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Abstract – In this paper, a digital driving technique for 

generating binary driving signals to display a digital video 

on an active-matrix organic light-emitting diode 

(AMOLED) panel is proposed. The ideal spatial and 

temporal noise characteristics of the driving signal for an 

AMOLED panel to display high quality video are first 

suggested. Based on the suggested characteristics, a digital 

driving technique is proposed to generate the driving 

signals for an AMOLED panel. Simulation results show 

that the proposed driving technique can generate driving 

signals having the desired spatial and temporal noise 

characteristics and, accordingly, allows an AMOLED panel 

to display video of better quality than other conventional 

driving techniques in terms of various measures. 

Index terms – Active-matrix organic light-emitting diode 

(AMOLED), modulation, digital driving, noise 

characteristics, delta-sigma modulation, noise shaping, 

false image contour, gate scan time, pulse-density 

modulation (PDM), effective number of bits, idle tone. 

I. Introduction 

Organic light emitting diode (OLED) is a component 

that can emit light when electric current passes through its 

organic film layer. It is a leading technology and gets more 

and more popular in display applications nowadays. As 

compared with the LCD technology, OLED technology has 

a number of advantages including lower power 

consumption, faster response, wider viewing angle, higher 

contrast, higher brightness, wider operation temperature 

range, lighter weight and being able to be fabricated on 

flexible or transparent substrates.  

An addressing scheme is required for an OLED 

display to address individual pixels and set their intensity 

values. Common addressing schemes for OLED displays 

include passive matrix OLED (PMOLED) and active 

matrix OLED (AMOLED). PMOLED is normally used in a 

display of small size and is purposely designed for 

displaying characters or small icons. In contrast, AMOLED 

is purposely designed for displaying video and has no 

restriction on size or resolution. 

 There are different driving methods for driving OLED 

displays and they can be classified into analogue and digital 

driving methods. For analogue driving methods, common 

techniques include voltage programming [1]-[3] and 

current programming [4]-[6]. They typically require more 

thin-film transistors (TFTs) and more capacitors to 

compensate for the threshold voltage shift in a pixel TFT 

[7]. This increases the cost of the panel and driver circuit 

complexities. The light emission area is also more limited.  

Digital driving methods can easily solve the threshold 

voltage (VT) shift problem by using a simple 2-TFT-1-

capacitor pixel structure as proposed in [8]. The driving 

TFT operates as a switch instead of a current source and 

hence only a binary signal is required to drive a pixel. This 

binary configuration minimizes the effect of the VT shift of 

a TFT and hence VT shift compensation is no longer 

necessary. The elimination of the compensation circuitries 

also allows a larger light emission area for producing a 

brighter display.   

Currently, most of the digital driving methods are 

based on subfield coding [9] in which a binary driving 

signal is produced to drive an OLED to produce a specific 

intensity level with the idea of pulse width modulation 

(PWM). However, traditional subfield coding methods 

suffer from dynamic false contour when displaying moving 

pictures on screen [10]. Some modifications have been 

proposed to address this issue [11]-[18], but they still suffer 

from some other problems [19] such as gray level reduction 

and incompleteness of motion estimation.  

 

Figure 1. The structure of delta-sigma modulator in [19]. 

Recently, Jang et. al. [19] proposed a non-frame-

refreshing digital driving technique using delta-sigma 

modulation (∆ΣM) to alleviate the dynamic false contour. 

The idea is to shape the quantization noise in time domain 

to high frequencies such that it can be filtered out by 

human eyes.  

When deriving driving signals to display a specific 

video sequence X, Jang et. al.’s method first oversamples 

sequence X by duplication to produce R planes for each 

frame, where R is the oversampling rate (OSR). Let 

);,(ˆ kjix  be the pixel value of the ),( ji
th

 pixel in the k
th

 

plane of the resultant plane sequence produced by the 

oversampling. For each ),( ji , sequence { );,(ˆ kjix | for all k} 

is processed with the delta-sigma modulator shown in 

Figure 1, where );,( kjib is the binary driving signal for 

pixel ),( ji  of plane k. );,( kjis  and );,( kjir  are both 

intermediate processing data associated with pixel ),( ji  of 

plane k.  

The non-frame refreshing property achieved by [19] 

can successfully reduce dynamic false contour. On top of 
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that, there are other advantages over the conventional 

PWM-based driving methods. 

The noise shaping property of ∆ΣM effectively shifts 

the output noise away from the low frequency band. After 

the output is low-pass filtered by human eyes, the high 

frequency noise can be significantly suppressed and hence 

visually the displayed output can be comparable or even 

better than the results obtained with PWM-based methods 

at a lower OSR. In fact, Jang et. al. showed that, with an 

OSR R ≈ 13, their proposed driving technique can provide 

an even better output gray-level resolution as compared 

with a conventional 8-bit PWM-based driving method that 

uses a simple binary subfield coding allocation [19]. As a 

side effect, the lower OSR (as compared with the 255 used 

in PWM) relaxes the gate scan time and makes a display 

panel of larger size and higher spatial resolution easier to 

be realized.  

The driving signal produced by [19] does not contain 

the harmonic tones of the frame frequency while the output 

produced by subfield coding does. These harmonic tones 

can create noticeable flicker artifact if the frame frequency 

is low. Besides, the frame frequency and its associated 

harmonics can generate interference to other electronic 

components or devices such that a sophisticated shielding 

mechanism is required for the display device. This 

unavoidably increases the cost as well as the weight of the 

display device. 

One drawback of ∆ΣM is idle tone. When the input 

gray level is constant, the output of ∆ΣM shows periodic 

tones called idle tones. If the gray level is low, noticeable 

flicker artifacts will appear. Increasing the OSR can reduce 

flicker artifacts, but it decreases the gate scan time as well. 

In [19], dithering the input before ∆ΣM is suggested to 

solve the idle tone problem at a cost of raised noise floor.  

The advantages of [19] over conventional PWM-based 

driving methods heavily rely on the temporal ∆ΣM of the 

intensity variation of a pixel. However, it does not take the 

spatial neighboring pixels into account and hence the 

driving signal for a specific pixel is independent of those of 

other pixels. In fact, the pixels in a local region in a video 

frame are highly correlated, which should be utilized to 

further improve the visual quality of a display panel. 

In this paper, the ideal spatial and temporal noise 

characteristics of the driving signals for an OLED display 

panel to display high quality video are suggested. Based on 

the suggested characteristics, a digital driving technique is 

proposed. Note that in our study we assume that an OLED 

display panel is ideal in a way that the light intensity of 

each display pixel can follow the change of its driving 

signal exactly. This assumption is reasonable when the 

response time of an OLED display is much shorter than the 

refresh time of a binary plane. Based on this assumption, 

the image/video quality of a display panel is determined by 

its driving signal.  

This paper is organized as follows. Section II describes 

the motivation and suggests the desired spatial and 

temporal characteristics of the driving signals. Section III 

describes the proposed digital driving technique that can 

produce driving signals having the suggested noise 

characteristics for a given input video signal. Section IV 

provides a system analysis in z-domain. Section V provides 

a performance analysis of the proposed driving technique. 

Simulation results are provided in section VI for evaluating 

the performance of the proposed technique based on some 

testing videos. Finally, a conclusion is given in section VII. 

II. Motivation  

No matter PWM or ∆ΣM is exploited to drive an OLED 

display panel, in practice the panel functions as a binary 

video display. In every time duration for displaying an 

original video frame (~1/60 seconds), it plays a temporally 

oversampled sequence of binary patterns to render the 

video frame. Figure 2 shows a model which summarizes 

the connection between a specific conventional video 

sequence that we want to play (denoted as X) and the 

corresponding binary video B that is actually played with 

an OLED display panel to render X. For the case when a 

PWM-based driving technique such as subfield coding [9] 

is used, each 8-bit frame is rendered with 255 binary planes 

and hence the corresponding OSR is R=255. As for the 

case when a ∆ΣM-based driving technique such as Jang et. 

al.’s approach [19] is used, R is the oversampling rate used 

in delta-sigma modulation. 

Since the pixel intensity of a particular pixel of B(k) is 

binary and controlled by switching on or off corresponding 

OLED pixels, the binary video B can actually be 

interpreted as the binary driving signal used to drive the 

display panel to play X. 

In practice, since the binary plane sequence 

{B(nR+d)|d=0,1... R-1} is for rendering X(n), where R is 

the OSR, all its planes should be X(n)-dependent. 

Obviously, different plane sequences produce rendering 

outputs of different visual quality. Figure 3 shows the 

individual binary planes generated with PWM [9] and ∆ΣM 

[19] when X(n) is standard 256-level image ‘Lena’. As 

suggested in [19], the OSR is 13 for the implementation of 

[19]. By considering that each binary pattern B(nR+k) is a 

binary representation of frame X(n) and observing that the 

binary planes generated by either ∆ΣM or PWM are 

actually not high quality binary representations of X(n), we 

argue that we should generate another sequence of binary 

planes based on X(n) to render X(n) such that the visual 

quality of the rendered X(n) can be further improved.    

Human do not focus their attention on a single pixel 

when they watch the content shown on a display device. 

Instead, they actually focus their attention on a spatial 

region of pixels. Hence, when designing a driving signal 

for a pixel, its spatial neighboring pixels should also be 

taken into account.  

In general, the behavior of the human eye in 

reproducing a sharp image of a distant object on its retina 

can be modeled by a function with various parameters. 

Despite its highly complexity, a good approximation of the 

human visual system (HVS) is given in [20]. Specifically, 

the modulation transfer function (MTF) of the HVS can be 

approximated by a concatenation of a 1-D temporal MTF 

(MTFt) and a 2-D spatial MTF (MTFs). Though there are 

different proposals for modeling the MTFs [20] and the 

MTFt [21,22], a common agreement is that both of them 

bear the low-pass filtering characteristics. From that point 

of view, neither PWM [9] nor ∆ΣM [19] is ideal as the 

spatial noise energy of their binary B planes concentrates in 

low frequency band. The low frequency filtering 

characteristics of our HVS cannot help to remove the noise.  
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Figure 2. A model describing how an OLED display turns a 

multi-level video into an oversampled binary video to 

play 
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(a) Subfield coding [9] 
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(b) Temporal ∆ΣM [19] @ OSR=13 

Figure 3.  Individual binary planes produced by different digital 

driving methods to display image ‘Lena’: (a) Subfield 

coding [9] and (b) Temporal ∆ΣM [19] @OSR=13 

 

Figure 4 shows the noise spectra of the binary planes 

shown in Figure 3. One can see that all planes contain 

strong low frequency noise, which implies the Lena 

rendered in the OLED panel with these planes also contains 

strong low frequency noise. In contrast, the binary planes 

shown in Figure 5(a)  mainly contain high frequency noise 

that can be easily removed by our HVS to improve the 

visual quality of the displayed X when these planes are 

used to render X. To avoid misinterpretation, we note that 

the magnitude of each spectrum shown in Figures 4 and 5(b) 

is normalized with respect to the strongest frequency 

component in the spectrum for easier inspection. A brighter 

spectrum does not imply that it contains more noise. 

Based on the above observations, we propose that a 

desired digital driving technique should shape the noise of 

B in both spatial and temporal domains. In such a case, B 

contains only high frequency noise in both domains and the 

visual quality of the displayed X is maximized through the 

low-pass filtering effect of our HVS.  

The performance of a PWM-based driving method 

such as Murakami and Toyonaga’s method [9] is limited 

because no noise shaping is done in either spatial or 

temporal domain.  Jang et al.’s driving method [19] does 

not take the spatial correlation among pixels into account 

and performs noise shaping in temporal domain only. Its 

performance is hence sub-optimal. 
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(a) Subfield coding [9] 
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(b) Temporal ∆ΣM [19] @ OSR=13 

Figure 4.  Noise spectra of individual binary planes produced by 

different digital driving methods to display image 

‘Lena’: (a) Subfield coding [9] and (b) Temporal 

∆ΣM [19] @OSR=13 

III. Proposed driving technique  

 Let X be a digital video whose l
th

 frame is denoted as 

X(l). Without loss of generality, we assume that X has L 

frames and the frame size is M×� pixels. The intensity 

value of pixel ),( ji of the l
th

 frame is denoted as );,( ljix  
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and normalized such that ]1,0[);,( ∈ljix   for Mi <≤0 , 

�j <≤0 , and Ll <≤0 . 8-bit resolution is assumed for 

the original pixel intensity. 

 An oversampling operation is exploited to video X by 

duplicating each of its frame R-1 times to produce an 

oversampled video X̂ . The k
th

 frame of X̂  is denoted as 

)(ˆ kX  and the intensity value of its pixel ),( ji  is denoted 

as );,(ˆ kjix , where RLKk ≡<≤0 .  

Starting with )0(X̂ , the proposed algorithm 

sequentially processes )(ˆ kX  as soon as it is available to 

produce binary plane )(kB  until the final )(ˆ KX  is 

processed. The resultant binary plane sequence is denoted 

as B while the intensity value of pixel ),( ji  of )(kB is 

denoted as );,( kjib .  

To make binary plane sequence B possess the desired 

noise characteristics, delta-sigma modulation is carried out 

in both temporal and spatial domains as follows.  

3.1. Temporal ∆ΣM 

Figure 6 shows how ∆ΣM is carried out in the temporal 

domain. Both )(kD  and )(kS  are multilevel frames and 

they are intermediate results generated during the 

production of binary plane )(kB . The function block 

named as ‘spatial halftoning’ turns multilevel frame )(kS  

into a binary plane as its output. Its operation details are 

shown in Figure 7 and will be discussed in Section 3.2.   

)(kD  is defined as  

)()()( kSkBkD −=  for RLKk ≡<≤0 , (1) 

and it is actually the difference between )(kB  and )(kS . It 

is diffused to )1(ˆ +kX  to produce )1( +kS  as follows. 

)()1(ˆ)1( kDkXkS −+=+  for  10 −<≤ Kk  (2) 

)0(S  is initialized to be )0(X̂  in the operation and the 

above steps are repeated until )1( −KB  is obtained.  

 

 
Figure 6.  The structure of the temporal ∆ΣM used in our 

proposed driving technique  

 

 
Figure 7.  The structure of the spatial halftoning module used in 

our proposed driving technique 

 

3.2. Spatial ∆ΣM 

In theory, it is desirable to make a binary halftone have 

the ideal blue noise characteristics [23]. Though there are 

halftoning algorithms for achieving the goal [24,25], they 

cannot be directly applied here due to their complexity. In 

our proposed driving technique, a spatial halftoning method 
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(a) Binary planes 
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(b) Noise spectra of binary planes 

Figure 5.  Noise spectra of individual binary planes produced by our methods for displaying image ‘Lena’ when the OSR is 13: (a) 

planes and (b) noise spectra. 
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introduced in [26] is applied to produce )(kB based on 

)(kS . Specifically, pixels in )(kS  is scanned row by row 

with serpentine scanning and sequentially processed as 

shown in Figure 7.  It is equivalent to a spatial ∆ΣM 

process without oversampling the spatial pixels. 

Assume that the current pixel being processed is pixel 

),( ji of )(kS . By collecting the quantization errors of 

some processed neighboring pixels, the intensity value of 

pixel ),( ji of )(kS (i.e. );,( kjis ) is adjusted to be 

∑ −−−=
Ω∈),(

);,(),();,();,(
nm

knjmienmhkjiskjiu ,  (3) 

where );,( kjiu  is the adjusted );,( kjis , );,( knjmie −−  is  

the quantization error of );,( knjmiu −− , ),( nmh  is the 

thnm ),(  coefficient of diffusion filter H and Ω  is the 

support of filter H. The filter coefficients of H have the 

properties that ),( nmh ≥0 for all Ω∈),( nm  and 

1),(),( =∑ Ω∈nm nmh . In general, a 2×3 diffusion filter is 

used as H and its size is adjusted whenever necessary to 

make Mmi <−≤0  and �nj <−≤0 [26]. 

),,( kjiu  is then quantized to produce );,( kjib  as 

follows. 



 ≥

=
else

kjiuif
kjib

0

5.0);,( 1
);,(      (4) 

Its quantization error is given as 

);,();,();,( kjiukjibkjie −= .    (5) 

It completes the processing of pixel (i,j) and proceeds 

to process the next pixel until all pixels in )(kS  are 

processed. 

 

3.3 Remarks 

 From technical point of view, Jang et al.’s driving 

technique [19] can be considered as a simplified version of 

our proposed driving technique in which no spatial ∆ΣM is 

carried out. In their approach, the corresponding spatial 

halftoning module shown in Figure 7 is replaced by a 

simple module that directly quantizes ),,( kjis  to produce 

),,( kjib as follows. 



 ≥

=
else

kjisif
kjib

0

5.0);,( 1
);,(       for all (i,j)  (6) 

As compared with Jang et al.’s driving technique, extra 

effort for realizing the spatial ∆ΣM is required in the 

proposed driving technique. However, the sequential 

processing nature of the spatial ∆ΣM fits the scan line 

architecture of a display driving circuit in which the driving 

signals are issued in a row-by-row manner. Only one 

additional line buffer for spatial ∆ΣM is required as 

compared with Jang et al.’s technique [19]. Besides, the 

proposed technique supports pipeline processing. Once 

);,( kjib  is determined, )1;,( +kjib  can be processed 

without waiting for the readiness of other pixels in )(kB .  

The diffusion filter H plays a role to determine the 

realization complexity of the proposed driving technique. 

In our study, we tested the performance of two potential 

diffusion filters. The first one is widely used in printing 

applications to produce binary halftones [26] and it is given 

as   









=

153

7*0

16

1
H , (7) 

where * marks the pixel being processed and it corresponds 

to filter coefficient h(0,0). The second one is a simplified 

version given as  









=

010

1*0

2

1
H . (8) 

It is used to reduce the realization complexity. While filter 

(7) takes 4 multiplications and 4 additions to handle a pixel, 

filter (8) needs 2 shift-additions only. The proposed driving 

technique can be computationally efficient to support real 

time processing (e.g. video display for real time capture).  

IV. System analysis in z-domain 

The proposed driving technique realizes ∆ΣM in both 

temporal and spatial domains. Its noise shaping capability 

in individual domains can be explained with a system 

analysis in z-domain. In this section, the noise shaping 

behavior of the system in the two domains are separately 

investigated.  

Figure 6 shows how the proposed driving technique 

processes image planes over times. From a pixel’s point of 

view, it can be considered as a system that processes pixels 

independently with the spatial halftoning module that 

introduces an additive noise  

);,();,();,( kjiskjibkjid −=     for Kk <≤0  (9) 

to );,( kjis , where );,( kjid  is the intensity value of pixel 

),( ji  of )(kD . Hence, eqn. (2) can be rewritten as  

);,()1;,(ˆ)1;,( kjidkjixkjis −+=+  for 10 −<≤ Kk . (10) 

Taking z transformation of eqns. (9) and (10) results in  

)()()( ,,, zSzBzD jijiji −=      (11) 

and  

)()(ˆ)( ,
1

,, zDzzXzS jijiji
−−= ,    (12) 

where )(, zS ji , )(ˆ
, zX ji , )(, zD ji  and )(, zB ji  are, 

respectively, the z-transform of );,( kjis , );,(ˆ kjix , 

);,( kjid and );,( kjib  for a specific pixel ),( ji . By 

combining eqns. (11) and (12), we have 

  )()1()(ˆ)( ,
1

,, zDzzXzB jijiji
−−+= .  (13) 

The signal transfer function and the noise transfer function 

are, respectively, )(zSTF =1 and )(z�TF = )1( 1−− z . The 

high-pass filtering property of )(z�TF  shapes the 

temporal noise of pixel ),( ji to high frequencies such that 

it is less noticeable to human.  

Figure 7 shows how the spatial halftoning module 

processes plane )(kS  spatially to produce )(kB . The 

transfer function of the process can be obtained by taking 

two-dimensional z transformation of eqns. (3) and (5) as 

follows: 
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),(),(),(),( 21212121 zzEzzHzzSzzU kkk −=   (14) 

and     ),(),(),( 212121 zzUzzBzzE kkk −= ,  (15) 

where ),( 21 zzSk , ),( 21 zzEk , ),( 21 zzUk and ),( 21 zzBk  

are, respectively, the two-dimensional z-transform of 

);,( kjis , );,( kjie , );,( kjiu  and );,( kjib  for a specific k. 

),( 21 zzH is the two-dimensional z-transform of the 

impulse response of filter H. 

Combining eqns. (14) with (15) results in 

),()),(1(),(),( 21212121 zzEzzHzzSzzB kkk −+= .  (16) 

The signal transfer function and the noise transfer function 

are, respectively, ),( 21 zzSTF =1 and ),( 21 zz�TF = 

)),(1( 21 zzH− . As ),( nmh ≥0 for all Ω∈),( nm , filter H is 

basically a low-pass filter. The high-pass filtering property 

of ),( 21 zz�TF  shapes the spatial noise of plane )(kB  to 

the high frequency band such that the noise is less 

noticeable to human.  

In contrast to Jang et al.’s driving technique [19] in 

which no noise shaping is carried out in the spatial domain, 

the proposed driving technique reduces the low frequency 

noise in both spatial and temporal domains such that the 

video quality can be significantly improved.  

V. Performance analysis 

 We compare various digital driving methods through 

simulation to evaluate their performance in this section. 

Among them, Murakami and Toyonaga’s method [9] is a 

typical example of PWM-based methods and Jang et al.’s 

method [19] is a typical example of conventional ∆ΣM-

based methods in which only temporal ∆ΣM is exploited. 

For our proposed driving technique, we evaluated its 

performance under two different conditions in which 

diffusion filters (7) and (8) are used respectively. For 

reference purpose, the two cases are, respectively, referred 

to as temporal-spatial ∆ΣM (TS∆ΣM) and simplified 

TS∆ΣM (STS∆ΣM). To highlight the contrast between 

Jang et al.’s methods [19] and the proposed ones, Jang et 

    
(a) (b) (c) (d) 

Figure 8. The plots of )(kBa  against k for a ramp input patch sequence: (a) subfield coding [9], (b) T∆ΣM [19], (c) TS∆ΣM and (d) 

STS∆ΣM. 
 

    
(a) (b) (c) (d) 

Figure 9. The corresponding spectra of Figure 8: (a) subfield coding [9], (b) T∆ΣM [19], (c) TS∆ΣM and (d) STS∆ΣM. 

    
(a) (b) (c) (d) 

Figure 10.  The ),( vuA�PS plots for the outputs produced by (a) subfield coding [9], (b) T∆ΣM [19], (c) TS∆ΣM and (d) STS∆ΣM 

when a ramp input patch sequence is used. 
 

(a) (b) (c) (d) 

Figure 11. The plots of )(
'

kBa  against k for a ramp input patch sequence: (a) subfield coding [9], (b) T∆ΣM [19] and (c) TS∆ΣM and 

(d) STS∆ΣM. 
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al.’s methods is referred to as temporal ∆ΣM (T∆ΣM) 

hereafter unless specified otherwise. 

Analyses are conducted in three different aspects.  The 

first one studies their performance on handling dynamic 

false contour by using a ramp input patch sequence. The 

second one uses a triangle wave input patch sequence to 

study the pixel intensity resolutions that they can achieve. 

The third one studies their performance on handling the 

idle tone problem with a constant gray level input patch 

sequence.  

The HVS model that we adopted in the analyses is 

based on the idea that the MTF of the HVS can be 

approximated by a concatenation of a 1-D temporal MTF 

(MTFt) and a 2-D spatial MTF (MTFs). For the MTFs, we 

adopted González et al.’s model [27]. This model is more 

efficient than conventional Gaussian mixtures to describe 

the behavior of HVS as fewer parameters are required to 

characterize the shape of the model function. Besides, this 

model is better than Näsänen’s model [27], which is the 

best model among several mixed Gaussian models 

evaluated in a comparison study reported in [28]. In 

González et al.’s model, the impulse response of MTFs is 

defined to be a normalized version of  

( ) ( )





















+−=

2/
21802180'exp),(

α

ππ
γφ

SD

y

SD

xyx ,   (17) 

where  x and y are, respectively, the horizontal and vertical 

distances (in pixel) from the pixel of interest, S is the 

display resolution in terms of pixels per inch (ppi) and D is 

the viewing distance in terms of inch. 'γ  and α  are 

parameters that determine the scale of the distribution and 

the impulsiveness or tail heaviness of the distribution. They 

are generally set to 27 and 0.95 respectively [27]. The 

simulation results reported in this paper is obtained based 

on S=577 and D=12 by considering the case that a 5.1-inch 

WQHD super AMOLED display [29] of resolution 

2560×1440 pixels are used to display the videos at a 

viewing distance of 12 inches. 

As for the MTFt, we adopt the model described in [21] 

because it fits the experimental data well with a simple 

formulation [20]. Specifically, before being normalized, its 

impulse response is modeled as a function given as  

))/)/(ln(exp()( 2στϕ tt −= ,    (18) 

where τ  and σ are parameters that determine the peak 

position and the width of the impulse response. They are 

set to be 0.16 and 0.2 respectively as suggested in [20,30]. t  

is time in second. 

1. Ramp input for false contour analysis 

In this analysis, a ramp input patch sequence that 

sweeps from gray level 0 to 1 by 1/255 every frame is used 

for analysis. The patch size is 16×16 and the gray level is 

constant for each input patch. In formulation, we have 

255/)256,mod();,( lljix =  for 0≤i,j<16 and for all frame l. 

The frame rate is considered to be 60Hz.  

Since human do not focus their attention on a single 

pixel when they watch the content shown on a display 

panel and each input frame is actually a constant patch in 

the setup, the temporal variation of the average gray level 

of a plane at the output, which is defined as 

∑=
ji

M�a kjibkB
,

1 );,()(   for all plane k, (19) 

is investigated for performance evaluation. Figure 8 shows 

the plots of )(kBa  against k for different driving methods 

including subfield coding [9], T∆ΣM [19] and the proposed.  

Note that the OSR for a PWM-based driving method is 

255 while the OSR for a ∆ΣM-based driving method is 

selected to be 13 as suggested in [19]. Accordingly, as 

shown in Figure 8, the length of the output sequence 

produced by [9] is much longer than those of the output 

sequences produced by [19] and the proposed driving 

methods in the same duration of time.  

Figures 9(a)-(d) show the corresponding spectra of 

Figures 8(a)-(d). There are sharp peaks at the frame 

frequency 60Hz and its harmonics in Figure 9(a) while 

there is none in Figures 9(b), 9(c) and 9(d), which reflects 

that both [19] and the proposed driving methods can 

remove the harmonic tones of the frame frequency. When 

comparing Figures 9(b), 9(c) and 9(d), one can see that the 

proposed driving technique can achieve more noise 

suppression no matter whether simplification is applied to 

reduce the realization complexity or not. 

To see the spatial noise characteristics of a produced 

binary plane sequence B, we compute the average of the 

noise power spectra of individual planes of B as follows. 

21

0

),(ˆ),(
1

),( ∑ −=
−

=

K

k
kk vuvu

K
vuA�PS XB ,  (20) 

where ),( vukB  and ),(ˆ vukX  are, respectively, the thvu ),(  

components of the spectra of planes B(k) and )(ˆ kX . K is 

the total number of binary planes in sequence B. Figures 

10(a)-(d) show the ),( vuA�PS  plots of various driving 

techniques. Simulation results show that noise shaping in 

spatial domain can be achieved by the proposed driving 

technique while the others cannot. 

The above analysis focuses on objective measures that 

do not take the HVS into account. In the following studies, 

the HVS factor is considered and evaluations are based on 

);,( kjib′  and );,(ˆ kjix′ . They are, respectively, the HVS 

filtered versions of );,( kjib  and );,(ˆ kjix  obtained by 

filtering );,( kjib  and );,(ˆ kjix  with the MTFs [27] and the 

MTFt [21] using the parameter settings specified earlier in 

this section.  

Figure 11 shows the plots of ∑=
ji

M�a kjibkB
,

1 );,(')('  

against k for different driving methods. Figure 11(a) shows 

distortions around gray levels 64, 128 and 192, which are 

responsible for the dynamic false contour that can be 

observed in the outputs produced by [9] as indicated in [19]. 

As no such distortion can be found in Figures 11(b), 11(c) 

and 11(d), dynamic false contour does not visually exist in 

the outputs of [19] and the proposed driving methods. The 

output of [19] is noisier than that of the proposed driving 

technique.  

As a final remark, we note that the performance of 

STS∆ΣM is very close to that of TS∆ΣM even though a 

simplification is applied to reduce the realization 

complexity. 

2. Triangle input for resolution evaluation 
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In this analysis, a triangle wave input patch sequence is 

used to evaluate the achievable bit resolutions of T∆ΣM, 

TS∆ΣM and STS∆ΣM. It is obtained by repeatedly 

sweeping up and down between levels 0 and 1 at a 

frequency of 1 Hz. Each input patch is of size 16×16 and 

the frame rate is 60Hz. In formulation, the intensity value 

of individual pixels of the input is given by 





−

≤
=

elsel

lifl
ljix

30/)60,mod(2

30)60,mod(30/)60,mod(
);,(  

for 0≤i,j<16 and for all frame l .  (21) 

 

Figure 12 shows the plots of )(kBa  against k for the 

triangle wave input when the compared driving techniques 

are used while Figure 13 shows their spectra. Based on 

Figure 13, the effective number of bits (ENOB) that can be 

achieved by T∆ΣM [19], TS∆ΣM and STS∆ΣM are 

measured with the approach suggested in [31] and they are, 

respectively, given as 11.3, 14.9 and 14.7 bits. As for 

subfield coding [9], the OSR of 255 implies an ENOB of 8 

bits. 

The achievable ENOB is OSR-dependent. Figure 14 

shows the ENOBs that can be achieved by different ∆ΣM-

based driving methods under different OSRs. One can see 

that, as compared with T∆ΣM [19], both TS∆ΣM and 

STS∆ΣM can use a smaller OSR to achieve the same 

ENOB performance. Accordingly, the proposed driving 

technique allows a longer gate scan time to support a 

display of higher spatial resolution even if a simplification 

is exploited to reduce the complexity. Note that the gate 

scan time is inversely proportional to the OSR. 

Figure 15 shows the plots of )(' kBa  against k for the 

compared driving techniques. All ∆ΣM-based driving 

techniques can render the original triangle wave input well.  
 

3. Constant gray input for idle tone and flicker evaluation 

In this analysis, a constant gray level input patch 

sequence of gray level 6/255 is used to study if the 

proposed driving technique can handle idle tones and 

flickering properly. Again, each input patch is of size 

16×16 and the frame rate is 60Hz.  

As mentioned in [19], the major problem of ∆ΣM is the 

idle tone problem. When the gray level is low, the idle tone 

problem will also introduce flickering problem. Flickering 

is noticeable when the brightness fluctuation frequency is 

less than a critical flicker frequency and it is very 

disturbing as human visual system tends to be sensitive to 

brightness fluctuation.  

 
Figure 14.  The ENOBs of various driving techniques at 

different OSRs. 

 
 (a)    (b)  (c)  (d) 

Figure 12. The plots of )(kBa  against k for a triangle wave input patch sequence: (a) subfield coding [9], (b) T∆ΣM [19], (c) TS∆ΣM and 

(d) STS∆ΣM. 

 
 (a)    (b)  (c)  (d) 

Figure 13. The corresponding spectra of Figure 12. (a) subfield coding [9], (b) T∆ΣM [19], (c) TS∆ΣM and (d) STS∆ΣM. 

    
 (a)    (b)  (c)  (d) 

Figure 15. The plots of )(
'

kBa  against k for a triangle wave input patch sequence: (a) subfield coding [9], (b) T∆ΣM [19], (c)  TS∆ΣM and 

(d) STS∆ΣM. 
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Figure 16 shows the plots of )(kBa  against k for the 

constant input when the compared driving techniques are 

used while Figure 17 shows their spectra. One can see that 

the energy of the idle tones and the background noise is 

significantly reduced in the outputs of TS∆ΣM and 

STS∆ΣM as compared with T∆ΣM [19].  

Figure 18 shows the plots of )(' kBa  against k for the 

compared driving techniques. It is obvious that TS∆ΣM 

and STS∆ΣM can provide a more accurate and stable gray 

level rendition than T∆ΣM [19].  

The output of subfield coding [9] has a fixed 

fundamental frequency that equals to the frame rate 

whatever the input is.  There can be no flickering when the 

frame rate is high enough, but the strong fundamental 

frequency component and its harmonics can cause serious 

electromagnetic interference problems [32]. 

VI. Simulation results 

Four 8-bit QCIF gray level testing videos including 

“Akiyo”, “Mobile”, “Hall” and “Salesman” were used to 

study the performance of different driving techniques in 

handling real videos. To evaluate their performance, a 

metric called Frame-to-Frame Visual Error (FFVE) is 

proposed to measure the average HVS-filtered error 

between an original video frame and its corresponding 

rendered video frame as follows.  

∑ −=
−

=

1

0

2||)(Y
~

)(X
~

||
11 L

l

ll
M�L

FFVE ,           (22) 

where )(X
~

l  is the l
th

 frame of the HVS-filtered original 

video sequence X and )(Y
~

l  is the l
th

 frame of Y
~

. Y
~

 is the 

HVS-filtered version of video sequence Y, and the th),( ji  

pixel of the l
th

 frame of Y is defined as 









∑ +=
−

=

1

0

);,(
1

);,(
R

r

rlRjib
R

ljiY  for Ll <≤0 .  (23) 

In practice, FFVE measures the mean square error (MSE) 

of the pixels between the perceived original video sequence 

and the perceived rendered sequence. It is an extension of 

the error metric used in [28] and [33] to evaluate the 

perceived difference between two frames.  

Table 1 shows the average FFVE performance of 

various driving techniques for all testing video sequences 

under different parameter settings of the MTFt given in 

eqn.(18). 

  

 

HVS model 

parameter setting 

-10log10(FFVE)  in dB 

T∆ΣM [19] TS∆ΣM STS∆ΣM 

τ=0.16 

σ =0.06 38.36 41.98 41.74 

σ =0.2 52.86 56.59 56.38 

σ =0.34 59.40 63.13 62.95 

σ =0.2 

τ=0.06 40.44 44.08 43.83 

τ=0.16 52.86 56.59 56.38 

τ=0.26 55.67 60.51 60.32 
Table 1. The average -10log10(FFVE) performance of various 

driving techniques for the testing videos when different parameter 

settings of eqn. (18) are used. 

 
 (a)    (b)  (c)  (d) 

Figure 16. The plots of )(kBa  against k for a constant gray level input patch sequence: (a) subfield coding [9], (b) T∆ΣM [19], (c) TS∆ΣM 

and (d) STS∆ΣM. The gray level is 6/255. 

 

 
 (a)    (b)  (c)  (d) 

Figure 17. The corresponding spectra of Figure 16. (a) subfield coding [9], (b) T∆ΣM [19], (c) TS∆ΣM and (d) STS∆ΣM. 

 

 
 (a)    (b)  (c)  (d) 

Figure 18. The plots of )(
'

kBa  against k for a constant gray level input patch sequence: (a) subfield coding [9], (b) T∆ΣM [19], (c) TS∆ΣM 

and (d) STS∆ΣM. The gray level is 6/255. 
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As a matter of fact, human visual response varies from 

person to person. To a certain extent, the spatial response 

of unhealthy eyes can be corrected with glasses and hence 

we can assume that the parameter values of the MTFs are 

quite stable in practical situations. As for the parameter 

values of the MTFt, they can be quite diverse for different 

people as the temporal response cannot be easily corrected 

with glasses. From the data provided in Table 1, one can 

see that the proposed TS∆ΣM and STS∆ΣM consistently 

provide a performance better than T∆ΣM [19] for people 

with different visual responses.  

Figure 19 shows the ),( vuA�PS  plots of the evaluated 

driving methods. The proposed TS∆ΣM and STS∆ΣM 

consistently provide noise shaping in spatial domain for all 

planes while subfield coding [9] and T∆ΣM [19] do not. 

One can see that there is strong low frequency noise in the 

output of subfield coding and T∆ΣM while there is very 

little in the outputs of TS∆ΣM and STS∆ΣM. As shown in 

Figure 19, though TS∆ΣM and STS∆ΣM shift the noise 

from low frequency band to high frequency band, the 

power of individual high frequency components is very 

limited as compared with the power of the dc components 

in subfield coding’s and T∆ΣM’s outputs. That the noise 

spectrum of TS∆ΣM is more isotropic than that of 

STS∆ΣM is because TS∆ΣM uses the less directional 

spatial diffusion filter (7) instead of (8) in spatial halftoning.   

VII. Conclusions 

OLED is a leading technology and will be used for 

next generation display due to its various advantages. 

When a video is displayed on an OLED display device, a 

corresponding set of binary driving signals are required to 

drive individual OLED pixels. Conventional PWM-based 

driving techniques cannot resolve dynamic false contour 

and harmonic tones of the frame frequency. A recently 

proposed driving technique [19] takes the HVS into 

account and makes use of delta-sigma modulation to shape 

the noise in temporal domain. In consequence, it removes 

the dynamic false contour, reduces the harmonic tones of 

the frame frequency and releases the gate scan time 

constraint to make a larger display realizable.  

In this paper, the desired characteristics of the binary 

driving signals for driving an OLED display device are 

discussed. A new driving technique is then proposed 

accordingly to produce the desired driving signals by 

shaping the noise in both spatial and temporal domains. 

Performance analysis and simulation results show that, as 

compared with [19], the proposed technique can improve 

the visual quality of the played video content, solve the idle 

tone and flickering problems for low gray level constant 

inputs, achieve a higher effective bit resolution and further 

release the gate scan time constraint.   
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