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Abstract 

Microdisplay technology has attracted the attention as projection displays and near 

to eye (NTE) displays due to its advantages of high resolution, tiny physical 

display size and low power consumption. Combined with complementary metal 

oxide semiconductor (CMOS) technology, several display technologies are 

employed to implement a microdisplay application, such as liquid crystal or 

electroluminescent display. Compared with liquid crystal on silicon (LCoS) 

technology, organic light emitting diode (OLED) microdisplay technology is more 

attractive as the NTE display because of its simple optics, high luminance, fast 

response and ultra low power dissipation. With CMOS technology, complex 

circuitry is integrated into the silicon backplane to realize compact OLED-on-

Silicon microdisplay. 

The research work is to exploit and develop efficient circuit architecture of the 

silicon backplane for OLED-on-Silicon microdisplay. The design of the silicon 

backplane must fulfill the characteristics of the display technology. The luminance 

of OLEDs is proportion to the driving current density, so proper current signals are 

expected to be generated for the OLEDs. The challenge mainly lies in the 

extremely small current for low level gray scale. Accurate current signal 

processing technologies are employed in the design of the silicon backplane.  

First, based on the reviews of the active matrix OLEDs (AMOLEDs) employing 

amorphous silicon (α-Si) and poly-silicon (poly-Si), voltage driving scheme and 

current driving scheme are the two main technologies used in the pixel circuit 

design. We develop a current driving pixel circuit because of the linear relationship 
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between the driving current and the display luminance. Compensation technology 

is employed to satisfy the current accuracy at low gray scale level, and usually the 

pixel current is as low as several hundreds of nano amperes. In comparison with 

conventional current driving pixel circuit based on the current copier, we show that 

the proposed pixel circuit fits the design targets and shows good circuit 

performance even at the low current level. 

Secondary, since the input display data is digital signal, digital to analog converter 

(DAC) is required to transform the input digital display data into analog current 

signal. Current mode DACs are preferable when current driving scheme is 

employed in the pixel circuit design. For a successful microdisplay, the chip area is 

one key consideration. A current mode DAC based on the current dividing 

operation is proposed to optimize the chip area. Compared with the common 

binary-weight current steering DAC with the same resolution, the chip area 

noticeably decreases and the performance of the proposed DAC achieves the 

design objectives.  

Finally, a prototype with the resolution of 160×120 is implemented based on 

Semiconductor Manufacturing International (Shanghai) Corporation (SMIC) 

0.35µm custom silicon process. 
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Chapter 1                                                                          

Introduction 

1.1 Background and Motivation 

Microdisplay is a general term for a display system with a typical display screen 

size of less than 1.5" in diagonal. It is often used for projection and near to eye 

(NTE) displays. Head mounted display (HMD) and liquid crystal on silicon (LCoS) 

TV are examples of the existing microdisplay applications. Microdisplays are 

regarded as the combination of the display technology and the complementary 

metal oxide semiconductor (CMOS) technology to induce a compact display 

system with low overall system cost. The display devices are deposited on the 

CMOS silicon backplane to produce an information-rich, high performance and 

compact microdisplay. [1] [2]  

Organic light emitting diode (OLED) technology shows its attractiveness for a 

microdisplay application, especially for NTE display. First, OLED technology is 

kind of emissive display so the backlight is no longer required when it is used to 

implement a microdisplay application. Second, the fast responce rate of OLED 

devices enables the fast switching ability of OLED-on-Silicon microdisplay. 

Furthermore, the attraction of OLED technology includes the low power 

consumption. This is important for portable or wearable, battery-powered display 

applications because it is possible to prolong battery life or the use of smaller and 

lighter batteries. [2] 
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Compared with the amorphous silicon (α-Si) backplane and the poly silicon (poly-

Si) backplane which are the two common technologies used in the active matrix 

OLED display (AMOLED), the CMOS technology shows its advantages to be 

integrated in a microdisplay application, especially the NTE display system. First, 

the smooth surface of the CMOS process is a perfect contact interface for the 

OLED layers. Second, the compaction and complexity of the CMOS circuit lead to 

the small pixel-pitch of microdisplay which results in small driving current. The 

extremely small current for the pixel circuit leads to lower power dissipation. 

Third, the mature CMOS industries provide a low manufacture cost, especially 

massive product.  

Based on studies and summarizes of the features of both the OLED technology 

and the CMOS technology, the combination of these two technologies illustrates 

the possibility of a successful microdisplay application. The motivation to 

investigate and develop a silicon backplane is to provide a design strategy of a 

practical OLED-on-Silicon microdisplay. Nowadays, the OLED-on-Silicon 

microdisplay is less mature and developed than LCoS microdisplay. The 

challenges of the research work mainly lie in two aspects. First we must consider 

the precise current process and the compensation in the circuit design which also 

lie in the conventional OLED direct view. Second the tight circuit structure is 

notable based on the specific requirement of the microdisplay application. We aim 

at providing a design methodology to solve the similar situation when the silicon 

backplane is expected for a new microdisplay application.  
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1.2 Objectives 

The main objective of the research work is to explore and apply a design of the 

silicon backplane for the OLED-on-Silicon microdisplay.  

The specifications for the OLED-on-Silicon microdisplay application require 

special design considerations. First, the chip area is expected to be as small as 

possible to satisfy the portable and wearable display application of the 

microdisplay. Second, owing to the proportional relation of OLED display 

luminance and the driving current density, accurate current signal processing 

technology is one important topic we face in the design of the silicon backplane.  

1.3 Major Contributions 

In this thesis, two main contributions are presented for the implementation of the 

silicon backplane for OLED-on-Silicon microdisplay employing the active matrix 

addressing technology and the current driving scheme. First, an efficient pixel 

circuit architecture for the current driving scheme is developed. Compensation 

technology is introduced in the pixel circuit design. Compared with the 

conventional pixel circuit based on a current copier, the performance of the 

proposed pixel circuit is noticeably improved. Second, a current mode digital-to-

analog converter (DAC) is investigated upon the current dividing operation to 

provide the display current data for the pixel circuit. With such circuit architecture, 

the chip area of the proposed current mode DAC greatly decreases in comparison 

with the binary-weighted current mode DAC of the same resolution.  
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1.4 Thesis Organization 

Seven chapters constitute this thesis. 

The motivations and objectives of the research work are introduced in Chapter 1. 

In Chapter 2, an overview of the OLED-on-Silicon microdisplay technology is 

presented. The basic operation principle and the practical device structure of 

OLEDs are addressed. Then, we focus on features of CMOS technology for the 

microdisplay application. For the backplane of a microdisplay application, the 

comparison of CMOS technology, α-Si technology and poly-Si technology is 

analyzed. Next, the basic operation of the metal oxide semiconductor (MOS) 

transistors is studied for the silicon backplane design of the OLED-on-Silicon 

microdisplay. Finally, design considerations are presented based on the features of 

the OLED microdisplays. 

The addressing circuit of the OLED-on-Silicon is implemented in Chapter 3. 

Functional block diagram is presented to explain the data process of the OLED-

on-Silicon microdisplay. A D type flip-flop is the key element of the addressing 

circuit, so the optimization of the D type flip-flop assists to improve the circuit 

performance. With the standard cells of the CMOS foundry, an efficient and 

compact circuit layout is implemented according to the design guidelines of the 

mixed-signal integration circuit. The simulation results of an 8 × 8 diagram 

indicate that the addressing circuit which works properly and satisfies the design 

objectives. 

The design of the pixel circuit for the OLED-on-Silicon microdisplay is stated in 

Chapter 4. Both the voltage driving scheme and the current driving scheme are 
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used for AMOLED pixel circuit implementation. Based on the reviews of 

AMOLED pixel circuit, we choose the current driving scheme in our design. The 

designed pixel circuit with compensation technology produces the proper current 

to drive the OLEDs. Simulation results of the proposed pixel circuit and the 

conventional current driving circuit indicate the advantages of the proposed 

architecture. 

The current mode DAC is implemented to provide the required driving current for 

the OLED pixel circuit. In Chapter 5, the design of the current mode DAC is 

presented. The design considerations are introduced by analyzing the features of 

current mode DACs. A current mode DAC based on the current dividing operation 

is proposed with smaller chip area for a microdisplay application.  

The photograph and the measurement results of the prototype of the silicon 

backplane for a 160 × 120 OLED-on-Silicon microdisplay are presented in 

Chapter 6. 

In Chapter 7, conclusions are drawn and recommended work for the future are 

described in detail.  
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Chapter 2                                                                                 

OLED-on-Silicon Microdisplay 

2.1 Introduction 

OLED technology was first introduced by Tang and Van Slyke of Kodak in 1987 

[3] and has been studied extensively as an important flexible display technology in 

the recent years. OLEDs used for both large area flexible display and direct view 

mobile display have been studied in references [4-13].  

OLED-on-Silicon microdisplays have drawn attention in recent years. They 

perfectly combine mature CMOS technology with a promising OLED technology. 

Some successful designs have been turned into commercial product [14-18]. For 

microdisplay applications, OLED technology is a natural choice for NTE display 

due to its advantages, such as fast response, high luminance, high contact ratio, 

thin structure, etc and low temperature processing.  

2.1.1 Basic Operation of OLEDs 

The basic theory of organic materials, including material classification, the 

physical phenomenon, device structure and applications are documented in [3] [19-

26]. 

The conventional bottom emitting structure of small molecule OLEDs (SMOLEDs) 

is shown in Figure 2.1. Indium tin oxide (ITO) layer is deposited on the glass 

substrate as the transparent anode to allow the light to pass through the device. The 

metals, such as Mg or Ag, are used as the cathode. Two organic layers are inserted 
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into the two electrodes, and these two organic layers are the hole transporting layer 

(HTL) and electron transporting layer (ETL). Holes and electrons are transported 

by the HTL and ETL respectively. 

Cathode 

Electrons Transporting Layer (ETL)

Holes Transporting Layer (HTL)

Anode (ITO)

Glass Substrate

DC

Light
 

Figure 2.1 The basic bottom emitting OLED structure 

Light emission from hole-electron recombination is the basic physical process for 

OLED display, indicated in Figure 2.2. When the electric field is applied to the 

OLED device, positive and negative carriers are injected from the electrodes and 

transported in the organic layers. The holes and the electrons recombine at the 

interface of HTL and ETL to produce light. The light is transmitted through the 

ITO glass as shown in Figure 2.1. 
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Figure 2.2 The OLED working principle 

For an OLED-on-Silicon microdisplay, due to the opaque silicon substrate, the 

bottom emitting structure is limited. The OLED device is deposited on the opaque 

silicon backplane to form a top emitting architecture (Figure 2.3).For the cathode, 

a thin layer of metal was used to allow light transmission. The MOS transistor of 

the CMOS process is used as the current source or the current sink to provide the 

driving current for the OLED devices. The top metal layer of the CMOS process is 

used as the anode contact.  
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Figure 2.3 The top emitting structure of OLED-on-Silicon microdisplay  

2.1.2 Electrical Characteristics of OLEDs 

The I-V characteristics of OLED are similar to a p-n junction diode. The current-

voltage characteristic of our OLED under DC operating voltage is shown in Figure 

2.4. 

 

Figure 2.4 The I-V curve of the OLED in our research 
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The I-V curve is measured with the OLED sample which is fabricated in the size 

of 50mm × 50mm. 70nm of NPB is used as the hole transporting layer and 70nm 

of Alq3 layer is the electron transporting layer. The forward bias driving voltage 

starts from 0V and it is noticed that there is little current. With the voltage 

increasing, the current increases slowly with the voltage until the voltage reaching 

a threshold voltage. The threshold voltage is typically a few volts. Beyond the 

threshold voltage, the light is produced and the current increases exponentially. A 

useful voltage range with relative display luminance levels is from several volts 

above this threshold voltage. In our design, the power supply for the OLED display 

is from 5V to 10V.  

2.1.3 Organic Materials for Microdisplays  

Mainly two organic emissive materials are used to fabricate OLEDs: small 

molecule materials and polymer materials. The fabrication methods of the small 

molecule OLEDs (SMOLEDs) and the polymer OLEDs (P-OLEDs) are extremely 

different and the process complexity is an important consideration in practical 

production manufacture. Vacuum deposition is the main technique applied for 

SMOLED fabrication while POLEDs are mainly deposited by spin coating or 

inkjet printing. The reason is the polymer materials used are soluble materials. 

Both materials are used to build OLED-on-Silicon microdisplays. Materials for 

SMOLEDs are easy to purify and prepare. The advantages of POLEDs include low 

manufacture cost, low operation voltage and high temperature stability. But neither 

spin coating nor inkjet printing is easily implemented for microdisplay 

manufacture. In our design, SMOLEDs are used to implement the OLED-on-
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Silicon microdisplay. The main OLED device architectures and materials are listed 

in Table 2.1. 

Table 2.1 Device architectures and materials for SMOLEDs and POLEDs 

Items SMOLED POLED 

Basic Device 

Architecture 

Cathode

ETL

HTL

Anode
 

Cathode Low Work Function Metals or Alloys, e.g. Mg:Ag or Al 

ETL 

  
HTL 

 

 

Anode ITO 

Device Examples 

[3][22] 

 
 

Microdisplay 

Application 

Examples 

[14][18] 
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2.2 CMOS Technology for Microdisplays  

CMOS technology is a generic technology which allows the designer to optimize 

the circuit structure for specific applications. Combined with a specific display 

technology, CMOS technology promotes the emergence of new microdisplay 

applications with the features of smaller size and lower cost. The features of 

CMOS-based microdisplays are: small pixel size, small display panel size, light 

weight, high fill factor, low power consumption, low voltage operation of CMOS 

electronics, low cost and high level of integration of driver circuits. 

2.2.1 Comparisons of CMOS, Amorphous Silicon, and Poly-Silicon 

Technologies 

Thin film transistor (TFT) based active matrix displays have achieved high 

resolution and high quality flat panel displays. The backplane circuits are designed 

with amorphous silicon (α-Si) and poly-silicon (poly-Si). α-Si is the most mature 

of the active matrix technology but it has the lowest mobility and integration 

capability. Poly-Si has higher mobility and greater integration potential than α-Si 

but poor uniformity. [27] For microdisplays, the electronic properties of α-Si are 

restricted, while the poor uniformity of poly-Si TFTs will lead to non-uniform 

display luminance in the microdisplay. A microdisplay panel with a size less than 

1.5‟‟ diagonal, is possible, even preferable, using a CMOS silicon wafer as the 

backplane. The comparisons of these three process technologies are listed in Table 

2.2. 
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Table 2.2 Comparisons of α-Si, poly-Si and CMOS technologies 

Items α-Si poly-Si CMOS 

Complexity of Process Simple 

Process 

Complex 

Process 

Mature 

Commercial 

Process 

Carrier Type Only Electron Both Hole and 

Electron 

Both Hole and 

Electron 

Mobility of Carriers Low Medium High 

Transistor Types No p-type 

Available 

Both n-type and 

p-type Available 

Both n-type and 

p-type Available 

Integration Capability Low Medium High 

Device Performance Poor Good Good 

Display Uniformity Good Poor Good 

Display Area Size Medium to Large Small to Large Small or Tiny 

Some features of CMOS technology are remarkable for the backplane of 

microdisplay. First, the planarization of the substrates is the key factor to achieve a 

uniform layer thickness of the optical device above. With CMOS technology, a 

rather flat single contact surface is well prepared on which the optical devices can 

be built. Another advantage is the convenience of the connection of the optical 

device and the integrated driving circuit because all the contact elements lie close 

to the surface. Second, compared with other processes, CMOS technology is 

considered a low power technology. The power supply voltage for CMOS 

components can be as low as 0.9V. Third, in CMOS process, the transistors and 

other active and passive devices have very tiny sizes and a high integration 

capability. But it is found that the best resolution of the CMOS silicon backplane 

tends to be 0.35μm to 0.18μm, although 65nm foundry is available nowadays. 

Finally, a mature semiconductor industry offers the low manufacture cost and high 

quality supporting services, such as advance and smart IC design software, many 

low cost wafer foundries and easily available wafer cutting, die packaging services 

and so on.  
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2.2.2 Basic Operation of MOS Transistors 

MOS transistors are the basic functional elements of CMOS technology. 

Analyzing an MOS transistor‟ behaviors helps to specific circuit design according 

to the characteristics of different microdisplay technologies.  

S

G

D

B
 

Figure 2.5 Basic structure of the MOS transistor 

An MOS transistor is a four-terminal device: the gate (G), drain (D), source (S) 

and substrate bulk (B) (shown in Figure 2.5). An MOS transistor is a kind of 

voltage controlling current device. A current flows from the source to the drain and 

appears when a sufficiently large voltage is applied to the gate. In this case, the 

transistor is „ON‟ and the minimum value of the gate voltage when this channel 

connects drain and source is called the threshold voltage. Otherwise, when no 

voltage is applied, the MOS transistor acts like two p-n junction diode and little 

current flows from the source to the drain, hence it is called the „OFF‟ state.  

The basic three operational regions of a MOS transistor are “cut-off”, “linear” and 

“saturation”. The drain currents in different operational regions are given with the 

supplied voltage on the MOS transistors. [28]  
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In the cut-off region, 0,  dtgs IVV  (2-1) 

In the linear region,   dstgsOXeffdtgsdstgs VVVC
L

W
IVVVVV  ,,  (2-2)  

In the saturation region,  2,, tgsOXeffdtgsdstgs VVC
L

W
IVVVVV    (2-3)  

Where gsV  is the gate-source voltage, dsV  is the drain-source voltage, tV  is the 

threshold voltage, dI  is the channel current, W  is the channel width, L  is the 

channel length, eff  is the carrier mobility, and oxC  is the normalized capacitance 

of the gate dielectric.  

For a microdisplay, the operation of MOS transistors is different based on the 

different display technologies. For an LCoS microdisplay technology, the 

transistor only works as a switch, so when the condition of the linear region is 

fulfilled, the circuits work properly. But for an OLED-on-silicon microdisplay, the 

silicon backplane circuit must provide efficient current to drive the OLED devices, 

so transistors working in the saturation region can be considered as a current 

source to provide a constant driving current to illuminate the OLEDs. 

2.3 OLED-on-Silicon Microdisplay  

A combination of a certain display technology and CMOS is the primary success 

factor of a microdisplay panel. The usage of CMOS technology permits an active 

matrix pixel array and driver circuit to be packaged on a small silicon backplane. 

Video interface circuit processes the input video data (e.g. computer video output 
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or television video signals) to satisfy the requirements of the specific mirodisplay 

panel. The optical system recreates the virtual image for viewing.  

The challenges of the silicon backplane design for OLED-on-Silicon microdisplay 

are associated with the features of the display system. 

1. The light blocking function must be taken into account when a top-emitting 

structure is adopted. Leaking light might destroy the functional integrated circuits. 

Thanks to the multiple levels of metal interconnect of the modern CMOS process, 

this prevented by a properly designed overlapping structure of metal layers.  

2. The generation of accurately designed levels of driving current will provide 

different levels of grayscale displays. The difference is the value of the driving 

current is smaller and the more levels of grayscale are required. In general, the 

current driving scheme is more attractive because uniform luminance can be 

achieved as a result of the constant driving current for this method. In this case, a 

current mode DAC is essential to provide accurate current data for each pixel. An 

efficient architecture of the pixel circuit is necessary in order to duplicate this 

current data to the OLED devices. 

3. Current or charge sharing between the adjacent pixels must be carefully 

controlled. In the worst case, when a pixel is „ON‟, the driving current is injected 

into the OLED devices. A part of the driving current will leak to adjacent pixels. 

The luminance of this ON pixel reduces and the increasing luminance of the 

adjacent OFF pixel is unexpected. This phenomenon is like crosstalk in passive 

matrix addressing. 
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2.4 Conclusion 

In this chapter, an overview of OLED-on-Silicon microdisplay technology was 

presented, including the operation principle and characteristics of OLEDs devices, 

as well as the silicon backplane technologies related to microdisplay applications, 

e.g., the basic operation of MOS devices. Features of OLED-on-Silicon 

microdisplay technology were introduced and discussed. 
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Chapter 3                                                                       

Design of Addressing Circuit for 

OLED-on-Silicon Microdisplay 

3.1 Introduction 

In display applications, the display data is transferred into the pixel array due to the 

scan manner. All the data are scanned from left to right, from top to bottom. The 

addressing circuits control the scan manner of the display data. According to the 

driving scheme, displays based on OLEDs technology are classified as passive 

matrix or active matrix. The important distinguishing feaure of these two driving 

schemes is whether there is an individual active device (e.g. transistors) to control 

the switch behavior of each pixel. The addressing technologies for OLEDs are 

presented in reference [29-31]. 
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  To OLED

(a) (b)
 

Figure 3.1 (a) Passive matrix display (b) Active matrix display 



Chapter 3  

 19 

In passive addressing, the pixel matrix is connected directly to row and column 

electrodes and the pixels are activated row by row. Passive addressing is mainly 

limited to small size displays, because no memory function is enabled to each pixel 

and the duty cycle must be short. However, the main advantages of the passively 

addressed display are low manufacture cost and the simplicity of structure.  

In active matrix scheme, each pixel is attached to an active component, such as 

transistor or diode. The transistor works as a switch which actively maintains the 

pixel state while other pixels are being addressed. It also prevents crosstalk. 

For passive address OLEDs, another limitation is that the OLED must be driven by 

large current to maintain the luminance. The reason is that the pixel voltage will 

decline immediately when no voltage is applied to pixels which are built without 

memory components. And the power dissipation is high when such a large 

discharge current occurs all of the time. For microdisplay applications, the passive 

addressing scheme is not practical because low power dissipation is a significant 

requirement of microdisplays. 

In active addressing OLEDs, a relatively small steady current is used to drive a 

pixel, rather than the large current for a passive addressing scheme. Each pixel 

remains „ON‟ even during the hold period. With the memory elements, a transistor 

in the pixel circuit maintains the driving current even when the addressing signal is 

removed from the pixel circuit within one refreshing period of the display data. 

Thus the overall power consumption is decreased and the OLED lifetime is 

increased when the driving current decreases with the active matrix addressing 

technology.  
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The active matrix addressing scheme offers light weight, high luminance, low 

power dissipation, and low cost processing. It is suitable to realize the OLED-on-

Silicon microdisplay. 

3.2 Active Matrix Addressing circuit for OLED-on-Silicon Microdisplay 

3.2.1 Silicon Backplane Electronics  

Based on studies of the designs in references [32-34], the OLED-on-Silicon 

microdisplay functional block diagram is proposed in Figure 3.2. The entire system 

is mainly divided into the addressing circuit and the pixel matrix. 
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Figure 3.2 The functional block diagram of OLED-on-Silicon microdisplay 

Digital display data of a whole line will be transferred into the shift register by the 

pixel clock signal. The data shift manner starts on the rising edge of horizontal 

synchronization (HS) signal and the data shift from left to right for one bit on each 

rising edge of the pixel clock signal. The data of one entire row will be loaded into 
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the shift register for further processing. On the next rising edge of the HS signal, 

the prepared entire row data will be injected into the data latch and the data shift 

motion will be repeated within the shift register. The data latch will hold the data 

for one horizontal row period and then the input digital data will be converted into 

specific voltage value with the DACs in the column driver. The pixel matrix is 

programmed by the converted analog signals with the control of the row scan 

signal. The pixels of the entire row will be enabled by the row scanner at the 

beginning of the horizontal period and remain connecting to the column lines until 

the data of the next row are well prepared. 

3.2.2 Addressing Scheme for OLED-on-Silicon Microdisplay 

The addressing circuit is usually divided into the column part and the row part. The 

column circuit consists of shift register, data latch and DAC. The display data are 

sorted, stored in the column circuit and converted in DACs before being 

transferred into the pixel matrix. The row circuit mainly provides the proper 

signals to control the row scan manner. 

The structure and the time scheme of the shift register and the data latch for 1 bit 

digital input are shown in Figure 3.3 and Figure 3.4. The 1 bit input data will be 

transferred into the shift register bit by bit under the pixel clock. The shift register 

works as a serial-to-parallel converter. The data of a whole row will be stored in 

the data latch first then under the control of the HS signal, the data are loaded to 

DACs for further processing.  
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Figure 3.3 The structure of the shift register and the data latch 

 

Figure 3.4 The time scheme of the shift register and the data latch 

The schematic of the row scanner is shown in Figure 3.5. The row scanner consists 

of D flip-flops to form a shift register clocked by the HS signal. On every rising 

edge of HS signal, the row select signal will shift down by one row and enable this 

specific row. And the whole process will be repeated from the very first D flip-flop 

on the rising of the vertical synchronization (VS) signal. The time scheme of the 

row scanner is shown in Figure 3.6. 
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Figure 3.5 The schematic of the row scanner 

 

Figure 3.6 The time scheme of the row scanner  

3.3 Optimizations of the Addressing Circuit for OLED-on-Silicon 

Microdisplay 

The addressing circuit consists of D flip-flops as the basic building block. The 

characteristics of the D flip-flop must be considered due to the accurate 

synchronization required for the display data. Usually, two kinds of D flip-flop 

design are used: static D flip-flop and dynamic D flip-flop. Static D flip-flop 

consists of static memories which can preserve the state as long as the power is 

“ON”. The static memories, consisting of two cross-coupled inverters (shown in 

Figure 3.7), have two stable states that represent logic “0” and logic “1”. When 

inverter a has logic “1” at output node, because of the feedback circuit topology 
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inverter b has definite logic “1”at input node and logic “0” at output node to 

prevent the input of inverter a from floating. 

“0”

“1”

Q=”1”a

b

(a) (b)

“1”

“0”

Q=”0”a

b

 

Figure 3.7 (a) The two cross-coupled inverters to store “1” (b) The two cross-coupled 

inverters to store “0” 

A static D flip-flop used in this design is shown in Figure 3.8. CMOS transmission 

gate is used to realize the accessing motion of the D flip-flop.  

¯̄ ¯clock clock

clock ¯̄ ¯clock

¯̄ ¯clock

¯̄ ¯clockclock

clock

D Q

Q̄

 

Figure 3.8 The static D flip-flop 

The clock signals of the CMOS transmission gate are complementary. When 

clock  signal is logic “1”, both NMOS and PMOS transistors are on and the input 

signal will pass the gate. The signals transmitting process through the CMOS 

transmission gate is shown in Figure 3.9.  
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Figure 3.9 (a) Transmission of logic “0” through the transmission gate (b) Transmission of 

logic “1” through the transmission gate 

In this static D flip-flop design, a master-slave construction is used. For the input, 

the inverting latch (Figure 3.10) is preferred to control the input noise. And a 

robust transparent latch (Figure 3.11) is used to reduce the output noise sensitivity. 

The static noise is isolated from the output noise and the output node swings rail-

to-rail.   

¯̄ ¯clock

clock

¯̄ ¯clock

clock

D Q

 

Figure 3.10 The inverting latch 
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Figure 3.11 The robust transparent latch 

Compared with the static D flip-flop, dynamic D flip-flop keeps state for only a 

certain time. The operation is realized by temporary charge storage in the parasitic 

capacitors. Dynamic D flip-flops are also based on a master-slave construction as 

shown in Figure 3.12. 

clock

¯̄ ¯clock clock

¯̄ ¯clock

D Q̄

Q
T1

T2

C1 C2

a b c

 

Figure 3.12 The dynamic D flip-flop 

As shown in Figure 3.12, C1 is the equivalent capacitor to represent the gate 

capacitance of inverter b together with the junction capacitance and the overlap 

gate capacitance of transmission gate T1. When clock signal is logic “0”, the logic 

signal D  is store in C1 of the master stage. And the slave stage is in a hold mode. 

Output Q is in a high-impedance state. On the rising edge of clock signal, the 
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transmission gate T2 turns on, and the sample data on C1 will propagate to slave 

stage and the C2 will store the output Q  for a period of time. If we want to 

preserve the output for a longer time, refreshing is necessary. And during the hold 

period of slave stage, the output Q  is floating and that may cause the misjudgment 

of the logic level. On the other hand, the output is stored in the capacitor, so the 

leakage of the circuit will also distort the value of output signal.  

Static D flip-flop is more suitable for microdisplay application, because in a 

modern process the subthreshold leakage is large enough to cause an incorrect 

judgment of the signal logic level. The simulation results for the static D flip-flop 

and the dynamic D flip-flop are shown in Figure 3.13. 1Q  is the output of the static 

D flip-flop while 2Q  is the output of the dynamic D flip-flop. From the simulation 

results, we notice the fluctuation of 2Q  when the clock signal is logic “0”. Ideally, 

when the clock is logic “0”, T1 turns on and T2 turns off. Din  will be stored in C1 

and the slave stage is in a hold mode. The output node 2Q should be isolated from 

other parts of the circuit and present the previous value stored in C2. One possible 

reason for the fluctuation is the clock feedthrough (refer to section 4.3.3) or the 

leakages.  
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Figure 3.13 Simulation results of the static D flip-flop and the dynamic D flip-flops 

Shown in Figure 3.14, when the rise and fall time of the input signal Din  pulse is 

set to be 10ns, we can see that the rising edge of the Q1 is much sharper than that 

of Q2. So it decreases the possibility that the misjudgment of the logic level that 

happens at the edge of the output signal.  
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Figure 3.14 The rising edge of output signals of the static and the dynamic D flip-flops 

3.4 Layout Considerations  

From the functional block diagram, it is found that the circuit of the silicon 

backplane is a kind of mixed-signal circuit. The addressing circuit is mainly the 

digital circuit while the DAC for the column driver is mixed-signal itself, and the 

pixel matrix consists of mainly analog elements. Some basic rules for the layout 

implementation of the mixed-signal circuit should be noticed. The analog part 

should be protected from the noise source because the analog circuit is more 

sensitive to noise than the digital circuit. [36-37]. 
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Digital Circuit High Speed Digital Circuit  - Shift Register or 

Row Scanner

Low Speed Digital Circuit  - Latch

Analog Circuit
DAC

 Noise Sensitive Analog Circuit - Pixel Matrix
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Figure 3.15 Layout arrangement of the mixed-signal circuit 

In this design, the switch frequency of the shift register or the row scanner is high, 

so these digital parts should be placed far from the noise sensitive analog circuit, 

the pixel array. As signal buffer should be used before the analog signals from the 

data latch are transferred to DACs (shown in Figure 3.15).  

Another layout consideration is the power supply for the analog part and the digital 

part should be separated. There are two separate couples of power pads as analog-

VDD, analog-GND, digital-VDD, and digital-GND. And the dummy pad of the 

SMIC process is used to separate the analog signal pads and the digital signal pads. 

Figure 3.16 illustrates the I/O pads placement. [38] 
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Figure 3.16 I/O pads placement 
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3.5 Simulation Results of the Addressing Circuit  

An 8 × 8 block diagram of an OLED-on-Silicon microdisplay is shown in Figure 

3.17. We use this block to evaluate the address circuit for the OLED-on-Silicon 

microdisplay because of the consideration of analysis efficiency in this case. As 

shown in Figure 3.18 (a), each shift register block consists of four D flip-flops in 

parallel to receive the 4 bit input digital data under the control of pixel clock signal. 

Four D flip-flops are formed as the data latch (Figure 3.18 (b)) to hold the 4 bit 

data from the shift register. 

The simulation is run to verify the functionality of the digital circuit. Simulators 

use device models and a circuit netlist to predict circuit voltages and currents 

which indicate the circuit performance. The required inputs and the expected 

outputs of the addressing circuit are specified. Source components, e.g. DC voltage 

source or DC current source, will be used to produce the required input signals for 

simulation. Comparison will be implemented between the expected outcomes and 

the simulation results. Only when expectation and simulation match each other, the 

correct logical function of the addressing circuit is verified. [39] 
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Figure 3.17 The 8 × 8 block diagram of OLED-on-Silicon microdisplay  
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Figure 3.18 (a) The shift register (b) The data latch 

To inspect the working state of the column addressing circuit, continuously digital 

input signals are loaded into the shift registers. The waveforms of the input signal 

are indicated in Figure 3.19. In two horizontal line periods, 4 bit digital input 

signal changes from „1111‟ to „0000‟ in binary countdown mode.  

 

Figure 3.19 Input signals for simulation 
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The input data is clocked by “pixelclk” signal. The rising edge of HS signal 

indicates that the data of a horizontal line start to load into the column addressing 

circuit. Although only an 8 × 8 block diagram is used for simulation, the frequency 

of signal “pixelclk” is set as the same as the one used for the 160 × 120  prototype 

to evaluate whether the performance of the proposed circuit can fulfill the design 

targets. Since the frame refresh frequency equals to 60Hz, the frequency of the 

“pixelclk” signal is calculated by 

MHzHzf pixelclk 152.116012060    

The parameters of input signals are listed in Table 3.1. 

Table 3.1 Input signals for the addressing circuit simulation 

Signal Frequency Period Duty Cycle 

Pixelclk 1.152 MHz 868 ns < 1% 

HS 36 KHz 6944 ns < 10% 

VS 18 KHz 55.552 μs  < 5% 

Data<3> 72 KHz 13888 ns 50% 

Data<2> 114 KHz 6944 ns 50% 

Data<1> 288 KHz 3472 ns 50% 

Data<0> 576 KHz 1736 ns 50% 

Cadence Virtuoso Spectre Circuit Simulator is employed to estimate the behavior 

of the circuit and SimVision is used for analyzing the virtual simulation results. 

 Spectre Circuit Simulator is an advanced simulator that simulates analog 

and digital circuits supporting by device simulation models. The device models 

represent the behavior of transistors, resistors and other components in circuit 

simulation and in our design, the device models are provided by SMIC 0.35µm 

3.3V/5.0V CMOS process. With component simulation models, simulation is run 

for functionality tests. And the Spectre simulator uses a netlist to list the 

components in a circuit, the modes that the components are connected to, and 

parameter values to support the simulation. The SimVision analysis environment is 
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a unified graphical debug environment. The SimVision environment features 

advanced debug and analysis tools and innovative high-level design and 

visualization capabilities. The Spectre simulator can run DC, AC, transient 

analyses and so on. Transient analysis computes the response of a circuit as 

function of time. In our design, the time response of output signals is what we 

concern, especially for the addressing circuit, so the transient analysis is presented 

to show whether the circuit function is fulfilled. [40] 

Shift

Register

(S8)

Shift

Register

(S7)

Shift

Register

(S6)

Shift

Register

(S4)

Shift

Register

(S3)

Shift

Register

(S2)

Shift

Register

(S1)

Latch8 Latch7 Latch6 Latch5 Latch4 Latch3 Latch2 Latch1

DATA<3:0>

pixelclk

S8<3:0> S7<3:0> S6<3:0>

Shift

Register

(S5)

S5<3:0> S4<3:0> S3<3:0> S2<3:0> S1<3:0>

D
O

U
T

8
<

3
:0

>

D
O

U
T

7
<

3
:0

>

D
O

U
T

6
<

3
:0

>

D
O

U
T

5
<

3
:0

>

D
O

U
T

4
<

3
:0

>

D
O

U
T

3
<

3
:0

>

D
O

U
T

2
<

3
:0

>

D
O

U
T

1
<

3
:0

>

HS

 

Figure 3.20 The column addressing circuit for 8 × 8 block diagram 

The column addressing circuit for 8 × 8 block diagram is shown in Figure 3.20 and 

the simulation results are shown in Figure 3.21. Sn<3:0>, n=8 to 1, represents the 

4-bit output of the shift registers. DOUTn<3:0>, n=8 to 1, represents the 4-bit 

output of the latches. From the simulation results, we can notice the input data is 

shifted in the shift registers clocked by the “pixelclk” signal. At each rising edge of 

the “pixelclk” signal, the 4 bit input data shift forward by one stage. While only at 

the rising edge of the HS signal, the exact data in the shift register are loaded to the 

corresponding data latch. 
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Figure 3.21 The column addressing circuit simulation results of the 8 × 8 block diagram of 

OLED-on-Silicon microdisplay 
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The row scan circuit of 8 × 8 block diagram is shown in Figure 3.22. The first D 

flip-flop of the row scanner has a reset bit. With an AND gate, only when both the 

VS signal and the HS signal are logic high, a logic “1” will reset the very first D 

flip-flop and be used as the input of the row scanner  
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Figure 3.22 The row scan circuit of 8 × 8 block diagram 

1 2 3 4 5 6 7 8

 

Figure 3.23 The row scanner circuit simulation results of the 8 × 8 block diagram of OLED-

on-Silicon microdisplay 



Chapter 3  

 38 

The row selection signals (ROW-n, n=8 to 1) are shifted from the first to the last 

line of one frame clocked by HS signal. The whole scan manner will be repeated at 

the rising edge of the next VS signal. The simulation result of the row scanner 

circuit is shown in Figure 3.23.We should notice that the row scanner outputs the 

row selection signal at the rising edge of the second HS signal. As described in the 

previous paragraphs, the reason is that it costs one horizontal line time for the data 

shifting and sorting in the shift register, so only during the period of the second 

line, the data loading into the pixel circuit are exactly the display data and the pixel 

circuits in the same row should be turned on by the exact row selection signal at 

the same time. 

3.6 Conclusion  

In this chapter, the addressing circuit for OLED-on-Silicon microdisplay is 

introduced. The functional blocks of the addressing circuit and the time schedule 

are presented to show the working principle of the display data scanning motion 

for OLED-on-Silicon microdisplay. The optimization of the D flip-flop is 

necessary because the D flip-flop is the basic element of this addressing circuit. 

Static logic D flip-flop is chosen due to its advantages presented in the analysis. 

Simulation results based on an 8 × 8 block show the addressing circuit works 

properly.  
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Chapter 4                                                                              

Design of Pixel Circuit for OLED-on-Silicon 

Microdisplay 

4.1 Introduction  

Design of the pixel circuit for OLED-on-Silicon microdisplay faces the challenges 

that are derived from not only the electrical property but also the opto-electronic 

property of the OLED devices. The parasitic parameters in pixel matrix also affect 

the performance of the pixel circuit. In an OLED-on-Silicon microdisplay, the 

luminance of the OLED is proportional to the driving current density. The MOS 

transistor is used as the current source or the current sink to drive the OLEDs. To 

produce the proper driving current for the pixel circuit in the OLED-on-Silicon 

microdisplay, two approaches are employed: the voltage driving scheme and the 

current driving scheme. [2] 

In a voltage driving scheme, the gate voltage of the current source transistor is 

controlled by the input voltage signal. The simplest possible pixel circuit using 

PMOS transistors is shown in Figure 4.1. The pixel circuit consists of a switch 

transistor (T1), a drive transistor (T2) and a storage capacitor (Cs).The switch 

transistor T1 controls the input data flow, and the driving transistor T2 is directly 

connected to the OLEDs to provide the driving current. The storage capacitor Cs is 

used as a memory element to record the gate voltage of T2. 
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Figure 4.1 The 2-T pixel circuit of OLED-on-Silicon microdisplay 

The operation of the pixel circuit is divided into two parts: the programming period 

and the driving period. In the programming period, the input signal flows into the 

pixel circuit with the switch transistor T1 turning on. The gate voltage of the 

driving transistor T2 and the capacitor Cs will be charged to a certain designed 

level. A drain current is yielded according to the working state of the driving 

transistor. Then in the driving period, the pixel circuit is isolated from the input 

data source. The gate voltage of the driving transistor that is stored in the storage 

capacitor Cs will keep the drain current flowing until the new display data is 

injected into the pixel circuit.  

In the current driving scheme, the input video signal from computers, televisions or 

other video source is converted into a current signal to drive the OLEDs. The input 

current data is directly injected into the pixel circuit and the pixel circuit transfers 

the driving current to drive the OLEDs. The current mirror is the basic element 

used in the design. Modifications on the architecture of the current mirror enable 

the high performance of the current duplication action. In our design, a current 
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driving scheme is implemented due to its advantages that are presented in the 

following paragraphs.  

4.2 Reviews of AMOLEDs Driving Scheme  

AMOLEDs technologies used for direct view display which employs α-Si or poly-

Si have been studied for years, so reviewing such pixel circuits provides us 

referential experience and helps us establish the design objectives. The pixel circuit 

designs based on α-Si and poly-Si in references [41-58] are reviewed and typical 

pixel circuit design technologies based on both voltage driving scheme and current 

driving scheme are analyzed in the following paragraphs.   

4.2.1 Voltage Driving Scheme 

In the basic pixel circuit (shown in Figure 4.1), it is preferable that the working 

state of the driving transistor falls in the saturation region; in this case, the drain 

current 

  2
2

1
tgsOXeffd VV

L

W
CI    (4-1)  

is relatively stable with a certain value of the gate voltage. However, any 

modifications of the gsV of T2 will lead to different currents flowing through the 

OLEDs. The gsV varies with the input data voltage. So with different values of 

input data signals, the injecting current is different resulting in different luminance. 

Furthermore, the non-uniformity of transistor characteristics, such as the threshold 

voltage ( tV ) and the mobility (  ), causes non-uniformity in the luminance of the 
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display. Compensation circuit is carefully designed to make the output current to 

be independent of the parameters, tV ,   and etc.  

T1

OLED

T2

T3

T4

C1

C2

Vsel

Vdata

SW1

SW2

VDD

Vdata

SW1

SW2

Vsel

Programming Period

Preparation

Store Vth,T2 in C1

Write Data

OLED Driving Period

 

Figure 4.2 The voltage compensation pixel circuit 

In the voltage compensation pixel circuit [49] (shown in Figure 4.2), there are 4 

transistors and 2 capacitors. The basic principle is to use the diode-connected 

structure of the transistor to sample and hold the threshold voltage of the driving 

transistor T2. The transistors T3 and T4 are used to memorize and reset the 

threshold voltage of driving transistor T2. In this design, T3 and T2 form a diode-

connected structure when T3 is „ON‟ and T4 is „OFF‟. The gate voltage of T2 

2,2, TtDDTg VVV  , due to the diode-connected structure. So the voltage across the 

capacitor C1 is 2,TtV . When T2 is disconnected and dataV is applied, the voltage of 

T2 is  

  2,

'

2,
21

2
TtdataDDTt V

CC

C
VVV 


  (4-2)  
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and during the driving period, the driving current of OLED is independent of 2,TtV  

of T2 and is given by  

 
2

21

2

2

1












CC

C
VVC

L

W
I dataDDOXeffOLED  (4-3).  

Therefore, the driving current is independent of the threshold voltage of the driving 

transistor 2,TtV  in the voltage compensation pixel circuit. 

4.2.2 Current Driving Scheme  

An OLED device is a current driving device and the luminance of display is 

proportion to the driving current so a current driving scheme is a natural choice for 

the pixel circuit of an OLED-on-Silicon microdisplay.  
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Figure 4.3 The pixel circuit based on the current copier 

A current driving pixel circuit based on the current copier circuit is presented in 

Figure 4.3. The working principle of such pixel circuit is to use the current copier 
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to sample and hold the input current. The driving scheme of such a pixel structure 

is also divided into two periods: the programming period and the driving period. In 

the programming period, when dataI  flows in the pixel circuit, switch transistors T1 

and T3 turn on and the current flows to T2. The gate voltage of T2 will be charged 

to a certain value 2,TgV according to dataI . While the gate voltage 2,TgV  also is 

memorized by the capacitor Cs. The variation of mobility eff  and threshold 

voltage of T2 2,TgV  will be compensated by the voltage stored in Cs. Then in the 

driving period, T4 turns on while T1 and T3 turn off, the drain current of T2 flows 

into the OLED to emit light. The luminance of the display depends on the gate 

voltage of T2 stored across Cs according to dataI . Ideally the OLED current OLEDI  

should be equal to dataI  and independent of eff  and 2,TgV . However, one difficulty 

for such a structure is that the requirement of channel-to-channel current accuracy 

is very high, especially at a low level of grayscale when the dataI  is as low as 

several nano amperes. Also, a long programming time is observed in the case that 

the storage capacitor Cs is charged by such a low data current. The charge 

distribution is also due to parasitic parameters of the column lines connecting to 

each pixel circuit. With the increase of the display resolution and the image quality, 

the programming time will increase  

The pixel circuit based on the current mirror is shown in Figure 4.4. The current 

mirror is the basic element of such a pixel circuit structure. The operation principle 

is similar to the current copier structure. The data current dataI  will be converted to 

a certain value of gate voltage of T1 stored across Cs during the programming 

period. Then in the driving period, this driving current dataI  will be copied to the 



Chapter 4  

 45 

OLED device with the current mirror pair of T1 and T2. The advantage of current 

mirror structure is by adjusting the LW  ratio of the current mirror pair, the larger 

value of the data current , dataI  ,can be used in the programming period in order to 

improve the accuracy and shorten the programming time. In practice, the 

dimensions of T1 and T2 are design as 
21 TT L

W
k

L

W








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


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
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, where k  is larger than 1. 

The data current dataI  scales down in order to provide a proper OLED current 

OLEDI  according to k . 
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Figure 4.4 The pixel circuit based on the current mirror 

4.3 Design Considerations for Pixel Circuit of OLED-on-Silicon 

Microdisplay  

The luminance of the OLEDs is proportion to the driving current density. The 

current driving scheme is the natural choice to produce an OLED display. Current 

signal process technologies are reviewed for the design of the pixel circuit in 

references [59-65]. 
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4.3.1 PMOS Transistors for OLED-on-Silicon Mirodisplay 

The reason why a PMOS transistor is preferred in the pixel circuit is mainly due to 

the non-linear characteristic of an OLED device and the top-emitting structure of 

the OLED-on-Silicon microdisplay.  

The conventional current driving pixel circuits using only NMOS or only PMOS 

transistors are shown in Figure 4.5.[13] When PMOS driving transistor T2 is 

directly connected to the OLED device to inject the driving current, the source of 

T2 connecting directly to VDD, the gate-source voltage gsV  is not affected by the 

non-linear current-voltage characteristics of the OLED device. It is much easier to 

control the driving current. If an NMOS transistor simply replaces the PMOS 

transistor, in order to precisely control the value of gsV , the source of the NMOS 

transistor should be directly connected to ground. gsV  is reduced when the voltage 

drop increases through the OLED device. The drain current of the NMOS 

transistor will also decrease with gsV  and the luminance of the OLED will reduces 

with the current at the same time. 
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Figure 4.5 (a) The 2-T pixel circuits using NMOS (b) The 2-T pixel circuits using PMOS 
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Figure 4.6 (a)The top-emitting structure of OLED-on-Silicon microdisplay using NMOS and 

(b) The top-emitting structure of OLED-on-Silicon microdisplay using PMOS 

On the other hand, the opaque silicon backplane leads to the top-emitting structure 

and the PMOS transistor is preferable. As shown in Figure 4.6, with the use of 

PMOS transistor, a CMOS wafer will be used as the positive terminal of the top-

emitting structure and the top metal layer of CMOS wafer is used as contact for the 

deposition of ITO anode. Otherwise, when the NMOS transistor is used, to achieve 

the successful top-emitting structure, the CMOS wafer is the negative terminal of 
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this OLED-on-Silicon microdisplay so the ITO layer will be sputtered directly on 

the OLED layers. Sputter deposition is a physical vapor thin film deposition 

method. Sputtered atoms ejected from the source material target have a wide 

energy distribution, typically up to tens of electronic volts. It takes the risk of 

destroying the OLED device layers when these high energy atoms collide with the 

OLED layers. The reason why PMOS is preferred for top-emitting OLED structure 

is based on the consideration of the high product yield. 

4.3.2 Switch Charge Feedthrough  

In the pixel circuit, when MOS transistors are used as switches, the switch charge 

feedthrough must be taken into consideration.  

Vin

switchLW )(

CsV

SW

 

Figure 4.7 The switch charge feedthrough 

The cause of the switch charge feedthrough is the current from the inversion layer 

of the MOS transistors. When the MOS transistors turn off, the charge of the 

inversion layer will flow into the source, the drain and the substrate. In 

consequence, the stored voltage of Cs changes by V , creating a relative change in 

the output current VgI m , where mg  is the transistor transconductance.  

http://en.wikipedia.org/wiki/Physical_vapor_deposition
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Assuming a single n-channel transistor acting as the switch, if half of the charge 

sQ in the inversion layer of the switch transistor spills onto Cs and since the switch 

is operated in the linear region, the voltage variation 
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The driving transistor is operated in saturation region, and the resulting change in 

the OLED current is  
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Where 1W  and 1L  are the width and length of switch transistor, 2W  and 2L are the 

dimensions of driving transistor.  
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Figure 4.8 The CMOS switch used as the switch element 

A transmission gate replaces the switch transistor as the switch component. The 

variation of the voltage is calculated as  

)2(
2

DDTNTPin
OX VVVV

C

WLC
V   (4-6). 
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If the size of the NMOS and PMOS transistors are carefully selected to make the 

absolute value of the threshold voltage of the PMOS transistor ( TPV ) equal to the 

threshold voltage of the NMOS transistor ( TNV ), the charge injection due to each 

transistor is complementary to each other. In addition, in the driving period, the 

leakage current appears. The error caused by the leakage current gives a slow 

change in the output port. The leakage current can be reduced when a CMOS 

switch pair is used because the leakage current from the NMOS and PMOS 

transistors are cancelled by each other.  

4.3.3 Clock Feedthrough  

Driving by a clock signal, a switch transistor presents two states: ON or OFF. 

Ideally, this clock signal should not influent the output of this switch transistor 

directly. But when the switch transistor just turns off under the control of the clock 

signal, charge redistribution happens due to the gate-drain capacitor Cgd or the 

gate-source capacitor Cgs. This redistribution of charge forces the output voltage to 

drop. This phenomenon that the effect of the clock signal appears at the output 

node is called clock feedthrough. 
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Figure 4.9 The clock feedthrough 
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When the control clock signal swings from VDD to 0V, the switch transistor turns 

off and the output node is high impedance state. The capacitors Cgd, Cgs and the 

load capacitor Cs are isolated. As the gate voltage decreases, the charges 

associated with these two capacitors redistribute to maintain equality. The 

redistribution motion causes the voltage at the output node drop an amount. The 

output voltage change 
S

DD
CC

C
VV




1

1'  (4-7),  

where gdgs CCC 1  is the total overlap capacitance, Cs is the capacitance of the 

load. Usually Sgsgd CCC  , the error caused by clock feedthrough is much 

smaller than the one caused by switch charge injection. If the Cs is large enough, 

usually the error caused by the clock feedthrough at the output is neglected.  

4.3.4 Time Response of the Storage Elements 

The basic working principle of pixel circuit is to control the working state of the 

driving transistor. Usually, voltage mode or current mode display data are applied 

to the pixel circuit during the programming period, and correspondingly, a 

properly designed gate voltage is generated to the driving transistor in saturation 

region. A storage capacitor is necessary to remember this gate voltage in order to 

keep the current flowing during the driving period. Evaluating the time response of 

the capacitor helps to analyze the performance of the pixel circuit. Basic elements 

(shown in Figure 4.10) are used to indicate the charge and discharge at the storage 

capacitor of the pixel circuit for the OLED-on-Silicon microdisplay. As discussed, 

a PMOS transistor is preferred to use as the driving transistor in the pixel circuit. 

The capacitor Cs is used to store the gate voltage of this transistor.  
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Figure 4.10 The basic elements used for evaluating the time response 

A current pulse with pulse width of 50ns is injected into the circuit. The 

capacitance of Cs and the W/L ratio of the driving transistor will affect the drain 

current, as well as the gate voltage stored in capacitor. 

 

Figure 4.11 The drain current dI  with the different capacitances of sC  
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Figure 4.12 The gate voltage gV  with the different capacitances of sC  

In Figure 4.11 and Figure 4.12, the simulation results show that a large capacitance 

needs a long response time. If a fast response is crucial, small capacitance is 

preferable. But large capacitance is helpful to sustain the gate voltage in the 

driving period. A tradeoff must be considered in the design. 

Then, constant capacitance is used and only the LW  ratio of the driving transistor 

is changed to observe the circuit performance. The simulation results are presented 

in Figure 4.13 and Figure 4.14. For a microdisplay application, the variation of the 

LW  ratio is in a narrow range. In this case the drain current dI is not affected 

greatly but the gate voltage will increase when enlarging the LW  ratio. The LW  

ratio should be properly design to offer the appropriate gate voltage. 
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Figure 4.13 The drain current dI  with the different LW  ratios 

 

Figure 4.14 The gate voltage gV  with the different LW  ratios 
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Besides the LW  ratio, the transistor size is also considered. Comparisons are 

shown in Figure 4.15 and Figure 4.16. Increasing the physical dimension of 

transistors, the gate voltage will also increase but the drain currents are almost the 

same. So it will take a longer time to lock the stable working state of the large size 

driving transistor. 

 

Figure 4.15 The drain current dI  with the different transistor size 
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Figure 4.16 The gate voltage gV  with the different transistor size 

Simulation results with this basic circuit indicate that the response time of the 

storage capacitor depends on the capacitance of the storage capacitor as well as the 

transistor size. The dimension of the storage capacitor and the driving transistor 

should be selected carefully if the time sequence requirement is strict. 

The switch time of OLED device is fast, usually in the nano second range, so the 

lower limit of the time response is dependent on the RC constant of the pixel 

circuit, or particularly, the charge time of the storage capacitor. According to the 

simulation results above, we find the charging time for the capacitor used is around 

tens of nano seconds. It matches the switch time of the OLED device, so the lower 

limit of the time response can be satisfied with the capacitor provided by the 

foundry used in our design.  
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4.4 Implementation of the Proposed Pixel Circuit 

From the analysis, we find that the main challenge of the pixel circuit design is to 

provide a stable driving current for the OLEDs especially when this current is 

extremely small for the lower level grey scale display, which is in the range of 

nano amperes. Compensation is a common strategy used to maintain a stable 

working state of the pixel circuit. 

In the proposed pixel circuit, T2 and T3 are used to maintain the gate voltage of 

driving transistor T1 when distortion happens during the driving period.  
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Figure 4.17 The proposed pixel circuit for OLED-on-Silicon microdisplay 

When the SW signal is valid and the display data current flows into the pixel 

circuit, the gate voltage of T1 is charged appropriately to a certain value to produce 

the current 1TI  which is equal to the input data current dataI . At the same time, both 

storage capacitors C1 and C2 are charged and due to the current mirror structure, 

321 TTT III  .This is the programming period of the pixel circuit operation.  
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Then in the driving period, when the current source is removed, due to the switch 

feedthrough, or the leakage current, the stored gate voltage of T1 is distorted. The 

protection of the gate voltage is implemented by the branch circuit consisting of T2 

and T3.  

In the driving period, the variation of the voltage at point A is given by 
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where tgsoxm VV
L

W
Cg    is the transconducatance in the saturation region. 

Due to the current flow, the drain current of T3 also varies by 123 TTT III  . 

So the gate voltage of T3 also changes by BV  which is calculated by 

1
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I
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I

g

I
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
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
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
  (4-9).  

The variation of the gate voltage causes the discharge of the storage capacitor C2 

and the discharge current 2' CVI B . The discharge current flows into the point C 

to compensate 1TI , the drain current of T1. If we can ensure 1' TII  , the driving 

current can be perfectly compensated. With carefully designed components‟ 

parameters, the relationship of 1' TII  can be fulfilled and the performance of the 

pixel circuit improves greatly.  

Due to the chip area limitation for the OLED-on-Silicon microdisplay, the size of 

the component is expected to be smaller so the selection of the parameters is 
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limited in a narrow range. The parameters used for simulation are listed in Table 

4.1 and the simulation results are shown in Figure 4.18. 

Table 4.1 Components parameters of the proposed pixel circuit 

W(T1, T2, T3) 4 μm 

L (T1, T2, T3) 2 μm 

C1 22.5 fF 

C2 22.5 fF 

VDD 5 V 

dataI  2500 nA ~ 156.25 nA 

16 steps and 1 step = 156.25 nA 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Pixel is OFF but the driving 

current is sustained

17

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

 

Figure 4.18 Simulation results of the proposed pixel circuit 
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Shown in Figure 4.18, we can find that when the pixel circuit stays on, the pixel 

driving current varies following the variation of the input data current. When the 

pixel circuit is off, the pixel current keeps the same level because the storage 

capacitor assists to sustain the same gate voltage of the transistors. 

The simulation results of the proposed pixel circuit are also listed in Table 4.2. 

Table 4.2 Simulation results of the proposed pixel circuit 

 

No. 
dataI  ( nA ) 

 

1_TdI  ( nA ) 

(Absolute Value) 

2_TdI  ( nA ) 

(Absolute Value) 

3_TdI  ( nA ) 

(Absolute Value) 

1 2500.00 2567.9697 2351.2746 2351.2722 

2 2343.75 2412.0466 2207.2143 2207.2119 

3 2187.50 2256.1331 2063.1763 2063.1739 

4 2031.25 2100.2300 1919.1658 1919.1633 

5 1875.00 1944.3385 1775.1891 1775.1866 

6 1718.75 1788.4601 1631.2549 1631.2524 

7 1562.50 1632.5965 1487.3750 1487.3725 

8 1406.25 1476.7497 1343.5652 1343.5626 

9 1250.00 1320.9226 1199.8477 1199.8451 

10 1093.75 1165.1188 1056.2540 1056.2514 

11 937.50 1009.3433 912.8302 912.8302 

12 781.25 853.60375 769.6449 769.6422 

13 625.00 697.91155 626.8054 626.8026 

14 468.75 542.28652 484.4862 484.4834 

15 312.50 386.76745 342.9945 342.9916 

16 156.25 231.45082 202.9417 202.9387 

17 156.25 216.38265 155.0537 155.0523 

Current duplication can also be achieved with the current copier circuit. 

Comparison is implemented between the proposed pixel circuit and the current 

copier (shown in Figure 4.18). Table 4.3 lists the parameters of the current copier. 

Table 4.3 Component’ parameters of the current copier 

W (T1) 4 μm 

L (T1) 2 μm 

C1 22.5 fF 

VDD 5V 

dataI  2500 nA ~ 156.25 nA 

16 steps and 1 step = 156.25 nA 
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Figure 4.19 The current copier 

The simulation results of the current copier are listed in Table 4.4. 

Table 4.4 Ideal value and the simulation results of both the proposed pixel circuit and the 

current copier 

No. 
dataI  ( nA ) 1_TdI  ( nA ) 

(Absolute Value) 

copiercurrentI  ( nA ) 

(Absolute Value) 

1 2500.00 2567.9697 2317.2793 

2 2343.75 2412.0466 2171.5318 

3 2187.50 2256.1331 2025.9010 

4 2031.25 2100.23 1880.3880 

5 1875.00 1944.3385 1734.9943 

6 1718.75 1788.4601 1589.7207 

7 1562.50 1632.5965 1444.5685 

8 1406.25 1476.7497 1299.5389 

9 1250.00 1320.9226 1154.6332 

10 1093.75 1165.1188 1009.8526 

11 937.50 1009.3433 865.1983 

12 781.25 853.6038 7206.717 

13 625.00 697.9116 576.2741 

14 468.75 542.2865 432.0067 

15 312.50 386.7675 287.8710 

16 156.25 231.4508 143.8683 

17 156.25 216.3827 141.7829 

The differences between the actual output pixel currents and the ideal 

values kidealkk III , are indicated in Figure 4.20. We can point out that the 

output current variation of the proposed pixel current is much more crucial than 

that of the current copier. We should notice that the output current of the current 
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copier is smaller than the input data current. The possible reasons lie in the switch 

feedthrough, clock feedtrough and leakage current as mentioned. With the 

compensation circuit, the output current of the proposed pixel circuit is efficiently 

compensated and the match of the input and output current is improved to provide 

a more accurate driving current for the OLED devices. 

 

Figure 4.20 Comparisons of the proposed pixel circuit and the current copier 

4.5 Layout Considerations 

A current mirror is the basic element of the pixel circuit for a OLED-on-Silicon 

microdisplay. The match of the transistor pair is crucial to the performance of the 

pixel circuit. In the layout design, the transistor pair should be put as close as 

possible in order to reduce the mismatch caused by process variations of transistor 

width, length and doping concentration.  
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A capacitor is used to memorize the gate voltage of driving transistor for the 

driving period in this case; the value of the capacitor should not be too small. 

However, when the chip area is also concerned, a smaller size capacitor is 

preferred. In the CMOS process, metal-insulator-metal (MIM) and poly-insulator-

poly (PIP) capacitors are commonly used. A PIP capacitor has larger capacitance 

per unit so it is suitable for the microdisplay application when the small chip area 

is a concern. [65] 

P-substrate 

metal 2

metal 1

MIM

poly 1

poly2
PIP

 

Figure 4.21 Different types of CMOS capacitors  

But a PIP capacitor needs an additional poly layer and the manufacture cost 

increases. Another solution is to use the gate capacitor of an MOS transistor, which 

has a very thin dielectric layer for maximizing the capacitance. 

S D

Gate

 

Figure 4.22 The gate capacitor of the MOS transistor 
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4.6 Conclusion 

In this chapter, the working principle of the pixel circuit for the OLED-on-Silicon 

microdisplay is introduced. A voltage driving scheme and a current driving scheme 

are both reviewed. The luminance of the OLED is proportion to the current density, 

so the current driving scheme is our natural choice. Design considerations of the 

pixel circuit are discussed, like switch feedthrough, clock feedthrough and the 

transistor type. A pixel circuit based on the current driving scheme is proposed. 

Driving current compensation is implemented. Layout for the pixel circuit is 

carefully accomplished. 
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Chapter 5                                                                        

Design of Current Mode DAC for 

OLED-on-Silicon Microdisplay 

5.1 Introduction 

A digital to analog converter (DAC) is used to transfer the digital signal of the 

discrete time domain to the analog signal used in the continuous time domain. It 

plays the important role in the mixed-signal circuit. DACs typically can be 

classified as the voltage mode or the current mode according to the output signal 

type. Commonly DACs are mainly formed by digital logic circuitry, switch 

network, reference circuits and analog active elements. A typical voltage mode 

DAC is shown in Figure 5.1. [66] 

… …

… …

Digital input Code

Binary switch 

network

Reference 

Voltage 
Output 

Buffer 

Analog 

Scaling 

Network

refV kref DV krefout DKVV 

021 DDDD NNk 

 

Figure 5.1 The basic voltage mode DAC 

For an N-bit DAC, the digital input kD is defined as 
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)1(

1

1

1

0

0 222 

 N

Nk DDDD   (5-1) 

Where each bit iD  is either „1‟ or „0‟, and 1ND  is the most significant bit (MSB) 

and 0D is the least significant bit (LSB). And the LSB unit is defined as 

NLSB 211  . 

The analog output signal outV  is related to the digital signal kD  using an analog 

reference voltage refV . The output voltage is calculated as  

  kref

N

Nrefout DKVDDDKVV  



)1(

1

1

1

0

0 222   (5-2) 

where K is a constant. 

Another widely used DAC type is the current mode DAC. Advantages of current 

mode DACs lie in their high-current driving ability, high speed, high resolution 

and small circuit area. For an OLED-on-Silicon microdisplay, a DAC is used to 

convert the input digital video signal into analog current display data for the pixel 

circuit. A current mode DAC is easily to be integrated and is very suited for OLED 

driving. The basic structure of a binary-weighted current-steering DAC is shown in 

Figure 5.2. 
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Iout

 

Figure 5.2 The Binary-weighted current-steering DAC 

As shown in Figure 5.2, the output current is defined as 





1

0

N

k

kkout IDI  (5-3),  

where kD  is the input digital code which can be either binary weighted code or 

thermometer code (refer to section 5.3.2).  

Based on the reviews of references [64, 66-77], the characteristics and the circuit 

architectures of the DACs are summarized. With the analysis of the previous work, 

our DAC design are exploited and implemented. 

5.2 The Characteristics of the DACs  

Resolution 

The resolution of a DAC is defined as the number of distinct analog levels 

corresponding to the different input digital words. So N-bit resolution implies that 

the DAC can resolve 
N2  distinct analog levels. 

Differential non-linearity (DNL) and Integral non-linearity (INL)  
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Differential non-linearity (DNL) and integral non-linearity (INL) are the most 

important indicators of a DAC‟s static performance. DNL and INL are illustrated 

in Figure 5.3. The black dotted line indicates the ideal output curve of the DAC 

while the blue solid line presents the actual output of the DAC. 

DNL is defined as the variation in analog step sizes away from 1 LSB, 

LSBYYDNL KK   '' 1  (5-4) 

where KY ' is the actual analog output value.  

INL is defined as the deviation from the ideal line 

LSB

YY
INL KK 

'
 (5-5),  

where KY ' is the actual analog output value and KY  is the ideal analog output value.  
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Figure 5.3 INL and DNL errors for DAC transfer function 

An ideal DAC has a uniform step size and shows a linear characteristic of the data 

transfer function. But a real DAC will have variance in step size and a curvature to 

its transfer function. DNL and INL indicate how close the performance of the real 

DAC is to that of an ideal DAC.  

Monotonicity 

Monotonicity is an important characteristic of the static transfer function of DAC. 

A monotonic DAC is defined by the condition that the output always increases as 

the input increases; otherwise, it decreases as the input decreases. That means the 

variation of the DAC‟s transfer response of two adjacent stages is either positive or 

negative all of the time.  

Offset and Gain error 
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Figure 5.4 (a) The offset error (b) The gain error of DAC 

The offset error offE  is defined to be the output that occurs for the input code that 

should produce zero output 
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LSB

off
V

Offset
E   (5-6).  

The gain error is defined as the difference at the full-scale value between the ideal 

and actual curve when the offset error has been reduced to zero. The gain error 

indicates the error of the actual output and it can be linear or non-linear. 

The actual output with a linear gain and offset error can be expressed as  

offsetYEY gain '  (5-7),  

where gainE  is the gain error 

While the actual output with a non-linear gain error is  

offsetYEY Ka

N

k

Kgaina  




)(' ,

1

1

,  (5-8) 

Dynamic range 

The dynamic range of DAC is specified as the ratio of the root mean square ( rms ) 

value of the maximum amplitude input sinusoidal signal to the rms output noise 

plus the distortion measured when the same sinusoid is present at the output. The 

dynamic range can be expressed as
N2 . 

Glitch 

Glitches are caused by the switch time difference during switching input signal bits. 

If glitches happen when the digital input 0111 1111 changes to 1000 0000, it is 

possible that the output current temporarily falls to zero in which case the LSBs 



Chapter 5  

 72 

turn off slightly before the MSB. Contrarily, the output will temporarily increase to 

the maximum value. 

5.3 Architectures of Current Mode DACs 

5.3.1 Binary-weighted Current Mode DACs 

…  …

I 2I 4I 8I 2
N-2

I 2
N-1

I

D 2 D 3

Iout

¯̄Iout

D0 DN-1D1 DN-2

 

Figure 5.5 The binary-weighted current mode DAC 

The binary weighted architecture is mentioned in the previous paragraphs. A 

typical binary-weighted current mode DAC is shown in Figure 5.5. In this binary-

weighted current mode DAC, the dimensions of the current sources are one, two, 

four and eight, the power of 2 times of the reference current source. The current 

sources are controlled by the digital input bits. Small chip area and high speed can 

be achieved by this architecture. Glitch is the main disadvantage of such structure. 

It is also sensitive to device mismatch.  

5.3.2 Thermometer-code Current Mode DACs 

Glitches are minimized in the thermometer-code current mode DACs. 

Thermometer-code is different from binary code. The thermometer code is 
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numerical based system and it works similarly to a thermometer. In thermometer 

code, there is one digital level for each possible output code, e.g. 8 levels for 3 bit, 

and for a given analog input at all digital levels below the input value are „1‟ and 

all above are „0‟. It has 12 N
 digital inputs to represent 

N2 different values so it 

has the advantage of low DNL, good monotonicity and less glitches. The 

conversion of the thermometer code and 3 bit binary code is shown in Table 5.1  

Table 5.1 The transformation of thermometer code and binary code 

Decimal 

Code 

Binary Code Thermometer Code 

B1 B2 B3 D1 D2 D3 D4 D5 D6 D7 

0 0 0 0 0 0 0 0 0 0 0 

1 0 0 1 0 0 0 0 0 0 1 

2 0 1 0 0 0 0 0 0 1 1 

3 0 1 1 0 0 0 0 1 1 1 

4 1 0 0 0 0 0 1 1 1 1 

5 1 0 1 0 0 1 1 1 1 1 

6 1 1 0 0 1 1 1 1 1 1 

7 1 1 1 1 1 1 1 1 1 1 

In the thermometer code current mode DACs, the current source matrix consisting 

of the same size current cell is addressed by the row and column decoders. The 

graded matching error of the binary weighted current sources is minimized. The 

output changes only 1 LSB at a time so the glitches are greatly reduced. The basic 

structure of the thermometer code current mode DAC and the basic current cell are 

shown in Figure 5.6(a) and 5.6(b) respectively. 



Chapter 5  

 74 

Column Decoder

Column Latch

R
o

w
 L

a
tc

h

clock

Iout
Vbias

D6

D4

D7

D3D2D1D0

R
o

w
 D

e
c
o

d
e

r

D5

Iout

data

Vbias1

Vbias2

T1

T2 T3

T4 T5

VDD

(a) (b)

Basic 

Current Cell

Current Source Matrix

 

Figure 5.6 (a) The basic architecture of thermometer code current mode DAC (b) The basic 

current cell used for thermometer code current mode DAC 

One disadvantage is a full thermometer code current mode DAC will consume a 

large amount of chip area. It is challenging to use full thermometer code to 

represent all bits of high resolution data conversion. The number of switches and 

the complexity of the circuit grow exponentially with increasing resolution. For 

microdisplay application, with the strict requirement of the small chip area, the 

thermometer code current mode DAC loses its competitiveness. 

5.3.3 Segmented Current Mode DACs 

Segmented current mode DACs (shown in Figure 5.7) provide the most popular 

solution for good linearity and minimum glitches. In this approach, the MSBs are 

usually realized by thermometer coding and the LSBs are formed by binary 

weighted current sources. The thermometer code current mode DAC architecture 

ensures the monotonicity and reduced glitch noise. And the usage of binary-

weighted current mode DACs architecture optimizes the chip area.  
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Figure 5.7 The segment current mode DAC 

But for a microdisplay, the chip area consumption of segmented current mode 

DACs is still too large and with increasing resolution, the number of DAC cells 

increases greatly. In this case, optimized current mode DAC architecture needs to 

play a delicate tradeoff with the chip area and the circuit complexity, and the 

circuit performance. 

5.4 Implementation of the Proposed Current Mode DACs  

A current mode DAC based on the current dividing operation is employed in order 

to optimize the chip area. For OLED-on-Silicon microdisplay, very tight area 

constraint is on the current mode DAC for each column drivers, especially with the 

increase of the pixel density for the microdisplay with high resolution. 

The architecture of the 4-bit proposed current mode DAC is illuminated in Figure 

5.8. The current mirror is used to divide the current refI  into two equal current 

flows. The current mirror can be used as a kind of the current divider. If the 
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matching between T1 and T2 is sufficient and the two drain currents 1,TdI and 

2,TdI are equal to each other with the value of 2refI . 
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Figure 5.8 The 4-bit proposed current mode DAC using common current mirror 

The main advantage of such cascade architecture is the less chip area used in the 

design. Comparison is demonstrated between the 4-bit binary-weighted current 

mode DAC (shown in Figure 5.9 (a)) and the 4-bit proposed current mode DAC 
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using common current mirror (shown in Figure 5.9 (b)). The chip area of the unit 

current mirror pair is assumed as S0. The total chip area of 4-bit binary-weighted 

current mode DAC is 15S0 while the proposed current DAC is 10S0. For this 

design, the chip area is reduced by 30%.  

Iref

Iref /2 

Iref /4 

Iref /8 

Iref /16 Iref /16 

(a) (b)

S0 2S0 4S0 8S0

2S0

2S0S0
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S0S0

Iout

¯̄Iout

Iout
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Figure 5.9 (a) The chip area of 4-bit binary-weighted current mode DAC (b) The chip area of 

4-bit proposed current mode DAC using common current mirror 

With increasing resolution, the chip area of the proposed architecture is much less 

than that of the binary-weighted structure. In Table 5.2, the comparison results are 

listed. 
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Table 5.2 The chip areas of the binary-weighted current mode DAC and the proposed current 

mode DAC using common current mirror 

Resolution 

(N bit) 

Chip area of the binary-

weighted current mode DAC        

(in unit area S0) 

Chip area of the proposed 

current mode DAC using 

common current mirror          

(in unit area S0) 

4 15 10 

8 255 18 

10 511 22 

12 3580 26 

T1 T2

T1 T2

T3 T4

2

44rgr mout 

Iref

2refout II 

teffTg VVV  24,
teff VV 2

teff VV 

teffTs VVV 4,

2refI2refI

Iref

(a) (b)  

Figure 5.10 (a) The basic current mirror pair (b) The cascode current mirror  

In practice, the channel length modulation  should be taken into consideration 

and high accuracy of the current mirror pair is required. In the basic current mirror 

pair (as shown in Figure 5.10(a)), if the channel length modulation 1 and 2 are 

not close to zero, the current ratio is 

1

2

11

22

1,

2,





LW

LW

I

I

Td

Td
  (5-9).  

Since dsV , the output current also depends on the drain to source voltage dsV . 

The variation of dsV  will introduce a difference between 1,TdI  and 2,TdI . To reduce 

the channel length modulation effect, one direct way is to increase the channel 

length L . But the large channel length will increase the size of the circuit chip area 
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as well as the parasitic parameters. One solution is to modify the basic current 

mirror pair. The cascode current mirror structure used for this DAC is shown in 

Figure 5.10(b). By using additional transistors T3 and T4, the cascode current 

mirror is formed. Because T1 and T3 are diode-connected transistors, the gate 

voltage of T4 is teffTg VVV  24, , where tgseff VVV  , and tV  is the threshold 

voltage and the source voltage of T4 is teffTs VVV 4, . In this case, the drain-

source voltage of T4 equals efftTgsTds VVVV  4,4, , so T4 remains in the 

saturation region. At the same time, the output resistance 

2

44,224,4 )1( rgrrgrr TmTmo   (5-10),  

assuming 24 rr  . The output resistance of the current mirror pair increases by 10-

100 times to improve the circuit performance. 

With the cascode current mirror pair for our design, the proposed 4-bit current 

mode DAC is redesigned as shown in Figure 5.11. Each output branch includes a 

cascode current mirror pair. At the same time, the MOS switch pair is used to 

control the output current flow. The digital logic signal ( iD ) and the 

complementary logic signal ( iD ) are used to control the switch manner.  
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Figure 5.11 The 4-bit proposed current mode DAC using cascode current mirror 

With a cascode current mirror, the chip area of the proposed 4 bit current mode 

DAC increases but for high resolution, the chip area of the proposed structure is 

still much smaller than the binary-weighted current mode DAC. Table 5.3 shows 

the comparison results. 



Chapter 5  

 81 

Table 5.3 The chip areas of the binary-weighted current mode DAC and the proposed current 

mode DAC using cascode current mirror 

Resolution 

(n bit) 

Chip area of the binary-

weighted current mode DAC        

(in unit area S0) 

Chip area of the proposed 

current mode DAC using 

cascode current mirror            

(in unit area S0) 

4 15 15 

6 63 20 

8 255 25 

10 511 30 

Another consideration of the current mode DAC is the voltage range. Similar to the 

analysis for the cascode current mirror pair, assuming all the transistors fall in the 

saturation region, the output voltage of the cascode current mirror network in our 

design is  

         
118522
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 (5-11) 

If the  
NMOS

LW  ratios of all the NMOS transistors are the same, the output 

voltage 1V  is given by 

 
   
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I
V
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













  (5-12) 

If we have muumLWuAI Tref 11)(,5.2 1  and according to the process used in 

our design, 5107 OXnC , the output voltage mVVVout 2.5315312.0  , It is 

much less than the supply voltage. 

On the other hand, when the output current reaches the maximum, refout II   the 

voltage across the output PMOS pair is  
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 
15

2

TOXp

ref

PMOS
LWC

I
V


 (5-13) 

If we have muumLWuAI Tref 13)(,5.2 15  and according to the process 

5102 OXpC , the voltage drop mVVVPMOS 7.2882887.0   

So the maximum supply voltage for the cascode current mirror network is  

VVVV PMOSDD 7113.42  , where VVDD 5  

12 VV  , in this case, with careful design, we can satisfy the requirement of the 

voltage to make sure all the transistors in the cascode current mirror network work 

in the saturation region. 

In the DAC circuit, bias reference is important because the transistors fall into the 

proper operation region when carefully designed bias voltage is applied. In the 

current mode DAC circuit design, bias voltage is derived from the power source 

using the MOS transistors. The basic bias circuit using MOS transistors can be 

designed as shown in Figure 5.12(a). 
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Figure 5.12 (a) The basic structure of the bias circuit using MOS transistors (b) The proposed 

bias circuit  

Since PMOSDNMOSD II ,,  , we have 

   22
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
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
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The bias voltage is given by 

 
 

 
 

POXp

nOXn

POXp

nOXn
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bias
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













1

 (5-15) 
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With carefully designed LW  ratio, we can derive the bias voltage from the MOS 

only voltage divider. 

If the bias voltage and the power supply voltage are known, the dimension of the 

transistors is calculated as  

 
 

2















TNbias

TPbiasDD

pOXp

nOXn

VV

VVV

LWC

LWC




 (5-16) 

Moreover, by computing the partial derivatives of biasV  with respect to DDV , the 

sensitivity of biasV  related to DDV  is given by 

 
 

pOXp

nOXn
TNTPDD

DDV

V

LWC

LWC
VVV

V
S bias

DD






  (5-17) 

The MOS only bias voltage generator is sensitive to the power supply voltage, so a 

stable power supply is critical in the bias circuit design. 

In order to generate suitable bias voltages for the proposed current mode DAC, a 

cascaded architecture for the bias circuit is shown in Figure 5.12(b). The bias 

voltage for the Nth-stage is  

  1,,

2
 nbias

nOXn

D
nbias V

LWC

I
V


 (5-18). 

By simply changing the dimension of MOS transistors, we can vary the bias 

voltage to fit for the requirement. In the cascode current mirror network in the 

proposed current mode DAC, the output current of each stage is decreased from 
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the bottom to top. So in the proposed bias circuit (shown in Figure 5.12(b)), from 

the bottom to top, the device area of each stage is increased in order to provide 

suitable bias voltage to keep the MOS transistors working in the saturation region. 

The bias current biasI  is set equal to the reference current refI  of the current mode 

DAC. Table 5.4 shows the scaling of the transistor dimensions used in the 

proposed bias circuit. 

Table 5.4 The transistors dimension scaling of the proposed bias circuit 

T1 T2 T3 T4 T5 T6 

(W/L)T1 2(W/L)T1 4(W/L)T1 8(W/L)T1 16(W/L)T1 32(W/L)T1 

5.5 Layout Considerations 

In the integrated circuit design, careful design of the layout can help to minimize 

the negative effect of device mismatch. For a basic current mirror, the process 

errors can cause the mirrored current to be significantly different from the 

reference current. Gate-oxide thickness, lateral diffusion, oxide encroachment and 

oxide charge density, etc will affect the performance of the current mirror. Layout 

methods can be used to reduce the effect of the parameter variations. 

Contact

(a)

G
a

te

S
o

u
rc

e

D
ra

in

(b)
 

Figure 5.13 Contacts issue in the layout design for the current mirror  
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First, enlarge the channel length can reduce the channel length modulation .But 

large device results in larger parasitics. To reduce the diffusion resistance, more 

contact can be added along the width of both source and drain. More contacts give 

lower resistance, large current capability (as shown in Figure 5.14). 

For a current mirror pair, to improve device matching, the two transistors are 

oriented in the same direction and the MOS transistors are also split into parallel 

devices, as illustrated in Figure 5.14 (a) or Figure 5.14(b). 

(a) (b)  

Figure 5.14 The transistor orientations of the current mirror pair 

A practical method to arrange the current mirror pair is indicated in Figure 5.15. A 

common centriod strategy is used for the transistor placement to improve the 

matching. Such symmetrical structure is preferable to reduce the effect of the 

parasitic parameters. [77]  
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Figure 5.15 Common centroid placement of the current mirror pair 

5.6 Simulation Results of the Proposed Current Mode DACs 

The 4-bit proposed current mode DAC simulation results are shown in Figure 

5.16(a) and 5.16(b). 16 levels of the output current vary from 2500nA to 156.25nA 

for a 16 level gray scale display.  
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Figure 5.16 (a) Simulation results of 4-bit current mode DAC using cascode current mirror (b) 

Simulation results of 4-bit current mode DAC using common current mirror 

The ideal output current and the actual output currents are indicated in Table 5.5 

and Figure 5.17. 
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Table 5.5 The ideal output currents and the actual output currents of the proposed      

current-mode DAC 

No. 
dataI  ( nA ) 

Ideal Value 
1dI   ( nA ) 

Using Casdode Current Mirror 

(Absolute Value) 

2dI   ( nA ) 

Using Common Current Mirror 

(Absolute Value) 

1 2500.00 2291.048 2078.7996 

2 2343.75 2148.0591 1978.1963 

3 2187.50 2002.4696 1865.7002 

4 2031.25 1859.2951 1765.2034 

5 1875.00 1720.6399 1574.7141 

6 1718.75 1577.6582 1474.2052 

7 1562.50 1431.9915 1361.6913 

8 1406.25 1288.9523 1261.2289 

9 1250.00 1145.3044 918.03273 

10 1093.75 1002.3919 817.57062 

11 937.50 856.59816 705.02472 

12 781.25 713.48214 604.59747 

13 625.00 574.89347 413.99372 

14 468.75 432.12491 313.60105 

15 312.50 285.88599 200.98887 

16 156.25 143.423 100.59104 

 

Figure 5.17 The ideal output current and the actual output currents of the 4-bit proposed 

current mode DACs 
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From the simulation results, we can say the offset error of the current mode DAC 

using a cascode current mirror is smaller than that of the current mode DAC using 

a common current mirror. 

082.0
25.156

)25.156()42.143(
, 




nA

nAnA

LSB

offset
E mirrorcurrentcascodeuseDACoff  

and 36.0
25.156

)25.156()59.100(
, 




nA

nAnA

LSB

offset
E mirrorcurrentcommonuseDACoff  

The linearity of the current mode DAC using a cascode current mirror is better 

than that of the current mode DAC using a common current mirror. The gain error 

of the current mode DAC using a cascode current mirror is almost linear while the 

gain error of the current mode DAC using a common current mirror is non-linear. 

The gain errors are as shown in Figure 5.18. 

 

Figure 5.18 Gain errors of the 4-bit proposed current mode DACs 
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Besides the offset error and the gain error, the INL and DNL of the proposed 

current mode DACs are calculated and plotted as shown in Figure 5.19 and Figure 

5.20.  

 

Figure 5.19 INLs of the 4-bit proposed current mode DACs 
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Figure 5.20 DNLs of the 4-bit proposed current mode DACs 

From Figure 5.17, Figure 5.18, Figure 5.19 and Figure 5.20, we can find that the 

performances of the 4-bit proposed current mode DAC which uses a cascode 

current mirror are improved. 

Table 5.3 summarizes the specifications of the 4-bit proposed current mode DACs. 

From the comparison, we point out that with the cascode current mirror, good INL 

and DNL performances are achieved. It is shown that the proposed current mode 

DAC using a cascode current mirror can work properly as we designed. 

Table 5.6 Specifications of the proposed current mode DACs 

Items 4-bit current mode DAC using 

cascode current mirror 

4-bit current mode DAC using 

common current mirror 

Technology SMIC 0.35µm  3.5V/5.0V CMOS process 

Resolution 4 bit 

Power Supply 5V 

Power 

Dissipation 

11.45µW (IDAC,OUT, MAX=2.29 µA) 10.4 µW (IDAC,OUT, MAX=2.08 µA) 

INL -0.11 LSB (worst case) -2.34 LSB (worst case) 

DNL -0.08 LSB (worst case) -2.65 LSB (worst case) 
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5.7 Conclusion 

In this chapter, a current mode DAC is proposed for an OLED-on-Silicon 

microdisplay. Considering the tight chip area requirement of microdisplay 

application, the compact architecture of the current mode DAC is realised to 

reduce the circuit chip area. Comparing with the conventional binary-weighted 

current mode DAC, the proposed current mode DAC fulfills the main DAC 

performance specifications with the reduced chip area. 
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Chapter 6                                             

Prototype of OLED-on-Silicon Microdisplay  

6.1 Prototype of OLED-on-Silicon Microdisplay  

A silicon backplane of a 160 × 120 OLED-on-Silicon microdisplay is implemented 

using Semiconductor Manufacturing International (Shanghai) Corporation (SMIC) 

0.35µm custom silicon process. It opens opportunity to manufacture our own 

OLED-on-Silicon microdisplay application. The whole area of this circuitry is 

8mm×6mm with the pixel size of 50µm×50µm. Line-at-a-time refresh mode is 

implemented with the integrated data buffer. 16 levels gray scales are achieved. 

The OLED layer will be deposited on the silicon backplane.  

The die photo of the prototype is shown Figure 6.1. To protect the circuit from the 

light, the top metal layer of the CMOS process is used to shade the light. The bond 

ring is laid around the function circuit to indicate the die area. 
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Figure 6.1 The top right corner of OLED-on-Silicon microdisplay prototype photograph 

The OLED-on-Silicon is packaged employing the Chip-on-Board (COB) technique 

(illustrated in Figure 6.2). The microdisplay die is directly mounted on and 

electrically interconnected to its final circuit board, instead of undergoing 

traditional assembly or packaging as an individual IC. The pixel array is exposed 

for the OLEDs deposition. 

PCB

Microdisplay Die

Bonding 

Wire 

Bonding 

Pads 

  

Figure 6.2 The COB package of OLED-on-Silicon microdisplay die 
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6.2 Measurement Results of the Prototype of OLED-on-Silicon 

Microdisplay 

To test the prototype of the OLED-on-Silicon microdislay, a data generator is used 

to produce a sequence of stimuli to the chip under test and an oscilloscope is used 

to monitor and record the results. A Sony/Tektronix data generator DG2020A with 

P3420 pods are used to generate the input digital data and the clock signals for the 

prototype verifications. The maximum data rate is 200Mb per second and the 

amplitude of the signal can sweep from -3V to 7V. The test program is compiled in 

DG2020A and applied to the prototype under test. [79] The features of DG2020A 

and P3420 pods are listed in Table 6.1 

Table 6.1 Specifications of DG 2020A and P3420 pods 

Items Description 

DG2020A 

Data Rate 200 Mb/s 

Data Resolution 4 digits  

Data Width Standard 12 bits, optional 24 or 36 bits 

Pattern Depth 64K/chanel speeds 

Variation of Output Variable output delay and variable output level 

System Interface GPIB or RS-232 

P3420 pods 

No. of Channels  12 

Output Voltage Range  -3V to 7V 

Resolution  0.1V 

Output Current  < 500mA 

Raise/Fall Time < 2ns at 5 Vp-p swing 

The prototype of OLED-on-Silicon microdisplay is bonded to a PCB with the 

connection header as the interface of the data generator and oscilloscope. The 

measurement setup is shown in Figure 6.3 and appendix section. 
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Figure 6.3 The OLED-on-Silicon microdisplay prototype measurement setup 

For the measurement, first, we ramp the supply voltage from 0V to VDD, the 

current of the digital part remain zero because there is no clock signal applied. 

Then we enable the clock signals, dynamic current appears to indicate that the chip 

can be powered by the input data. The output waveform will be monitored and 

recorded in the oscilloscope. Analysis will be introduced in the following 

paragraphs.  

4 bit digital input data DATA<3:0> are generated by DG2020A using the binary 

down counter data pattern that is the same as used in simulation. The data count 
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down from “1111” to “0000” in the time slot of two horizontal lines. The 

waveforms of the input signals are shown in Figure 6.4.  

 

Figure 6.4 Input signals for OLED-on-Silicon microdisplay prototype circuit testing 

Due to the consideration for the manufacture cost, as shown in Figure 6.5, only 1
st
 

stage of the shift register and the data latch are connected to the output pins for 

measurement. 
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Figure 6.5 The data flow of the column addressing circuit of OLED-on-Silicon microdisplay 

prototype 

S<3:0> is the output of the 1
st
 stage shift register. Due to the shifting motion of the 

input data, the exact data of S<3:0> should be measured at the beginning of the 

second line. The exact data loaded in the 1
st
 stage data latch should be sampled at 

every rising edge of the HS signal, so the expect output DOUT<3:0> switch 

between“1111” and “0111” clocked by the HS signal. And the expected output 

results of the column addressing circuit are shown in Figure 6.6. 
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Figure 6.6 The expected output signals for the column addressing circuit of OLED-on-Silicon 

microdisplay prototype 

As described in the Chapter 4, the CMOS switch is preferred to control the 

accessing motion of the pixel circuit. Two complementary signals ROWN and 

ROWP are generated by the row scanner to implement the row selection motion. 
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Figure 6.7 The row scanner of OLED-on-Silicon microdisplay prototype 
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As shown in Figure 6.7, due to the same consideration of the manufacture cost, 

only the 1
st
 stage of the row scanner is testable. The expected output signals of the 

row scanner are shown in Figure 6.8. The ROWN signal has the period of one 

frame time and the pulse width of one line time. 

 

Figure 6.8 The expected output signals for the row scanner of OLED-on-Silicon microdisplay 

prototype 

In summary, the signals specifications of OLED-on-Silicon microdisplay prototype 

testing are listed in Table 6.2 
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Table 6.2 Signals specifications for OLED-on-Silicon microdisplay prototype testing 

Power Supply 

AVDD Analog-VDD +5V 

AGND Analog Ground 0V 

DVDD Digital-VDD +5V 

DGND Digital-GND 0V 

OLED 

Electrode 
OLED Cathode -5V 

Input Signals 

pixelclk Pixel Clock MHzf pixelclk 152.1  

HS Horizontal Synchronization KHzfHS 2.7  

VS Vertical Synchronization HzfVS 60  

DATA<3:0> 

4 bit Digital Input Data 

DATA<3>: MSB 

DATA<0>: LSB 

Logic “1” : 5V 

Logic “0” : 0V 
HSDATA

HSDATA

HSDATA

HSDATA

ff

ff

ff

ff

4

2

2/

0

1

2

3

















 

refI  Reference Current for 

Current Mode DAC 
A5.2  

biasI  
Bias Circuit of Current 

Mode DAC 
A5.2  

Expected Output Signals  

S<3:0> 

Outputs of Shift Register 

S<3> : MSB 

S<0> : LSB 

Logic “1” : 5V 

Logic “0” : 0V 
HSs

HSs

HSs

HSs

ff

ff

ff

ff

4

2

2/

0

1

2

3

















 

DOUT<3:0> 

Outputs of Data Latch 

DOUT<3>:MSB 

DOUT<0>:LSB 

Logic “1” : 5V 

Logic “0” : 0V '1'0

'1'1

'1'2

2/3









DOUT

DOUT

DOUT

ff HSDOUT

 

ROWN Test Pin of Row Scanner 
VSROWN ff   

HSfwidthpulse /1  

ROWP Test pin of Row Scanner 
Complement of 

ROWN 
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The input data signal DATA<3:0> and the output signal S<3:0> are shown in 

Figure 6.9. 

 

Figure 6.9 Measurement results of DATA<3:0> and S<3:0> 

It will take a period of one line time for the data shifting from the beginning to the 

end of the shift register. From the waveform, we can notice the data shifting 

motion. S<3:0> first appear at the beginning of the second horizontal line of one 

frame of the display image. Due to distortion, the logic level of the output signal 

decreases a little but it still can to be identified as logic „1‟ for digital data process. 

The waveforms of VS signal and the LSB S<0> of the 1
st
 stage shift register are 

shown in Figure 6.10. It clearly illustrates the amount of time it takes to transfer 

the input data from the beginning to the end of the shift register when the image 

frame refresh cycle begins.  
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Figure 6.10 Measurement results of VS signal and S<0> 

The waveforms of the HS signal and the DOUT<3:0>, the output of 1
st
 stage data 

latch in the line, are shown in Figure 6.11. And only when the HS signal is valid, 

the exact data will be loaded into the data latch. In our design, DOUT<3:0> will 

switch between “1111” and “0111” clocked by HS as described in previous 

paragraphs. 

 

Figure 6.11 Measurement results of HS and DOUT<3:0> 
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The measurement results of the row scanner are shown in Figure 6.12. The row 

selection signal ROWN is clocked by the VS signal and the duration of the pulse 

of the ROWN signal sustains for a span of one horizontal line time.  

 

Figure 6.12 Measurement results of the row scanner  

The probe station and the HP 4156 semiconductor parameter analyzer are used to 

measure the output current of the pixel circuit. With HP 4156, we can realize high 

accuracy performance evaluation and functionality analysis of semiconductor 

devices or integrated circuits, such as the digital parameter sweeping, pulse 

analysis, reliability testing, etc. Setup and measurement are achieved by 

programming the parameters from front-panel keys, keyboard, or GPIB interface. 

The measurement and analysis results are displayed on the color LCD of the front 

panel, and/or graphics will be stored in memories for comparison. The 

measurements which can be implemented by HP4156 are V-I test, C-V test, time 

domain test and so on. [80] The main features of HP4156 are listed in Table 6.3. 
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Table 6.3 Specifications of HP4156 

Items Description 

Measurement Type V-I, C-V, time domain, ultra low current and so on 

Voltage Accuracy  1μV-200V 

Current Accuracy  1fA-1A 

Parameter Sweep Mode DC mode, staircase mode and pulse mode 

Parameter Program Mode  Front-panel keys, keyboard or GPIB 

Data Output Graphic on LCD monitor or data stored in internal memory 

As the input digital data changes from „1111‟ to „0000‟, the output current also 

decreases. Shown in Figure 6.13, 16 different levels of output current result in 16 

difference levels of gray scale for the OLED microdisplay. 

 

Figure 6.13 Measurement results of the pixel circuit output current 

6.3 Conclusion  

A prototype of the silicon backplane of a 160 × 120 OLED-on-silicon 

microdisplay is implemented using the SMIC 0.35μm process. The specifications 

of the prototype are listed in Table 6.4. 
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Table 6.4 Specifications of the OLED-on-Silicon microdisplay prototype 

Technology SMIC 0.35µm 3.3V/5.0V CMOS process 

Die size 8mm × 6mm 

Resolution 160 × 120 

Pixel Size 50μm × 50μm 

Driving Scheme Current Driving 

Frame Rate 60Hz  (VGA video signals) 

Pixel Clock Rate 1.152MHz 

Gray Scale Levels 16 levels 

The measurement results of the addressing circuit and the pixel circuit show that 

the yield targets of the design of the silicon backplane are fulfilled. 
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Chapter 7                                                                        

Conclusions 

7.1 Conclusions 

In this research work, efficient silicon backplane circuit architecture for an OLED-

on-Silicon microdisplay is developed and investigated.  

1. We present the motivation and the objective of this research work. Two main 

contributions and the organization of the thesis are also introduced. 

2. The basic operation of the OLEDs is introduced, especially the electrical 

characteristics of the OLEDs. Architectures of both the bottom emitting OLED and 

the top emitting OLED are presented. CMOS technology for microdisplay is 

studied. Comparisons of CMOS, amorphous silicon, and poly silicon technologies 

indicate that CMOS technology is more suitable for microdisplay applications. 

Features of an OLED-on-Silicon microdisplay introduce the design considerations 

of the silicon backplane design.  

3. We focus on the electronic addressing technology for OLED-on-Silicon 

microdisplay. Active matrix addressing, rather than passive matrix addressing, is 

preferred due to its advantages of high resolution, low power consumption and 

almost no cross-talk for microdisplay application. The functional block diagram of 

silicon backplane circuit is introduced and the timing schedule of the addressing 

circuit is analyzed. From the analysis, it is found that the D flip-flop is the key 

element of the addressing circuit so the optimization of the D flip-flop greatly 

affects the performance of the addressing circuit. The static logic D flip-flop is 
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more practical for microdisplay application because it offers more stable working 

state than the dynamic logic D flip-flop. Comparison results evaluate the situation. 

Simulation results with an 8 × 8 block diagram show the input signal transmission 

and the timing signal synchronization within the addressing circuit. Measurement 

results further approve the addressing circuit can provide the correct display data 

and the synchronization signals for OLED-on-Silicon microdisplay. 

4. To provide efficient driving current to OLEDs, the pixel circuit for a OLED-on-

Silicon microdisplay must be carefully designed. We present the investigation and 

development of the pixel circuit in this thesis. Both a voltage driving scheme and a 

current driving scheme are reviewed. Since the luminance of OLED is proportion 

to its driving current, the current driving scheme is superior to the voltage driving 

scheme for the OLED-on-Silicon microdisplay. The pixel circuit of the current 

driving scheme is mainly based on the elemental current process circuits, like the 

current mirror. Input current display data is transferred to the OLED by the pixel 

circuit. The main challenge is to process the extremely small current used for the 

low grey scale display. Precious current process technology is employed in the 

pixel circuit design to solve the mismatch of input and output current caused by the 

switch charge feedthrough, clock feedthrough or leakage. In our proposed design, 

the compensation technology is adopted to compensate for the driving current and 

to provide the stable work state of the pixel circuit. The simulation results show 

that the input data current is precisely transferred to the OLEDs by the proposed 

pixel circuit.  

5. Current driving scheme is employed in the pixel circuit design and the current 

mode input data is required. A 4-bit current mode DAC is implemented to covert 
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the digital input data to analog current data for the pixel circuit. With a carefully 

designed architecture, the chip area of the proposed current mode DAC is reduced 

compared with the binary-weighted current mode DAC, especially when the 

resolution becomes high. Since the chip area of circuitry for microdisplay 

application is limited, less chip area consumption is one of the most valuable 

features of the proposed DAC for the silicon backplane design of the OLED-on-

Silicon microdisplay. At the same time, to achieve design goals of the current 

mode DAC, a bias circuit is implemented to guarantee the accurate working state 

of the transistors in the current mode DAC. A bias circuit using only MOS 

transistors also shows its attraction owning to the compact circuit architecture. The 

simulation results illustrate the good performance of the proposed current mode 

DAC. 

6. A prototype of OLED-on-Silicon microdisplay with the resolution of 160 × 120 

is introduced. The measurement results of the prototype show the design objectives 

are fulfilled with our design. 

In summary, the design methodology of the silicon backplane is presented. Design 

of the main functional blocks is introduced in detail, like the addressing circuit, the 

current mode DAC and the pixel circuit. Simulation results and measurement 

results show the proposed prototype of the silicon backplane work properly as 

expected.  
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7.2 Recommendations for the Future Work 

Based on the prototype of the OLED-on-Silicon, and the studies on the materials 

[81-87], several potential improvements are recommended for the future research 

work.  

First, as described in previous chapters, for the current driving scheme, long 

programming time is noticed when the storage capacitor sC is charged with an 

extremely small driving current for a low level gray scale display. Precharging the 

pixel circuit stands a chance to minimize programming time. By precharging the 

pixel circuit to the level for the lowest gray scale display, the speed of the pixel 

circuit is improved. 

Secondly, a feedback method is applied to enable a stable working stare of the 

driving transistors in the proposed pixel circuit design. But discharge of the storage 

capacitors still can not be eliminated during the driving period that will cause the 

decay of the output driving current and the non-uniform lamination of OLEDs. A 

possible solution to solve this problem is to recharge the storage capacitor during 

the driving period. A sample and hold element is included in the pixel circuit 

assisting to memory the input display data for data refreshing. Based on those 

points above, the possible modification of the pixel circuit is shown in Figure 7.1. 
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Pixel Circuit 

Sample and 

Hold Circuit 

Input Display Data Refresh Data

To OLEDs

Precharging Data

S1

S2

S3
 

Figure 7.1 Possible modifications of the pixel circuit 

But the challenge of the pixel circuit modification is the additional chip area cost. 

And the timing schedule of the different signal flows must be organized carefully 

to avoid the risk of the signal competition in one signal channel.  

Third, although cascode current mirror pair is used in the DAC design to reduce 

the dsV  mismatch and increase the output impendence, the variations of the 

operating conditions can not be composited. The instability of reference current, 

the self-heating, the component aging and other potential causes will affect the 

performance of the current mode DAC. Self-calibration technology is one possible 

solution. The basic concept of self-calibration is to use accurate references to trim 

the circuit. The output of the DAC will be arranged in a designed range by the aid 

of a comparator. The diagram of the DACs with calibration is shown in Figure 7.2. 

Comparator
Calibration 

circuit
DAC

offset

je

Digital Input

Reference

 

Figure 7.2 The DAC with calibration circuit 
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When all the inputs of DAC are set to be „0‟, the comparator measure the 

difference between the output of the DAC and the ideal reference, this value is the 

offset error of the DAC. This measured value will be used for calibration. And a 

tolerant error range will be defined within ],[ minmax VV . For the jth level of the 

output, the difference between the actual output and the ideal value is measured by 

the comparator and be marked as je . If je  falls in the range ],[ minmax VV , no action 

will be taken in the calibration circuit. But if maxVe j  , the output of the DAC will 

decrease with the assisting of the calibration circuit. Similarly, when minVe j  , the 

calibration results in the increase of the DAC output.  

Furthermore, to provide a practical microdisplay product, the optical system setup 

is important. As described in the previous chapters, the OLED-on-Silicon 

microdisplay is an appropriate choice to build a near-to-eye display system. The 

optical design takes the challenges to provide good viewing contract and wide 

view angle. And an interface circuit is also necessary to enable the connection of 

the OLED-on-Silicon microdisplay to variable video inputs, like personal 

computers, TV sets and DVD players, etc. 
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Appendix 

 

Figure 1. The top left corner of the layout for the OLED-on-Silicon microdisplay 

 

Figure 2 The top middle part of the layout for the OLED-on-Silicon microdisplay 

 

Figure 3 The top right corner of the layout for the OLED-on-Silicon microdisplay 
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Figure 4 The DG2020A with P3420 
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Figure 5 The HP4156 

 

 

Figure 6 The prototype under testing 
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Figure 7 The measurement setup 


