data at the SOUT pin.

Figure 22 shows this timing diagram.
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O 6D 6D ) LI ) D D D & 6D 6D ) & €D G &

sowe [P T e

1 2 7 1 2 3 4 5 6 __C 44 45 46 47 48
LAT |
¢ A
Lob \/Lob Viob VLob Viop V Lob LOD XLODXLOD LoD \/ LoD
OuTS >< >< >< Z / rR15 A R14 A R13 AR12 AR11 A R10 EXB4 B3 B2 B1 ><Bo><
I
1

1
The 48-bit LOD information in SID data latch are copied to common shift register at the LAT
signal falling edge. The sequence of these LOD information in common shift register is
shown as below.

_- 7 SCLK rising edge must
= be input while LAT is high.
e q) e input while is hig

LOD information(48 bit) hold in SID data latch

|
| |
-== -== -== |
: LOD for | LOD for o LOD for | LOD for | LOD for o LOD for | LOD for | LOD for o LOD for |
| | OUTR15| OUTR14 OUTRO | OUTG15 | OUTG14 OUTGO | ouTB15 |OUTB14 OUTBO |
| T~ T -1 !
I 1 1 I
[ ] [ I (NN AR RN NN RU
T T T T T [ N N N I
[ [
| A A — - v v y . S v v y — - y |
SOUT 4:—w Bit 47 Bit 46 -=- Bit 32 Bit 31 Bit30 -=- Bit16 Bit15 Bit14 -——- Bit 0 | SIN
| o o _ [~ SCK
| 'MSB LSB! |
| |
Common shift register (48 bits)
Figure 22. LOD Information Read (READSID) Timing
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3.8.3 Suggested LED Open Detection Process

Write GS=FFFFh for all channels in one page memory

y

Input “Vsync” command

y
Apply VLED to line 0

A

» Input 257 GCLK (if choose 9+7 mode, then 513GCLK should be input)

y
Input READSID command

Y

Input 48xN(N is the IC number in series) SCLK, read LOD data at SOUT

All line finished?

NO

Apply VLED to next line

Figure 23. Example of LOD Detection Process (8+8 mode)

3.9 How to Read Function Control Register

Once TLC5958 detected 10 rising edges of SCLK during LAT high period, it consider this as a READFC1
command. The 44 bit data in FC1 register will be latched into the lower 44bit of common shift register at
the falling edge of LAT signal. Other bits in the common shift register will be reset to 0.

Once TLC5958 detected 11 rising edges of SCLK during LAT high period, it consider this as a READFC2
command. The 17 bit data in FC2 register will be latched into the lower 17 bit of common shift register at
the falling edge of LAT signal. Other bits in the common shift register will be reset to 0.

Then the loaded data can be read out from SOUT synchronized with the SCLK rising edge.
Refer to Figure 24 and Figure 25 for the timing diagram of these two commands.
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0 G ' G S (EEED € 6 € €D 6D & &) & € €D &) &

_- 10 SCLK rising edge must
= be input while LAT is high.
e q>\ e input while is hig

‘\‘

/

>< >< >< :S ia7\/Bita6 \/ Bita5\/ Bita4 FC1 FC1 _3 FC1 FC1 FC1 FC1 Fp1><

sout ;X% X "on X o X 0b XBit43 B|t42 B|t4 B|t3 Bit2 Bit1 A_Bit0
I

1
The 44-bit data in FC1 register are copied to lower 44-bit of common shift register
at the LAT signal falling edge. The other bits in common shift register are reset to 0.

Figure 24. FC1 Data Read (READFC1) Command

SIN :X*1 X *1 X 1 X y *1: Don’t care X *1 X *q qu x 1 X *1 X * X 1 Xj
s [P LD L LT LT
33-2-45
LAT
A \‘ 55 55
SOuUT >< >< >< :S B|t47 B|t46 B|t45 D<B|t18 B|t17 BF|tC1% gﬁzsx_s; >< Eﬁg >< Elct:12 E%

/
The 17-bit data in FC2 register are copied to lower 17-bit of common shift register
at the LAT signal falling edge. The other bits in common shift register are reset to 0.

Figure 25. FC2 Data Read (READFC2) Command

_- 11 SCLK rising edge must
= be input while LAT is high.
e q>\ e input while is hig

((
))

3.10 Function Commands Summary

In Table 11 is a summary of all the seven commands that can be input with SCLK and LAT signals:
WRTGS, VSYNC, WRTFC, READSID, READFC1, READFC2, and FCWRTEN.

Table 11. Function Commands Summary

SCLK Rising
Command Name | Edges While Description
LAT is High
WRTGS The 48-bit data in common shift register are copied to the memory unit selected by Channel
(48-bit GS data 1 address counter, Line write counter, and BANK_SEL bit. Refer to Figure 13 for a timing
write) diagram of this command operation.
Vsync Vertical Synchronization signal. When receive this command, BANK_SEL bit will be toggled,
(Vertical 3 and all counters will be reset to 0. New frame image will be displayed in coming frame
Synchronization) period. Refer to Figure 9 for a timing diagram of this command operation.
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3.11 Power-Save Mode (PSM)

Table 11. Function Commands Summary (continued)

SCLK Rising
Command Name | Edges While Description
LAT is High
The lower 44-bit data or the lower 17-bit data in common shift register are copied to the FC1
or FC2 register. Bit47—-44 of the common shift register will be used to choose which FC
register be written to.
WRTFC 5 If ‘1001b’ received for bit47—-44 of common shift register, then the lower 44-bit in common
(FC data write) shift register will be copied to FC1 register.
If ‘0110b’ received for bit47—-44 of common shift register, then the lower 17-bit in common
shift register will be copied to FC2 register.
Refer to Figure 7 for a timing diagram of this command operation.
READSID The 48-bit LOD data in the SID data latch are copied to the 48-bit shift register. The loaded
7 data can be read out from SOUT synchronized with the SCLK rising edge. Refer to Figure
(SID data read) 22 for a timing di f thi i
g diagram of this command operation.
The 44-bit data in the FCL1 register are copied to the lower 44-bit of shift register. Other bits
READFC1 10 in the shift register will be reset to 0. The loaded data can be read out from SOUT
(FC1 data read) synchronized with the SCLK rising edge. Refer to Figure 24 for a timing diagram of this
command operation.
The 17-bit data in the FC2 register are copied to the lower 17-bit of shift register. Other bits
READFC2 1 in the shift register will be reset to 0. The loaded data can be read out from SOUT
(FC2 data read) synchronized with the SCLK rising edge. Refer to Figure 25 for a timing diagram of this
command operation.
FCWRTEN 15 FC writes are enabled by this command. This command must always be input before the FC

(FC write enable)

data write occurs. Refer to Figure 7 for a timing diagram of this command operation.

The power-save mode (PSM) is enabled by setting PSAVE_ENA (bit5 of FC2 register) to ‘1’. When power
on, this bit default is ‘0’

When this function is enabled, if all the GS data received for next frame are ‘0’, IC will enter power-save
mode at the moment Vsync command input.

In power-save mode, IC will detect if non-zero GS data is input for next frame. Among all the GS data for
next frame, if anyone is non-zero, it will start to resume normal mode once finish the whole GS input for

next frame.

See Figure 26 for the timing diagram.

In power-save mode, all analog circuits like constant current output, LOD circuit, and so forth, do not work,
the device total current consumption Icc is below 1 mA.
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All the GS data written during this period Among all the GS data written during this period, if
are 0, IC will enter power-save mode anyone is not 0, IC will begin resume to normal
once receive Vsync command at the mode once receive the last WRTGS command at
falling edge of LAT. the falling edge of LAT.
| / | / x |
SIN/SCLK/LAT [l wiecsweanks | [l wicosweanka | Il write cstoBankB
[ i | i
Vsync Vsync | VsyncI
! ! :
|
. | ! .
GCLK  pisplay BANK B| | Display BANK A | I | Display BANK B | : | Display BANK A
i 150uS (Max) :
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| Power-Save Mode

i
v /
|
Enter Power-Save! Start to resume

mode immediately | normal mode
! I Fully recovered
1
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: N+2"" Frame Period
|

1

Figure 26. Enter/Exit Power-Save Mode

3.12 Ghost Removal

The internal pre-charge FET is implemented to remove ghosting of multiplexed LED modules. One cause
of this phenomenon is the charging current for parasitic capacitance of OUTXn through the LED when the
supply voltage switches from one common line to next common line.

To prevent this unwanted charging current, TLC5958 uses an internal FET to pull OUTXn up to VCC-1.4
V, during the common line switching period. Thus, no charging current is flowing through the LED
anymore and the ghosting is eliminated.

Two working modes of pre-charge can be selected with SEL_PCHG, bit 7 of FC2.

When this bit is ‘0’, which is the default setting, the pre-charge FET only remains off during the period in
which the channel is on.

When this bit is ‘1’, the pre-charge FET remains off during the whole segment period (257 GCLK period),
and only keep on during the dead-time (the time between two adjacent segments).

Figure 27 shows this difference (take 8+8 mode as example).
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At this GCLK edge, channel is turn off, Pre-charge

8+8 mode, SEL_PCHG=0: / /FET will be turned on at same time.
T pEpEEEnE gy
1 2 32 3 34 256 257 1 2 32 33 34 256 257
(C (C (C
OUTXn  OFF ON / ) OFF ——___ ) )
§
TTe-ol In this segment, channel will not be
turn on. As a result, the Pre-charge
()(} ()(} . FET will always keep on.
Line N | (( i e
)

(¢
- ))
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~

(C (¢
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8+8 mode, SEL_PCHG=1:

1 2 32 3 34 256 [ 257 1 2 32 33 34 256 257
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OUTXn OFF ON / )) OFF ) )y
55
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. ) ) | ’
Line N I / (¢ (¢
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during the whole segment. ,’
: R g $ |
. / N /
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Figure 27. Pre-charge FET Working Mode

3.13 Protection

3.13.1 Thermal Shutdown (TSD)

The thermal shutdown (TSD) function turns off all constant-current outputs of the IC when the junction
temperature (T,) exceeds the 170°C (typ). It resume normal work once T, lower than 160°C(typ).

3.13.2 IREF Resistor Short Protection (ISP)

The Iref resistor short protection (ISP) function prevent the unwanted large current from flowing though the
constant-current output when Iref resistor is shorted accidently. TLC5958 will turn off all output channels

when Iref pin voltage lower than 0.125 V(typ). When Iref pin voltage higher than 0.35 V(typ), the TLC5958
will resume normal work again.

3.14 Noise Reduction

Large surge currents may flow through the IC and the board on which the device is mounted if all 48 LED
channels turned on simultaneously at the 1% GCLK rising edge. This large surge current could induce
detrimental noise and electromagnetic interference (EMI) into other circuits.

32 Build High-Density, High-Refresh Rate, Multiplexing LED Panel with SLVAG645-December 2014

TLC5958 Submit Documentation Feedback
Copyright © 2014, Texas Instruments Incorporated


http://www.ti.com
http://www.go-dsp.com/forms/techdoc/doc_feedback.htm?litnum=SLVA645

13 TEXAS
INSTRUMENTS

www.ti.com Detailed Description

The TLC5958 separate the LED channels into 12 groups. Each group include 4 output channels. It turns
on these groups sequentially with a 1.67 ns (typ) delay between one group and the next group. By this
means, a soft-start feature is provided. See Table 7 for the detail turn on delay sequence.

The turn-off of LED channels is implemented with a same delay scheme.

This group delay function is enabled by default at power on. However, it can be disabled by setting
SEL_GDLY (bit4 of FC1 register) to ‘0.

3.15 Low Gray Scale Enhancement (LGSETM)

First (1%) line issue is a common phenomena in multiplexing application, especially in high density, high
refresh rate panel. This issue can be solved by choosing different setting of LGSE1-R, LGSE1-G, LGSE1-
B in FC1 register. Adjust these control bits will also help improve the white balance at low grayscale
condition.

Table 12. LGSE1-R/G/B Effect Summary

LGSE1-R (FC1)

- - Low Grayscale Enhancement Effect
Bit12 Bit1l

0 0 No

0 1 Weak

1 0 Medium

1 1 Strong

LGSE1-G(FC1) Low Grayscale Enhancement Effect
Bit9 Bit8

0 0 No

0 1 Weak

1 0 Medium

1 1 Strong

LGSE1-B(FC1) Low Grayscale Enhancement Effect
Bit6 Bit5

0 0 No

0 1 Weak

1 0 Medium

1 1 Strong

Different multiplexing ratio needs different setting:
1. The higher multiplexing ratio is, the higher enhancement needed.
2. The enhancement of G/B should be higher than that of Red color.

For example, one suggested setting for a 1/32 multiplexing panel is:
LGSE1-R = 01b, LGSE1-G = LGSE1-B = 11b

Besides the above counter measures, choose setting of LGSEZ2, bit15-16 of FC2 register, will also help
improve the 1° line issue at low gray scale condition.

Table 13. LGSE2 Effect Summary

LGSE2(FC2)
- - Low Grayscale Enhancement Effect
Bit16 Bit15

0 0 No

0 1 Weak

1 0 Medium

1 1 Strong
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A third method to improve low grayscale performance is to set EMI_REDUCE_R(G/B), bit 11-13 of FC2.
When set some of these bits to 1, the white balance and 1% line issue at low grayscale may be improved;
While, keep these bits at 0 will be helpful for EMI performance. A trade-off need be made based on the
test result of the specific application.
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Texas Instruments Incorporated and its subsidiaries (TI) reserve the right to make corrections, enhancements, improvements and other
changes to its semiconductor products and services per JESD46, latest issue, and to discontinue any product or service per JESDA48, latest
issue. Buyers should obtain the latest relevant information before placing orders and should verify that such information is current and
complete. All semiconductor products (also referred to herein as “components”) are sold subject to TI's terms and conditions of sale
supplied at the time of order acknowledgment.

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

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

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

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

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

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

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

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

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

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