
Chapter 3 

Novel Digital-to-Analog Converter with Gamma 

Correction for On-Panel Data Driver 

 
3.1 INTRODUCTION 

 

As last chapter description, we know that there is a nonlinearity relationship 

between luminance and human visual system. For this reason, a data driver with 

gamma correction is necessary in TFT-LCD panel. The Data driver mainly contains 

shifter register, data latch, level shifter, digital-to-analog converter (DAC) and analog 

output buffer. DAC is used convert the digital RGB signal to analog gray level. It is an 

important and essential part in the driving system of TFT-LCD panel. In this chapter, 

the analysis and comparison of the many kinds of DAC circuits will be introduced 

particularly. Moreover, a novel DAC with gamma correction for on-panel data driver 

will be proposed and verified in this chapter. 

 

3.2 DIGITAL-TO-ANALOG CONVERTERS [11]-[14] 
 

3.2.1 R-String DAC with Switch Array Decoding 

Fig. 3.1 shows a 6-bit R-string DAC circuit. The architecture of this DAC requires no 

digital decoders. This conventional R-string DAC is familiar in general LCD data 

drivers, because this architecture is simple and suitable for gamma correction design. 

However, the area of switch array is becoming larger and larger due to the high 

resolution DAC. The loading at the output node (Vout) is also becoming larger due to 

the huge switch array. 
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Fig. 3.1  A 6-bit R-string DAC with switch array decoding. 

 

3.2.2 R-String DAC with Binary-Tree Decoding 

Fig. 3.2 is a 6-bit R-string DAC with binary-tree decoding. This architecture also 

requires no digital decoders. In opposition to the R-string DAC with switch array 

decoding, this R-string DAC with binary-tree decoding has less transistors in the 

decoding circuits. Nevertheless, the speed of this circuit is limited by the delay 

through the switch network. The timing skew among the switch-controlling signals 

can cause large glitches at Vout. This circuit also has larger RC-type loading at the 

output node (Vout) due to the binary-tree switches. 

 

 
 
Fig. 3.2  A 6-bit R-string DAC with binary-tree decoding. 
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3.2.3 R-String DAC with Digital Decoding 

In a higher-speed implementation, logic can be used for the decoder. Fig. 3.3 is a 

6-bit R-string DAC with digital decoding. The loading of the output node can be 

reduced by the digital decoder, because the output node is only connected to one 

column of analog switches. Therefore, the operational speed of DAC using digital 

decoding is faster than DAC using binary-tree decoding. This architecture is also 

more suitable for gamma correction design because it is easy to produce different 

sections in resistor string. However, the area and complexity of decoder are larger and 

larger due to the high resolution DAC. For this reason, this R-string DAC with digital 

decoding is not suitable for integrating the data driver in the high resolution TFT-LCD 

panels. 

 

 

 
Fig. 3.3  A 6-bit R-string DAC with digital decoding. 
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3.2.4 Charge-Redistribution DAC 

As shown in Fig. 3.4, it is a charge-redistribution DAC. The basic idea here is to 

simply replace the input capacitor of a switched-capacitor (SC) gain amplifier by 

programmable capacitor array (PCA) of binary-weighted capacitors. In this circuit, it 

has two phases. In first phase (φ1), all capacitor bottom plates are connected to a 

reference voltage and top plates are connected to ground. During second phase (φ2), 

capacitor bottom plates are connected to a reference voltage or ground according to 

logic high or logic low in codes. By this operation, the voltage level in output terminal 

can be determined by a formula which is shown in follow: 
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Where bi is the bit number in input code, N is the total bit number and Cp is top plate 

parasitic capacitance. This circuit structure has some advantages better than the 

resistor-string DAC. First, the process matching for capacitor is better than resistor 

string. Second, charge-redistribution DAC can save more power because it has no DC 

path in the circuit. However, it has a big problem in LCD panel application. That is, 

this method is very difficult to achieve gamma correction. In other word it cannot 

compensate the inherent characteristic of liquid crystal. 

 

 
Fig. 3.4  The charge-redistribution DAC. 
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3.2.5 Multiple R-String DAC [15] 

In this variation, a second tapped resistor string is connected between two 

adjacent nodes of the first resistor string (voltage reference), as shown in Fig. 3.5. In 

the shown 6-bit example, the three MSBs determine which two adjacent nodes of the 

first resistor string. The second resistor string linearly interpolates between the two 

adjacent voltages from the first resistor string. Finally, the output is determined by the 

lower LSBs. This approach requires only 2x2N/2 resistors, making it suitable for 

higher-resolution, low-power applications. This approach also has guaranteed 

monotonicity. During the signal transformation process, the spikes generated in the 

DAC (as shown in Fig. 3.6 (a)) are significantly related to the quality of display 

because the spikes would lead to the unstable displaying and redundant power 

consumption. Therefore, effective spikes reduction in the DAC becomes a critical 

topic for display systems. In this architecture, the bit with least signal variation (the 

higher bits) is arranged closely to output node. By this method, the spikes of the DAC 

can be reduced obviously, shown in Fig. 3.6 (b). 

 

 
 
Fig. 3.5  A 6-bit multiple R-string DAC. 
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(a) (b) 

Fig. 3.6  (a) The spikes of the DAC, and (b) the output waveform of the DAC with 
spikes reduction method. 

 

 

3.2.6 Resistor-Capacitor Hybrid DAC 

The benefits and drawbacks of resistor-string DAC and charge-redistribution 

DAC have been discussed previously. In order to get their benefits and exclude the 

drawbacks in the DAC, a hybrid structure has been proposed in Fig. 3.7. In this circuit, 

the upper bits are adopted in resistor-string architecture and the lower bits are 

employed the charge-redistribution structure. There are two phases in this circuit 

operation. In first phase (φ1), all capacitor bottom plates are connected to ground. 

During second phase (φ2), capacitor bottom plates are connected to a reference 

voltage V1 or connected to the other reference voltage V2 which is according to logic 

high or logic low in input codes. Furthermore, a formula about this circuit is shown in 

below: 
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Where M is the total bit number in resistor-string DAC, L is the total bit number in 

charge-redistribution DAC and N is the total bit number in this DAC (N = M + L). 
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This hybrid structure can achieve high performance in operational speed, die area, and 

power consumption. Besides, it is also suitable in gamma correction DAC. 

 

 

 
Fig. 3.7  The resistor-capacitor hybrid DAC. 

 

3.2.7 Current-Steering DAC 

Current-steering DAC is very similar to resistor-based converter, but is intended 

for higher-speed application due to the current type. The basic idea is to switch 

currents to either the output or to ground, as shown in Fig. 3.8. Here, the total output 

current is sum of the currents which are selected, as shown below: 

1 2 1
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This output current is converted to a voltage through a resistor (RF). Although, this 

circuit has potentially large glitches due to timing skews and the monotonicity in this 

DAC is not guaranteed. But, we can reduce the glitches and provide the guaranteed 

monotonicity by using the thermometer decoding method. 
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Fig. 3.8  The current-steering DAC. 

 

From previous description and analysis, we can summarize a table about many kinds 

of the DAC circuits, as shown in Table 3.1. In this table, we can clearly find the 

characteristics of those DAC, like: suitable for gamma correction design, operation 

speed, power consumption, area, and the complexity of design and layout. 

 

Table 3.1 
The comparisons of many kinds of the digital-to-analog converter circuits. 

 

Circuit Type γ Correction Speed Power Area Complexity

R-DAC with switch 
array decoder 

Best Poor Normal Poor Easy 

R-DAC with 
binary-tree decoder 

Best Normal Normal Normal Easy 

R-DAC with digital 
decoder 

Best Good Normal Normal Medium 

Charge-redistribution 
DAC 

Poor Good Best Normal Medium 

Multiple R-DAC Good Good Poor Best Medium 

Hybrid R-C DAC Good Good Good Good Hard 

Current-steering 
DAC 

Poor Best Poor Normal Hard 
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3.3 NOVEL FOLDED R-STRING DAC WITH GAMMA CORRECTION 

 

3.3.1 Design of Gamma Correction 

From previous chapters, we know that there is a nonlinearity relationship 

between luminance and human visual system. For this reason, the gamma correction 

design is necessary in TFT-LCD panel. The display transfer function is shown in Fig. 

3.9. The nonlinearity between gray level domain and luminance domain can be 

corrected by gamma correction design. For a 6-bit gamma correction design, the 

transform function about this system can be express as following:  
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From above formula, the transform function between transmission and gray level is 

shown in equation (3 - 5). 

 
 
Fig. 3.9  The transform function of display system. 
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Fig. 3.10 shows a voltage versus transmission curve of the liquid crystal in CPT 

process. From this figure, we can know this liquid crystal is a normally white TN-type 

liquid crystal. We can calculate the pixel voltage with gamma value of 2.2 by using 

the transform function in equation (3 - 5) and the V-T curve of this liquid crystal. The 

pixel voltage corresponded to each gray level is shown in Table 3.2. 

 

 
 
Fig. 3.10  The voltage vs. transmission curve of the liquid crystal in CPT process. 

 

Table 3.2 
The pixel voltage corresponded to each gray level with gamma of 2.2. 
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As shown in the Table 3.2, we can find each target pixel value. The 

voltage-dividing method of the resistor string is adopted. First, we divide this R-string 

ladder into 8 interval values fitting to the target pixel value. Then, we divide each 

section of R-string into 8 the same sub-interval R-string. The value of each resistor in 

this R-string is designed in the Table 3.3 and the simulation result of the voltage 

divider of R-string is shown in Fig. 3.11. 

 
Table 3.3 

The resistance values of R-string for gamma correction design. 
 

 
 

 
 
Fig. 3.11  The gray level vs. pixel value curve in the voltage divider of R-string. 
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From above simulation result, we can see that the pixel values of last 8 bits are 

not fit to the ideal values. This is because of the same interval in the last 8-bit section 

is not suitable for this design. The modified R-string ladder is designed in Table 3.4 

and the simulation result of the voltage divider of R-string is shown in Fig. 3.12. As 

shown in the simulation result, we can find that all pixel values are fitter to the ideal 

values due to the modified R-string ladder. 

 
Table 3.4 

The modified resistance values of R-string for gamma correction design. 
 

 
 

 
 
Fig. 3.12  The GL vs. pixel value curve in the modified voltage divider of R-string. 
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3.3.2 Circuit Description 

From above discussions, we know that the R-string DAC with digital decoding is 

a valid technique for reducing the loading of the output node. It also has a simple 

structure for layout floorplan and suitable for gamma correction design. But this 

architecture has too large area of the decoder in high resolution DAC. For this reason, 

we have proposed a new architecture to reduce the area of the decoder. The transistor 

number of the decoder is not linearly increased but exponentially increased with the 

growing of the bit number. Therefore, we divided a decoder into two decoders to 

reduce the area of the decoder. The folded R-string DAC with segmented digital 

decoders is shown in Fig. 3.13. The area of the decoders in the 6-bit DAC can be 

reduced to about one sixth by using this segmented architecture. 

 

 
 
Fig. 3.13  The folded R-string DAC with segmented digital decoders. 
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In this work, we propose a novel digital-to-analog converter with gamma 

correction for on-panel data driver in LTPS technology. The purpose of low 

dimension and low complexity can be achieved by this architecture of the folded 

R-string DAC with segmented digital decoders. This DAC is composed of folded 

R-string, switch array, two segmented decoders, and reordering decoding circuit. The 

operating illustration of this 6-bit folded R-string DAC with segmented digital 

decoders is shown in Fig. 3.14. For example, when the input signal Din is 000000, 

this input signal will be segmented into two parts (MSBs and LSBs). The MSBs (000) 

and the LSBs (000) of the input signal are assigned to high-bit decoder and low-bit 

decoder, respectively. The output signal (D0) of the low-bit decoder will turn on the 

switches Ms08, Ms18, and their signal paths because its input is 000. In the same way, 

the output of high-bit decoder will turn on the top row of the switch array. 

 

 
 
Fig. 3.14  The operation illustration of the 6-bit folded R-string DAC with segmented 
digital decoders. 
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With a resistor-string approach, the DAC has guaranteed monotonicity since any 

section on the resistor string must has a low voltage than its upper, neighbor section. It 

also has higher accuracy because the accuracy of the R-string DAC is dependent on 

the ratio of resistors, not dependent on absolute resistor values [16]. Furthermore, the 

area of the R-string DAC can be reduced by using the folded R-string and the 

segmented digital decoders. The reordering decoding circuit can simplify the decoder 

circuit. The partial decoding function is replaced by the signal paths routing of the 

reordering decoding circuit. For this reason, the fundamental decoders can be used for 

the segmented digital decoders. Fig. 3.15 is shown that the transistors of the decoders 

can be decreased from 780 to 124 in 6-bit DACs. The area of the R-string DAC can 

be effectively reduced to about one sixth by using this proposed architecture. This 

proposed 6-bit folded R-string DAC with segmented digital decoders is also more 

suitable for gamma correction design in TFT-LCD panel. 

 

 
 

Fig. 3.15  The comparison of the transistors number of the decoders between the 
conventional and proposed 6-bit R-string DAC. 
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3.3.3 Simulation and Verification 

 According to previous sections in this chapter, we can get whole architecture of 

this 6-bit R-string DAC (as shown in Fig. 3.13) and all resistance values of R-string for 

gamma correction design (as shown in Table 3.4). This proposed 6-bit folded R-string 

DAC with segmented digital decoders has four voltage sources: VDD = 6 V, VSS = -2 V, 

Vref = 4 V, and GND = 0 V. The first two voltage sources are used for digital decoders. 

The rest of voltage sources are used for R-string ladder. This proposed DAC has been 

successfully verified in 8-μm LTPS technology. The simulation result of this DAC, 

assigned a series of digital input codes from 000000 (0) to 111111 (63) at 100-kHz 

operation frequency, is shown in Fig. 3.16. The average power consumption of the 

proposed DAC is 82.047 μW and the average current through R-string is 20.007 μA. 

From above results, we know that the power consumption is dominated by the R-string 

ladder in this proposed 6-bit DAC.  

 

 

 
Fig. 3.16  The simulation result of this 6-bit folded R-string DAC with segmented 
digital decoders in 8-μm technology. 
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Table 3.5 and Fig. 3.17 show the voltage values and the GL vs. output voltage curves 

in ideal condition, R-string ladder, and this proposed DAC. 

 

Table 3.5 
The voltage values in ideal condition, R-string ladder, and this proposed DAC 

corresponded to each gray level. Unit: volt. 
 

 
 

 
 
Fig. 3.17  The GL vs. output voltage curves in ideal condition, R-string ladder, and 
this proposed DAC. 
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The differential non-linearity (DNL) and integral non-linearity (INL) are 

important specification of the data converter circuits except offset error and gain error. 

The definitions of DNL and INL are shown in Fig. 3.18 and Fig. 3.19 [17]. “Δ” is 

defined as least significant bit (LSB) in the data converter. However, there is a thing 

should be emphasized. The LSB is not a constant value in the nonlinear system, like 

this proposed DAC with gamma correction design. For this reason, if the difference 

between the bit itself and adjacent upper bit is named Diff (N+1) and that between the 

bit itself and adjacent lower bit is named Diff (N-1), the LSB in nonlinear system is 

defined as the less one among Diff (N+1) and Diff (N-1). From the simulation result 

in Table 3.5, we can find that the DNL and INL in this proposed 6-bit DAC almost 

equal to 0. 

 

 
Fig. 3.18  The definition of the differential non-linearity. 

 

 
Fig. 3.19  The definition of the integral non-linearity. 
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This proposed architecture also has been successfully verified in 3-μm LTPS 

technology. The simulation results are shown in Fig. 3.20 and Fig. 3.21. Based on Fig. 

3.20, we can find that the spikes of this DAC can be obviously reduced by the 

advanced technology. This is because the clock feed-through can be greatly reduced 

due to the shorter length dimension of transistor. 

 

 
 

ig. 3.20  The simulation result of this 6-bit folded R-string DAC with segmented F
digital decoders in 3-μm technology. 

 

 
 

ig. 3.21  The GL vs. output voltage curves in ideal condition, R-string ladder, and F
this proposed DAC in 3-μm technology. 
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In summary, a novel 6-bit folded R-string DAC with gamma correction has been 

successfully verified in 8-μm and 3-μm LTPS technology. By using the folded R-string 

and segmented digital decoders, the area of the R-string DAC can be effectively 

reduced to about one sixth. Furthermore, this architecture is also more suitable for 

gamma correction design and many kinds of LTPS process. Although, there is only a 

discussion for normally white TN-type liquid crystal in this chapter. This proposed 

architecture is also suitable for many kinds of gamma value and normally white (or 

black) TFT-LCD panel by modifying the R-string value and the decoder architecture. 
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