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ABSTRACT 

This dissertation mainly presents the design, simulation and testing of three 

novel analog integrated circuits (IC) systems for driving the light-emitting diode 

(LED) based projection displays. The first is a complementary metal-oxide 

semiconductor (CMOS) IC that is used in conjunction with a micro-emitter array to 

create a self-emissive micro display. This novel approach utilizes a mature 0.6µm 

CMOS IC process and parallel data processing to achieve 60Hz refresh rate for a 640 

x 480 pixel (VGA) display. The second is a high current LED driver with novel dual 

current regulation for high efficiency steady state operation as well as with well-

controlled transient switching behaviors. The third one is a periphery circuit that 

combines a low drop-out (LDO) voltage regulator and digital oscillator that provides 

an accurate clocking signal for switching DC-DC converters as well as the digital 

circuitry used to regulate the current in high power LED applications. 

These have all been implemented in silicon integrated circuits (ICs) and tested 

to verify expected functionality. The micro-emitter array is capable of displaying a 

monochrome gray scale image as programmed via a National Instruments (NI) data 

acquisition (DAQ) card. The brightness level is such that, when shone through an 

optic lens, the projected image can be seen clearly on a viewing surface with the room 

fully lit. The LED driver designed and reported here regulates transient current to 

within 10% of the desired steady state current. A novel two-loop regulation techniques 

works seamlessly together with no need for user-controlled switching between modes. 

The LDO and digital oscillator are in full production in a number of commercially 

available ICs offered by Texas Instruments (TI). The voltage regulator has proven to 

maintain a reliable voltage across millions of units. The oscillator also provides a 

quality clock for DC-DC converters that receive high levels of customer satisfactions.  
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CHAPTER I 

INTRODUCTION  

Over the last decade our consumer electronics products have become more and 

more advanced and integrated. This includes both technological advancement as well 

as increased portability. While end user equipment is decreasing in size, consumer 

expectations are growing for the capabilities of said equipment: one example is 

cellular phones. Each generation of cellular phones becomes smaller in form factor, 

while offering more functionality going from only voice service to short message 

service (SMS) texting to crude digital cameras to 5 megapixel cameras to Wi-Fi 

connectivity and most recently, the video projection modules. Each of these 

advancements has required innovations in analog integrated circuit (IC) design to 

perform the desired task in a minimal amount of area with lowest power consumption 

and cost.   

One major concern for portable consumer devices is battery life; as the form 

factor becomes smaller and smaller, less powerful batteries must be used. It is 

important that highly efficient power management techniques are employed, as well as 

minimizing power consumption of integrated features such as cameras and projectors 

[1-5]. High efficiency in power conversion is vital since any loss in efficiency 

amounts to wasted power from the battery. Power consumption of peripherals is also a 

key since they must have a practical use time. For example, a projector should be able 

to run for approximately two hours minimum on a fully charged battery so a user 

could watch a movie if desired. 

As with many areas of technology, there is more than one alternative to 

achieve portable video projection from a portable device such as a cellphone. One 

option is a self emissive micro-display. This type of display utilizes micro-emitter 

arrays to individually light each pixel in the image with the appropriate mixture of red, 

green and blue light. Organic light-emitting diodes (OLEDs) are a popular choice for 

micro-emitters [6-7], but the advancements in group III-V material diodes now offer a 
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viable option also [8]. OLEDs are typically driven with thin film transistors (TFTs), 

which consist of semiconductor (say polysilicon) and metal layers deposited on a 

transparent substrate such as glass. This allows light from the OLED to be transmitted 

through the TFTs and substrate. Inorganic LEDs are typically driven with CMOS 

drivers that have a non-transparent semiconductor substrate because they emit light 

away from the CMOS driver, and as a result do not suffer efficiency loss associated 

with passing through a glass substrate. 

Another option for portable video projection is the use of digital micromirror 

devices (DMDs) [9]. DMDs form an image using an array of mirrors that reflect red, 

green and blue light toward the display for desired pixels (and toward a light sink for 

other pixels). For large solutions such as desktop projectors, the microelectrical-

mechanical systems (MEMS) mirrors are actuated in sync with a light source similar 

to a color wheel with a white light and rotating filter wheels to give only red, green or 

blue at one time. To make this solution portable the color wheel must be replaced with 

one green, one red, and one blue LED that are turned on one at a time in sync with the 

DMD.  

Liquid crystal display (LCD) technology can also be used for projection 

displays. It operates on the same principle as a LCD television where light is passed 

through polarized filters to control the amount of each color passed to the display. For 

a projector, the LCD display is very small and bright; the image is passed through 

optics to magnify it, just as in the other projection techniques mentioned here. 

Lithium ion batteries are the most common power source for cellular phones. 

When it is fully charged the voltage is typically 4.5V. When fully discharged, the 

voltage is approximately 2.6V. This wide variation makes it impossible to create a 

projector that runs directly from the battery because the forward voltage required for 

reasonable forward current in most LEDs is three volts or more. Since the target 

voltage can be higher or lower than the battery voltage, a buck-boost DC-DC 

converter is most effective to provide the desired voltage at a high efficiency. This is 

optimal for a system where the LED anode voltage varies. Another option is to boost 
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to a high voltage first and then regulate the LED current through a saturated transistor 

at either the anode or the cathode. 
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CHAPTER II 

MICRO-EMITTER DISPLAY AND DRIVER 

 

2.1 Background 

 

Micro-emitter displays consist of an array of light-emitting devices and a 

driver circuit used to control which emitters should be turned on and how bright they 

should be. The array of micro-emitters is arranged in a set configuration such as 640 

emitters by 480 emitters for a standard video graphics array (VGA) display. Each 

micro-emitter is one pixel in the display, meaning that a VGA micro-emitter display 

has 307,200 micro-emitters, or pixels. The physical dimensions of the display are 

determined by the pitch of the pixels. Continued advancements in device physics have 

allowed for emitters to be as small as 10µm x 10µm. Given this emitter size and 

spacing of 5µm between them to avoid short circuits, a VGA microdisplay would 

measure 9600µm (0.38 in) wide and 7200µm (0.28 in). Pixels this small require 

special attention for the driver circuit design that are needed to control them.   

There are two primary methods for driving emitter arrays as displays: passive 

and active [10]. Passive displays address each pixel for only a short time and then 

moves on to address the other pixels in the display. When the pixel is not being 

addressed, it does not have current flowing through it (i.e., it does not light up). Given 

a refresh rate of 60Hz or more, the human eye will average the brightness of each 

pixel so that a seemingly constant image is seen. Since each pixel is only conducting 

current for a small percentage of the time, a large current pulse must be used, which 

has an effect on the requirement for current density handling capabilities in the 

emitters as well as on the metal lines of the display driver.  

Active displays also address each pixel for a short amount of time before 

moving on to other pixels in the display. Contrary to the passive displays, however, 

when the pixel is not being addressed it continues to conduct the desired current until 



Texas Tech University, Jacob Day, May 2011  

 

5 

it is time to address the pixel with new data for the next frame. Since the emitter is 

always on and there is no need for light averaging, lower driving current values can be 

used. This relieves the design concerns for both the emitter and display driver current 

densities requirements.  

To drive a micro-emitter array, whether it is a passive or an active display, 

each pixel must be addressed individually. With a total size of 15µm x 15µm per 

pixel, a discrete solution is not practical; therefore a driver IC is required to drive a 

micro-emitter array. An active display driver has four primary parts [6]. First, the pixel 

data must be interpreted from the outside world and converted to an analog signal. 

Subsequently, the data must be stored so that the pixels can be addressed at the proper 

time. Horizontal and vertical shift registers are needed to step through the rows and 

columns of pixels. Finally, a circuit is needed that will accept the pixel data when it is 

being addressed and maintain the data between addressing. These will be discussed in 

further details for the remainder of this chapter. 

 

2.2 Proposed Method and Architecture 

 

For this work two micro-emitter arrays have been designed along with the 

corresponding driver ICs. The micro-emitters are made by a III-V semiconductor 

material (i.e., Gallium-Nitride, GaN) using LEDs that have been designed and 

fabricated by III-N Inc. For both displays the total size for each pixel (including 

spacing between micro-emitters to avoid shorts) is 15µm x 15µm. The first display is a 

proto-type that contains 160 x 120 pixels and the second one is a full VGA display 

with 640 x 480 pixels. The author of this dissertation designed and laid out all 

circuitry required to drive these displays in a mature 0.6µm CMOS process 

commercially available from the XFAB incorporated. This process has been used 

mainly because it can sustain high operating voltage for the LEDs operation and with 

excellent cost effectiveness. In addition, it is a mature IC process with well 
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characterized devices models and supplementary IPs and it is locally fabricated in 

Lubbock, Texas as a secure domestic foundry. 

A block diagram of the CMOS display driver can be seen in Fig. 2.1. As 

mentioned, there are four primary components in the display driver. The eight-bit shift 

register on the left along with the digital sample-and-hold circuits are used to interpret 

the digital input clock and data so that it can be input to the digital to analog 

converters (DACs). The analog signal is then passed to the analog sample-and-hold 

circuitry to be stored until needed for programming the pixel driver. The horizontal 

shift registers control which analog sample-and-hold circuit is sampling at any given 

time so that they are programmed in a sequential order. The vertical shift register steps 

through the display one row at a time, enabling that row of pixels to be addressed 

using the data stored in the analog sample-and-hold circuits. The display consists of an 

array of pixel driver circuits that can be addressed with data current for a short time, 

before sustaining that current in the micro-emitter until the next addressing cycle. 

 

Figure 2.1 Top level block diagram of the ¼-VGA prototype CMOS micro-emitter array driver. 

 

For a VGA display to achieve a 60Hz frame rate the standard pixel clock 

frequency is 25.175MHz, which translates to a period of only 39.7ns. For this work we 

first planned to use an eight-bit binary DAC to convert the digital input data to analog 

information. Speed limitations of this architecture implemented in 0.6m CMOS 

technology, however, make it impossible to convert the data reliably and settle within 

39.7ns. One option to remedy this situation is to use a more complex segmented DAC 
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that combines 16 four-bit binary DACs [11]. Conversion speeds of up to 2GHz have 

been accomplished with this approach, but it is quite complex and relies heavily on the 

speed of the IC process. In addition, peripheral circuitry to convert four bit 

thermometer coding is required, as well as gated logic to ensure accurate transitions as 

input data changes. The 0.6µm CMOS process used here would, therefore, result in a 

DAC with large area and high level of complexity. The alternative method employed 

in this dissertation is parallel data processing. This involves the use of eight 8-bit 

binary DACs. As the digital data signals come to the device, they are each fanned out 

to eight digital sample-and-hold circuits. The input clock is fed through an eight-bit 

shift register whose outputs control the sampling of the eight digital sample-and-hold 

circuits (Fig. 2.1). In this manner, each digital sample-and-hold circuit holds every 

eighth set of data. The output of each digital sample-and-hold circuit is the input of 

one 8-bit binary DAC. This means each DAC must only convert every eighth set of 

data, increasing the time allowed for conversion from 39.7ns to 317.6ns, making it 

implementable in the 0.6µm CMOS using this architecture. The analog output of each 

DAC is sent through a buffer to the arrays of analog sample-and-hold circuits. The 

analog sample-and-hold circuits are aligned such that the output of one DAC buffer 

goes to every eighth analog sample-and-hold circuit so that the pixel data is stored in 

the appropriate column based on the order it is received by the device. To the author‟s 

knowledge this is a unique method for digital data conversion and sample-and-

holding. A patent for this work is pending in the US Patent Office based on the 

novelty of this approach as well as the novelty of the GaN LEDs used for the micro-

emitter array. 

The remainder of the driver circuitry is likely to be common to many display 

drivers. A vertical shift register and a horizontal shift register are used for addressing 

the pixel array. The vertical shift register has the same number of bits as the height of 

the display, 120 bits for the prototype ¼-VGA and 480 bits for the full VGA devices 

described here, respectively. As the shift register progresses, it enables one entire row 

of pixels at a time. It advances to the next row once the next row‟s data has been 
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stored in the analog sample-and-hold circuits. The horizontal shift register has the 

same number of bits as the width of the display, 160 bits for the prototype ¼-VGA and 

640 bits for the full VGA devices described here, respectively. As the shift register 

progresses it enables the next analog sample-and-hold circuit so that it can be 

programmed with the proper data. For this design there are two full rows of analog 

sample-and-hold circuits. One is for sampling, based on the signal from the horizontal 

shift register as described. The other is used to program the pixels of the current row 

selected by the vertical shift register. These two rows toggle back and forth being used 

for sampling and addressing pixels in sync with the vertical shift register. The result of 

this is that each pixel is addressed for the amount of time that it takes to input an entire 

row of pixel data. The CMOS pixel driver circuit is based on previous work by 

Biggelaar et al. in [10] and is described in section 2.3.3. 

 

2.3 Circuit Implementation 

 

This section discusses the circuit implementation of the CMOS display driver 

as designed by the author of this dissertation. Analog design details of the circuits are 

provided. Schematics as well as simulation results are provided. All circuits were 

designed, simulated and laid out by the author, except for the standard band gap 

voltage reference, two current bias circuits and the DAC output buffer used in this 

work were provided by XFAB incorporated as standard reliable intellectual property 

(IP) to be used as desired in the IC design process. These standard peripheral circuits 

are typically available for a commercial IC foundry and reduced the risk and design 

time for the driver devices. 

 

2.3.1 Digital to Analog Converter 

 

As discussed, eight 8-bit binary DACs are used for this work. Each one is 

identical to the other. One reference device is biased on-chip and mirrored to eight 
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binary weighted PMOS devices. The LSB consists of one unit device while the MSB 

128 unit devices. The total number of unit devices is 255 (plus 128 spares; see Fig. 

2.2.). The gates of the spare devices are connected to the mirror devices, but the source 

and drain regions are both tied to the positive supply. This creates capacitance at the 

gate of the mirror devices which helps to hold the gate voltage more stable, improving 

transients at the output of the DAC. 

Eight PMOS devices act as switches to control which mirror devices contribute 

current to the output. The gates of the switches are tied to the outputs of the digital 

sample-and-hold circuit. This is what creates the 8-bit digital to analog conversion. 

Any current can be generated through the mirror devices from one eighth of the 

reference current to 16 times the reference current in 256 linear steps. The drains of all 

eight PMOS switches are connected at a common node so that all of the currents are 

combined. Eq. 2.1 shows how to calculate this output current of the mirror devices: 

      
 

 
                                                     (2.1) 

, where       is the current through the mirror devices,       is the decimal value of 

the 8-bit binary input, and      is the value of the reference current. This current is put 

through a diode-connected NMOS device. The voltage at the drain and gate of the 

NMOS device varies depending on the amount of current coming from the mirror 

devices, hence an analog voltage that depends on eight digital inputs is generated and 

digital to analog conversion is achieved. Eq. 2.2 shows the relationship between the 

current in the NMOS and the gate to source voltage: 

    
 

 
     

 

 
        

                                        (2.2) 

, where     is the drain to source current,    is the effective electron mobility of the 

device,     is the gate oxide capacitance per unit area,   is the width of the device,   

is the length of the device,     is the gate to source voltage, and    is the threshold 

voltage of the device. 
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Figure 2.2 Schematic of 8-bit digital-to-analog converter with 128 spare devices and a diode 

connected NMOS at the output. 

 

Fig. 2.3 shows simulation results for the output of the DAC. For this 

simulation the inputs of the DAC change at 55µs so that the output of the DAC 

increases from 600mV to 1V. The first 10µs are the initialization of the circuit and can 

be ignored. During this initialization time the analog sample-and-hold circuits are 

disabled, so no invalid data is stored for the pixel circuits. The bottom trace is the gate 

voltage of the mirror devices in the DAC. Note that it is approximately 1V below the 

supply voltage of 5V, which is expected since that is slightly higher than the PMOS 

threshold voltage. The middle trace is the output voltage of the DAC at the drain of the 

diode connected NMOS. The low voltage near 600mV represents no current flowing 

through the device since that is below the threshold voltage of the NMOS. At 55µs the 

input of the DAC changes and the output reacts accordingly. The transient overshoot 

is very short and settles well within the 317.6ns allotted for the parallel approach of 

this design. The top trace is the output of the unity gain buffer that buffers the output 

of the DAC to the input of the analog sample-and-hold circuits. The bandwidth of the 

buffer (6MHz) is sufficient to provide valid data to the analog sample-and-hold 

circuits within 317.6ns, but is not high enough to output the transients of the DAC. 
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Figure 2.3 Simulation results showing the output of the DAC buffer, the DAC and XFAB bias IP. 

 

2.3.2 Analog Sample-and-Hold 

 

The basic analog sample-and-hold circuit topology is basically based on [12], 

while the author of this dissertation designed and modified an analog sample-and-hold 

circuit that is suitable for this application. Fig. 2.4shows the schematic of the analog 

sample-and-hold circuit used here. M1 through M4 are all NMOS transistors. 

Transistor M2 acts as a switch. When the “Sample” signal is a digital high, M2 acts 

like a short circuit. This allows the “Input” signal to pass to the gates of M1 and M3. 

Since the drain and source of M3 are both grounded and the gate is kept at the signal 

node, the parasitic gate capacitance acts as the storage capacitor for the analog sample-

and-hold circuit. Transistor M1 is matched to the diode connected NMOS at the output 

of the DAC. This ensures that the data current (“Idata”) is proportional to the current 

in the DAC since the transistors share the same gate voltage through a unity gain 

buffer. The inverter and M4 act to compensate for switching noise as discussed in 

[12].  
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Figure 2.4 Schematic of analog sample-and-hold circuit. 

 

Fig. 2.5 shows simulation results for a single analog sample-and-hold circuit. 

This is actually the same simulation as discussed in section 2.3.1, but different outputs 

are shown. The bottom trace is the output of the DAC buffer, which was shown in the 

top trace of Fig. 2.5. The top trace in this simulation is the “Sample” input signal of 

the analog sample-and-hold. When this signal is high the “Input” is passed to the gate 

of M1. The third trace is the gate voltage of M1. Prior to the sampling signal it is at 0V 

because it has not previously been programmed with any other voltage. When the 

“Sample” signal goes high this node rises to the same voltage as the output of the 

DAC buffer. After the “Sample” signal returns to zero, M3 stores the programmed 

voltage at the gate of M1 as expected. The second trace is the output of the analog 

sample-and-hold circuit. When the gate of M1 is initially zero the transistor is off, and 

the pixel that the output is connected to is not in addressing mode so this node is at a 

high impedance. At 55µs when the gate of M1 is programmed to a voltage above its 

VT, the output is no longer at a high impedance and the voltage goes to zero. At 75µs 

the pixel is switched into the addressing mode and the output of the analog sample-

and-hold is connected to the diode connected PMOS of the pixel circuit. The output of 

the analog sample-and-hold circuit rises quickly to the voltage needed to program the 
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pixel circuit now that there is a current path from the supply through the pixel driver 

circuit and through M1. This rapid change at the drain of M1 couples to the gate of 

M1 via the gate to drain capacitance as shown by the minor small increase in the third 

trace at 75µs. At 105µs the pixel addressing state is disabled and the output of the 

analog sample-and-hold circuit returns to zero. The gate to drain capacitance of M1 

reduces the gate voltage as expected. While this coupling is non-ideal for the operation 

of the circuit, it has been well characterized via simulation and accounted for in the 

design so it is a non-issue. 

 

Figure 2.5 Simulation results for DAC output buffer and the critical analog sample-and-hold 

circuit signals. 

 

 

2.3.3 Pixel Driver 

 

The pixel driver circuit consists of five PMOS transistors as seen in Fig. 2.6. It 

is based on the work reported by Biggelaar [10]. The “Idata” current source in the 

figure represents the output of the analog sample-and-hold circuits. The diode in the 

figure represents the micro-emitter of the display (i.e., below the transistor M4). M2 
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and M3 act as switches to isolate the pixel driver from the analog sample-and-hold 

output when the pixel is not being addressed. M4 acts as a switch to isolate the pixel 

driver from the LED during addressing. “ROW” and “ROWn” are complements of 

one another. To improve performance “ROW” and “ROWn” should not switch at the 

same time to avoid all three switches being on during transients [13]. M5 is connected 

as a capacitor to serve as the storage device at the gate of M1. M1 is the device that 

controls the current in the micro-emitter.  

There are two phases for the pixel driver circuit: the “addressing phase” and 

the “sustaining phase”. The pixel driver is being addressed when “ROW” is low and 

“ROWn” is high. M2 and M3 become short circuits and M4 is open, resulting in M1 

being diode connected to the output of its respective analog sample-and-hold circuit. 

The current through the analog sample-and-hold circuit flows through M1, which 

operates in saturation. Since it is diode connected, the gate voltage of M1 is equal to 

its drain and this voltage satisfies the equation of drain current in a MOSFET operated 

in the saturation region shown in Eq. 2.2. M5 stores the voltage between the supply 

and gate of M1. The second phase is when “ROW” is high and “ROWn” is low so that 

M2 and M3 are open and M4 is a short circuit. During this phase M5 holds the voltage 

at the gate of M1 that was programmed during the addressing phase. This forces the 

same current that was addressed through the micro-emitter. As can be seen from the 

Eq. 2.2, any difference in drain to source voltage (VDS) of M1 when it switches from 

addressing to sustaining is negligible from first-order modeling.  

Since each micro-emitter pixel has its own pixel driver circuit, the circuit itself 

must be of the same size or smaller than the physical size of the LED. For this work 

the micro-emitters are 10µm x 10µm with 5µm spacing between each pixel to avoid 

short circuits. Consequently, the pixel driver circuit designed by the author of this 

dissertation must fit in this 15µm x 15µm form factor. Special design considerations, 

therefore, must be taken into account for such a limited amount of area for this circuit. 

The use of a 0.6µm CMOS process further complicates the design, since the minimum 

width and length of transistors as well as the minimum design rule spacing between 
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them is larger than the more advanced deep-submicron processes. Several design 

techniques have been applied to resolve this stringent area constraint. By using all 

PMOS devices, one common n-type substrate can be used for the entire pixel driver 

array to reduce area. This is because the NMOS devices would require an isolated p-

type substrate that would demand large spacing area in the layout, making it 

impossible to fit in the required 15µm x 15µm area. Another way to further reduce the 

area consumption is to use the PMOS device M5 as the storage capacitor. Fig. 2.7 

shows a comparison between a two-poly capacitor in the process used for this work 

and a PMOS transistor with comparable capacitance. Note the contact and extra 

spacing of the two-poly capacitor: these would consume vital area in the pixel driver 

layout. Therefore, the Poly two (P2) layer is not used otherwise in this device, since 

the two-poly capacitor would also require an additional mask in the fabrication 

process increasing cost of the device. 

Another way to optimize the driver circuit‟s layout area is to use a common 

length for all five of the PMOS transistors. This allows common nodes to be 

connected together directly without process spacing requirements. For example, M1 

and M3 have a common gate so being the same length means that the transistors can 

sit directly adjacent to one another with the gate (poly-silicon) connected. This also 

reduces area in the case of the drain of M1 connecting to the drain of M2 and the 

source of M3.  

Transistor M1 is the most critical device in the pixel driver circuit. It should be 

designed such that over the desired range of LED current (0.1µA to 10µA for this 

application), it is kept in the saturation region. If M1 leaves the saturation region Eq. 

2.2 is no longer accurate and the current in the LED will cease to change as expected 

versus the digital pixel data. To ensure M1 remains saturated, corner simulations 

including the analog sample-and-hold circuit, the pixel driver circuit, and the LED for 

the minimum and maximum desired LED currents are performed. Since the maximum 

LED current is 10µA, transistors M2, M3 and M4 can all be minimum size allowed by 

the process. However, note as stated it is advantageous for all devices to share a 
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common length so that the length determined for M1 should be used for M2-M4 

instead of the minimum feature size this process would allow. The width also needs to 

be increased by a small amount to help minimize the impedance of these switches. 

Transistor M5 should be given the maximum size that can fit in the layout area. The 

larger the storage capacitor the better [14], so that any available space should be 

utilized for this device. 

 

Figure 2.6 Schematic of pixel driver circuit. 
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Figure 2.7 Two capacitors of equal capacitance but difference sizes. Top: stacked poly capacitor. 

Bottom: PMOS device with gate oxide used as capacitor. 

 

Fig. 2.8 shows results from the same simulation as discussed in sections 2.3.2 

and 2.3.3. The bottom trace is the current through the PMOS device M1 in the pixel 

driver circuit. Note that prior to the 75µs mark the pixel driver circuit is in the 

sustaining mode with a LED current of zero. At 75µs the pixel enters the addressing 

mode and M1 conducts the programming current through the analog sample-and-hold 

circuit. At 105µs devices M2 and M3 of the pixel driver circuit are turned off and the 

current through M1 returns to zero. Shortly after this M4 is turned on and a current 

path is formed through M1 to the LED. The gate-to-source voltage stored by M5 

provides the desired current through the LED now that the pixel driver circuit has 

returned to the sustaining mode. The top trace in the simulation results shows the LED 
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current, which only conducts after the pixel has been programmed and returns to the 

sustaining mode at 107µs. 

 

Figure 2.8 Simulation results for the pixel driver circuit. 

 

2.3.4 Eight Bit Shift Register 

 

The 8-bit shift register‟s input is the pixel clock of the device. This signal is 

provided by the user along with the 8-bit pixel data and three enable signals. As stated, 

this clock frequency can be as high as 25.175MHz. The 8-bit shift register outputs 

eight offset clocking signals as shown in Fig. 2.9. These eight signals control the 

sampling of the eight 8-bit digital sample-and-hold circuits. 

This shift register is composed of eight D flip-flops (DFFs). The output of the 

final DFF is fed back to the D input of the first DFF, creating a continuous loop. At 

power-up of the device the output of the final DFF is set to a high level while all other 

DFF outputs are reset to a low level. The pixel clock input is connected to the clock of 

all eight DFFs. With each rising edge of the pixel clock, the single high pulse 

progresses through the chain of DFFs as shown in Fig. 2.9.  
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Figure 2.9 Eight offset clock outputs of the 8-bit shift register. 

 

Fig. 2.10 shows the simulation results for the 8-bit shift register described 

above. The bottom three traces are the status bits that are set at circuit initialization. 

The blue trace that is fourth from the bottom is the clock input signal to the shift 

register. The remaining traces are the shift register outputs that show the eight offset 

clock signals as expected. 
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Figure 2.10 Simulation results for the 8-bit shift register. 
 

2.3.5 Eight Bit Digital Sample-and-Hold 

 

There are eight individual 8-bit digital sample-and-hold circuits in this design 

(Fig. 2.1). The required functionality for a single digital sample-and-hold circuit is that 

the 8-bit input at the time of sampling be held at the output until the next sample 

triggers. This is easily accomplished using eight DFFs (Fig. 2.11). The input of each 

DFF is one of the eight pixel data inputs of the device. The clock input of all eight 

DFFs is common and is one of the outputs of the 8-bit shift register described above. 

This means that the digital sample-and-hold circuit stores every eighth set of pixel 

data. The combination of all eight digital sample-and-hold circuits allows for the 

capture of all pixel data. 
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Figure 2.11 Schematic of the 8-bit digital sample-and-hold circuit used in this work. 

 

2.3.6 Horizontal Synchronization Circuit 

 

The horizontal synchronization (HSYNC) circuit is a combination of eight 81-

bit shift registers connected in loops, with the output of the last bits tied to the input of 

the first bits. 81 bits are used for these shift registers to ensure proper initialization of 

the display with the last bit acting as a dummy for start-up purposes. The input of each 

81-bit shift register is one of the eight clocks generated by the 8-bit shift register that 

divides the pixel clock. The outputs of the shift registers control the sampling input of 

the analog sample-and-hold circuits. Using eight separate shift registers allows the 

analog sample-and-hold circuits to sample for eight pixel clocks to ensure settled data. 

This approach requires the eight shift registers to physically be staggered such that 

consecutive outputs on an individual shift register go to the input of every eighth 

analog sample-and-hold (Fig. 2.12). The alignment of the shift registers will be further 

discussed in the layout section. This novel approach for allowing eight pixel clock 

cycles to sample the analog pixel data has been devised and implemented by the 

author of this dissertation.  
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Figure 2.12 Schematic showing the staggered shift registers of the HSYNC circuit. 

 

2.3.7 Vertical Synchronization Circuit 

 

The vertical synchronization (VSYNC) circuit provides the “ROW” and 

“ROWn” signals (Fig. 2.6) for the pixel driver circuits. The heart of the vertical sync 

is a 481 bit shift register that is connected in a loop with the output of the last bit tied 

to the input of the first bit. The first 480 bits are used to control the 480 rows of pixels, 

while the last is a dummy bit used for initialization. The last bit is initialized to have a 

high output and the rest start with a low output so that no row of pixels is 

unintentionally on. For the full VGA display, every 648
th

 pixel clock the HSYNC shift 

registers loop around; the final output is used as the clock signal for the VSYNC shift 

register so it toggles to the next row.  

The “ROW” and “ROWn” signals are generated by gating the VSYNC shift 

register outputs. The second and the second-to-last outputs of the first HSYNC shift 
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register are the clock inputs to the two toggling DFFs. The outputs of these two DFFs 

are used to gate the VSYNC shift register outputs through the two-input AND logic 

gates to generate non-overlapping “ROW” and “ROWn” signals as desired.  

 

 

Figure 2.13 Schematic of the VSYNC circuitry. 

 

Fig. 2.14 shows the simulation results for the “Row” outputs of the VSYNC 

circuit. It shows non-overlapping outputs of the VSYNC shift register that are used for 

the “Row” input for each row in the pixel driver circuit array. This is a functional 

simulation that is used to verify desired polarity and timing of VSYNC outputs. 
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Figure 2.14 Simulation showing the "Row" output of the VSYNC circuit. 
 

2.3.8 Test Mode 

 

Test mode circuitry has been implemented in this chip design to verify 

expected functionality and aide in diagnosis of potential problems. Five digital signals 

and three analog signals have been routed to bond pads for external testing. To avoid 

digital noise throughout the device, the digital test outputs go through a switch near 

their source that is disabled during normal operation. These test mode switches are 

controlled by a user input signal designated for this purpose. The five outputs are the 

first, second, and second-to-last outputs of the HSYNC shift register, the first output 

of the 8-bit shift register, and the power enable signal for the analog bias circuitry. The 

power enable signal allows the user to make sure that the analog circuitry is being 

enabled when power is applied to the IC. The first output of the 8-bit shift register can 

be monitored to see if the pixel clock is being divided appropriately and to verify that 

proper initialization of the shift register occurs. The other three digital signals can be 
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viewed together to confirm functionality of the HSYNC circuit and that the VSYNC 

circuit is receiving the expected inputs.  

The three analog outputs have been routed directly to three bond pads near 

their sources. No switches are used to avoid noise related to these signals; they are 

always available at the bond pads. The first is the output of the buffer of the first DAC 

circuit which can be measured to characterize the output swing of the DAC as well as 

the incremental change as a result of variation in the eight bit pixel data. The second 

analog test bond pad is connected to the node at the output of the first analog sample-

and-hold circuit. This can be used to confirm the signal integrity from the pixel data 

and clock inputs to the input of the pixel driver circuit. The third analog test bond pad, 

shown in Fig. 2.15, is connected to the output of the pixel driver circuit. To use this 

test pad the micro-emitter array should not be bonded to the CMOS driver circuit. This 

bond pad allows the pixel current itself to be tested. Placing a 100kΩ resistor from the 

bond pad to ground and measuring the voltage across the resistor allows the pixel 

current to be calculated. As the pixel data changes for this individual pixel the voltage 

across the resistor should change accordingly. For the target pixel current range of 

0.1µA to 10µA, the voltage across the resistor will be 10mV to 1V accordingly, which 

is a valid range of voltage to accurately depict the pixel driver functionality.  

A full scale 640 x 480 VGA driver IC device has been fabricated and tested in 

the laboratory. Results from said testing are described and shown below. Fig. 2.16 

shows the output of two of the digital test outputs. They are generated by the HSYNC 

circuit and provided to the VSYNC circuit (“From HSYNC” signals in Fig. 2.13) to 

generate non-overlapping “ROW” and “ROWn” signals. The switching noise seen on 

these traces is a result of simultaneous switching noise (SSN) caused by on-chip 

inductance in the supply and ground traces. The high switching current through these 

inductances creates voltage ripples. To avoid degradation of analog circuit 

performance, separate power and ground paths are used on-chip so the noise is 

isolated from digital circuits to the analog counterparts.  
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The output of the buffer from one DAC is shown in Fig. 2.17 for an image that 

has varying levels of gray tones. As the image changes from dark to light and back to 

dark, the buffer output reacts in the same way with a lower voltage leading to a lower 

pixel current and a darker micro-emitter. Similarly, the output rises for light pixels, 

leading to a higher pixel current and a brighter micro-emitter. Note that the image 

moves from dark to light and back to dark linearly, but the output of the DAC change 

is non-linear due to the diode-connected NMOS device at the output (Fig. 2.2). The 

current through the NMOS in the 8-bit DAC changes linearly by a factor of 256 (2
8
) 

from the minimum output to the maximum output. The minimum pixel current for this 

work is 0.1µA and the maximum is 10µA, with a ratio of 100. From Eq. 2.2 we can 

derive the following equality: 

      

      
 

            

            
                                       (2.3) 

, where        is the maximum drain current of the output NMOS,        is the 

minimum drain current of the output NMOS,        is the maximum gate-to-source 

voltage of the NMOS,        is the minimum gate-to-source voltage of the NMOS, 

and    is the threshold voltage of the NMOS. For the diode connected NMOS the 

gate-to-source voltage is the output of the DAC, so the trace in Fig. 2.17 represents 

this buffered gate-to-source voltage. Given that the measurement is displayed at 

500mV/division,        is 800mV and        is 1.1V. Filling these values for     in 

along with 256 for the drain current ratio into Eq. 2.3 above yields a    of 0.78V, 

which is the threshold voltage expected according to the process design manual as 

well as simulation results. 

A test pad at the output of one analog sample-and-hold circuit is used primarily 

to verify that a signal is reaching the pixel driver circuits. Fig. 2.18 shows the 

transition from the time when the analog sample-and-hold circuit is disconnected from 

its respective column of pixel drivers, to the time when the appropriate pixel driver is 

connected. The voltage represents the voltage that will be stored at the gate of M1 in 

the pixel driver to be used for driving the micro-emitter. At 500mV/division, the 
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measurement shows that the output of the analog sample-and-hold is 2.3V. Given that 

this particular measurement was taken with a supply voltage of 3.3V, 1V VGS for M1 

is reasonable. 

Fig. 2.19 shows the voltage at the final analog test pad with a 100kΩ resistor 

connected to ground. As the image changes, the current for the monitored pixel also 

changes, resulting in varying voltages across the test resistor. For the measurements 

shown at 500mV/division across the 100kΩ resistor, it can be seen that the pixel 

current ranges from 0.75µA to 6.75µA. Note the very short period of time between 

each voltage level where the voltage goes to zero; this is when the pixel driver is being 

addressed and there is no current flowing in the micro-emitter.  

Fig. 2.20 shows a zoomed image of pixel driver addressing as seen from the 

analog test pad. For this measurement the pixel goes from the sustaining state to 

addressing and back to sustaining. The value of 800mV (corresponding to a 8µA pixel 

current) is the same for both sustaining states because the image has been loaded with 

a solid, almost white image. While the pixel is being addressed the current is routed 

away from the resistor through the analog sample-and-hold via M4 and M3 of the 

pixel driver circuit, respectively. 
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Figure 2.15 Schematic for testing pixel current in analog test mode. 

 

 
Figure 2.16 Two digital outputs captured in test mode. 
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Figure 2.17 Output of the DAC buffer in test mode. 

 

 
Figure 2.18 Output of analog sample-and-hold circuit in test mode. 
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Figure 2.19 Voltage captured across 100kΩ resistor while testing pixel driver circuit. 

 

 
Figure 2.20 Zoomed image of voltage across 100kΩ resistor, showing the addressing state when 

the LED current is zero. 
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2.4 Flip-Chip Bonding 

 

There are two primary components of the display: the CMOS driver IC and the 

micro-emitter array. Fabrication and testing of the GaN micro-emitter array is done by 

the group led by Dr. Hongxing Jiang et al., while the design and testing of the CMOS 

driver IC is solely performed by the author of this dissertation with help and 

supervision of Dr. Lie as discussed previously in section 2.3. The GaN micro-emitter 

array is grown on a transparent substrate so that is can be bonded directly to the 

CMOS driver IC and the light can emit through its substrate. As shown in Fig. 2.6 the 

pixel driver circuit of the CMOS driver IC connects to the p-type contact of each 

micro-emitter in the array. The n-type contacts of all micro-emitters in the array are 

shorted together to form a common connection. This common connection is routed 

through bond pads back to the ground plane of the CMOS driver IC around the 

perimeter of the micro-emitter array. Fig. 2.21 shows a cross section of the connection 

between the two components. Fig. 2.22 demonstrates how the common-n contacts 

surround the micro-emitter array to create a low-impedance common ground when 

connected to the ground plane of the CMOS driver IC. Fig. 2.22 also shows how the 

flip-chip bonding is aligned. The four squares in the corners with a cross shape cut out 

are used by the bonding machine to align the two devices. The CMOS driver IC has 

the male cross shape, while the micro-emitter array has the female square with the 

cross cut out of it. Lining all four male and female corners up ensures that the devices 

are in the proper placement for bonding. The devices are bonded together using 

indium bumps that are deposited onto the micro-emitter array after an opening over 

each p-type contact is created.  The bonding machine uses a combination of high 

temperature and uniform pressure to permanently affix the micro-emitter array to the 

CMOS driver IC.  

Fig. 2.23 shows the 160 x 120 pixel microdisplay bonded out to its lead frame. 

The numbering on the photo is used to relate the appropriate bond pad to its 

corresponding pin on the lead frame. The micro-emitter array is oriented on its side at 

the top of the device as it is pictured. Just to the right of the display is the HSYNC 
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circuitry. The two seemingly green lines below the array are the VSYNC circuits. The 

circuits below the VSYNC that appear blue are the digital sample-and-holds, DACs 

and buffers. The circuits along the bottom edge of the device are the input bond pads 

and their electro-static discharge (ESD) protection. Fig. 2.24 shows the 640 x 480 

pixel microdisplay bonded to its lead frame. The micro-emitter array is oriented “right 

side up” in this photo. The large rectangle is the micro-emitter array that has been flip-

chip bonded to the CMOS driver chip. Directly below the micro-emitter array is the 

HSYNC circuitry. Along the left edge of the display is the VSYNC circuitry. To the 

left of the VSYNC in the bottom left corner of the device are the digital sample-and-

holds, DACs and buffers. There is wide metal routing around the right, top and left of 

the display and there are rows in input/output bond pads on the left and right edges of 

the device.   

 

Figure 2.21 Cross section of CMOS driver IC bonded to micro-emitter array. 
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Figure 2.22 Top view of common-n connections around the perimeters of our micro-emitter array 

as well as alignment marks. 

 

 

Figure 2.23 Photo of our 160 x 120 pixel microdisplay bonded to its lead frame. 
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Figure 2.24 Photo of our 640 x 480 pixel microdisplay bonded to its lead frame. 

 

2.5 Display Test Apparatus 

 

Once the two components of the display (CMOS driver IC and micro-emitter 

array) have been bonded together, a cooperative effort is required to test the entire 

microdisplay system. To light the display with an image, hardware must be used that 

can create the required digital inputs to communicate with the CMOS display driver. 

The author of this thesis selected the National Instruments Corporation‟s NI PCIe-

6537 50MHz peripheral component interconnect (PCI) express data acquisition board 

(DAQ) (Fig. 2.25). It provides up to 32 digital outputs at any desired speed up to 

50MHz, which is sufficient for the desired clock frequency of 25MHz. The PCI DAQ 

must be connected to an external printed circuit board (PCB) so that the outputs can be 

easily accessed and connected to the display. For this the NI CB-2162 breakout board 

(Fig. 2.26) is used since it provides the required hardware connections in an easily 

accessible way. In order to configure the DAQ a software interface is required. NI 

provides a library of commands that can be used in C coding language. Using this in 

conjunction with Microsoft Visual Studio 2008 a graphical user interface (GUI) has 

been developed by the author of this thesis to control the DAQ as desired. 
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Figure 2.25 National Instruments PCIe-6537 used to generate test inputs. 

 

 

Figure 2.26 National Instruments CB-2162 breakout board used to connect NI 6537 to the device 

under test. 

 

There are 13 digital inputs to the CMOS display driver. One input is 

designated for entering the CMOS test mode, and this should remain at a logic low 

level at all times except when the CMOS display driver is being tested independently. 

Three inputs, En1, En2 and En3, are used for circuit initialization. Once power has 

been applied to the display all inputs are held at logic low. En1, En2 and En3 are then 

raised to logic high sequentially according to their names. The timing between these 
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enables is not critical and testing shows that they can be raised simultaneously, but 

care should be taken to ensure that they are not raised in reverse order as that can 

result in improper initialization of the CMOS driver circuit. The pixel clock signal is 

also a digital input. It is responsible for advancing the CMOS driver circuit from one 

pixel to the next. The remaining eight digital inputs are the 8-bit binary pixel data. 

They must be synchronized with the pixel clock signal. As discussed in section 2.3, 

the pixel data and pixel clock signals work together to create the image for the display. 

The DAQ has four 8-bit register outputs that can be configured independently 

from one another. The first 3 bits of the first register are used to control En1, En2 and 

En3. The GUI created in Microsoft Visual Studio 2008 simply has a button that 

enables these three signals sequentially when clicked by the user. Toggling this button 

back to the off position disables En1, En2 and En3. The third register is used for the 

pixel clock and pixel data signals. The third register is used instead of the second 

register for ease of physical connection to the CB-2162 shown in Fig. 2.26. It is 

advantageous to use one register for the pixel clock and pixel data signals to ensure 

synchronization. Since each DAQ register is only eight bits and there are nine total 

bits between the clock and data, one bit must be omitted. The best option for this 

omission is the least significant bit (LSB) of the pixel data since it has the least effect 

on the brightness of the pixel grayscale. For prototype testing the test mode input and 

the LSB of the pixel data input have therefore been tied directly to ground.  
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Figure 2.27 Laboratory setup for testing display devices. Oscilloscope and power supply on left. 

NI CB-2162 connected to device under test in middle. Computer running test software on right. 

 

The DAQ outputs are generated by sequentially outputting information at the 

prescribed frequency from memory that has been previously stored via the C code. For 

each DAQ clock cycle the next eight bit data stored in the memory array is output to 

the desired eight bit register. For the prototype display size of 160 x 120, the VSYNC 

shift register is 121 bits long for initialization purposes as discussed in section 2.3 and 

the eight HSYNC shift registers are 21 bits long for a total of 168 bits. Note these 

extra bits must be taken into account when providing data to the display even though 

they are not tied to micro-emitters. The total memory array must then contain 168 

times 121 elements for a total of 20,328 elements of eight-bit data. Similarly, the VGA 

array is 640 x 480 pixels, but the VSYNC shift register actually has 481 bits and the 

eight HSYNC shifter registers have 81 bits for a total of 648 bits. Creating this 

memory array is accomplished in the C code. Given an image file that is the proper 

size, 168 x 121 pixels, the code can step through one pixel at a time, storing the eight 

bit pixel data into an array. Care is taken to traverse the image file in the same order 
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that the pixel data should be provided to the CMOS display driver, i.e. in a row by row 

fashion. As stated, the LSB of the data is masked and the pixel clock is provided in its 

place. To achieve this, as the data is collected from the image file: the LSB is forced to 

zero and the modified eight bit data is stored in the memory array, and then the LSB is 

forced to one and the new eight bit data is stored in the next index of the memory 

array. The code then progresses to the next pixel in the image file and this process is 

repeated. As a result, the memory array has twice as many elements as the image has 

pixels. This is done to create a toggling clock at the LSB of the DAQ output register 

that is then used for the pixel clock of the CMOS display driver. Since this generated 

clock signal transitions once for each DAQ clock, the effective pixel clock is half of 

the DAQ clock. This method also ensures the seven remaining bits have time to settle 

before being sampled by the CMOS driver circuit since the data will change on the 

falling edge of the pixel clock and always remain constant on the rising edge. Looping 

this array continuously produces a stable image on the display. In order to display a 

moving image the array must be amended with additional image data. For example if 

three images are read by the code and the data is put into a single memory array the 

display will cycle through the images continuously, creating a moving picture. A 

refresh rate of 60Hz is sufficient to provide images comparable to existing consumer 

displays. Eq. 2.4 can be used to calculate the refresh rate for this device. 

                          
   

     
                                              (2.4) 

, where      is the refresh rate,     is the NI DAQ clock frequency,   is the total 

number of horizontal bits in the HSYNC shift registers, and   is the number of bits in 

the VSYNC shift register. For the 160 x 120 pixel display   is 168 and   is 121, so 

for a 60Hz refresh rate the NI DAQ clock must be set to 2.439360MHz corresponding 

to a pixel clock frequency of 1.21968MHz.  
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Figure 2.28 160 x 120 pixel device emitting light placed next to a dime. 

 

Fig. 2.28 shows the 160 x 120 pixel display prototype lit up next to a dime. 

The green light is the display. The dark rectangle around the display is the CMOS IC 

designed by the author of this dissertation. The IC is bonded to the copper pad frame 

that is connected to the NI DAQ via the wire connectors shown.  

Fig. 2.29 shows a photo of the 160 x 120 pixel microdisplay taken with a 

microscope. The image shown is the “Double T”, which is an emblem associated with 

the Texas Tech University. Fig. 2.30 shows a sample of a grayscale image that is 

loaded to the microdisplay via the NI DAQ on the left and a photo taken with a 

microscope of said image lit up on the microdisplay. Note that for these two figures 

the pixels that are not illuminated very clearly are a result of imperfect flip-chip 

bonding of the CMOS microdisplay driver with the micro-emitter array. Fig. 2.31 

shows an image projected on the wall from the 160 x 120 microdisplay. The image 

was loaded using the NI DAQ and projected through a common camera lens that can 

be found on any single-lens reflex (SLR) type camera. The image shown is 

approximately 9 in. x 6 in. 
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Figure 2.29 Photo of the prototype display taken via a microscope. 

 

 

Figure 2.30 Left: Image selected by the driving software to be placed on display. Right: photo of 

display taken via a microscope showing corresponding image. 
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Figure 2.31 A 9 in. x 6 in. image projected by the 160 x 120 pixel microdisplay on the wall via 

photo lens. 

 

2.6 Layout 

 

2.6.1 The 160 x 120 Pixel Device 

 

Fig. 2.32 shows the top level layout of the 160 x 120 pixel device. The objects 

to the far left are the input bond pads. The top two are the positive supply voltage, 

while the bottom two are ground and the others are the digital inputs described 

throughout this chapter. To the right of the input bond pads are the eight front-end 

circuits, which include a digital sample-and-hold, a DAC and a DAC buffer. In the 

middle of the eight front-end circuits is the XFAB IP used for biasing. To the right of 

the front-end circuits is the VSYNC. Below the VSYNC is the 8-bit shift register that 

divides the input clock. The pixel driver array is the black rectangle to the right of the 

VSYNC. This level of zoom does not allow for rendering of the pixel driver circuits. 

Below the pixel driver array is the HSYNC. Note that the total device size is 

6545.5µm x 4624.65µm. 
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Figure 2.32 Top level layout of the 160 x 120 pixel device. 

 

Fig. 2.33 shows the front-end circuits used for this device. As stated, there are 

a total of eight of these circuits to the right of the input bond pads. On the left are the 

eight DFFs that make up the digital sample-and-hold. In the middle is the DAC 

circuitry, the mirror devices are matched in a common centroid configuration and their 

drains are routed out to the eight control switches just below them. The DAC buffer is 

on the right of the layout. 

 

Figure 2.33 Front-end circuit including digital sample-and-hold, DAC and DAC buffer. 
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Fig. 2.34 shows the layout of the VSYNC. The devices on the far left are 

buffers used to ensure signal integrity for such a large fan-out of inputs. The DFFs of 

the VSYNC shift register are along the bottom of the figure. The AND gates and 

additional output buffers are along the top. This layout is rotated 90º at the top level. A 

zoomed view of the VSYNC is shown in Fig. 2.35. This shows the grid of metal lines 

used to propagate the buffered input signals throughout the VSYNC. Also, note that 

the DFFs are stacked one on top of another. This is done to reduce the distance from 

one output to the next to be closer to the 15µm size of the pixel driver circuits. For this 

design a distance of 15µm between outputs is not achieved, so they must be 

“funneled” down to align with the pixel driver array as seen between the VSYNC and 

pixel driver array in the top level layout. 

 

Figure 2.34 VSYNC circuit layout. 

 

 
Figure 2.35 Zoomed image on the layout of VSYNC. 
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Fig. 2.36 shows the layout of the 8-bit shift register. The eight DFFs of the 

shift register are in the center of the layout. The remaining devices are output buffers 

to propagate the generated clock signals. 

 

Figure 2.36 Layout of 8-bit shift register. 

 

Fig. 2.37 shows the layout of the HSYNC. Along the bottom are the eight 21-

bit shift registers; note they are offset as described previously in this chapter. Above 

the shift registers are the analog sample-and-hold circuits. Above the analog sample-

and-hold circuits, at the top of this layout, are the transmission gates used to control 

which row of analog sample-and-hold circuits is connected to the pixel driver circuits.  

 

Figure 2.37 Layout of the HSYNC module. 
 

Fig. 2.38 shows a single analog sample-and-hold circuit. Note that it is exactly 

30µm long. This allows two of them stacked vertically to directly align with the pixel 
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driver array. The large device on the right is the storage device. The device in the 

bottom left is the mirror device whose drain is the output. The minimum length device 

just above the bottom left is the switch at the input of the analog sample-and-hold. 

Above that is the inverter. 

 

Figure 2.38 Analog sample-and-hold layout. 
 

Fig. 2.39 shows the layout of the pixel driver circuit array. There are 160 

individual pixel drivers from left to right and 120 pixel drivers from top to bottom. 

The large gray squares around the perimeters of the array are the common-n contacts 
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used to ground the micro-emitters of the display. Note the male cross-shaped 

alignment marks in the four corners used for flip chip bonding. Fig. 2.40 shows an 

individual pixel driver circuit. In order to save considerable layout efforts the pixel 

driver is laid out so that is can be copied and pasted in a grid pattern and all circuit 

connections are made. While the layout does not fit exactly in a 15 x 15 µm square, 

when placed in a grid, no design rules are violated and no undesired nets are shorted 

together. The gray square in the middle of the pixel driver is the 10 x 10 µm opening 

in the passivation layer to allow contacts with the indium bumps in the flip-chip 

bonding process. 

 

Figure 2.39 Layout of the pixel driver array. 
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Figure 2.40 Layout of an individual pixel driver circuit. 

 

2.6.2 640 x 480 Pixel Device 

 

As much of the layout from the 160 x 120 pixel design as possible has been re-

used. The analog sample-and-hold, DAC, DAC buffer and pixel driver circuit are 

unchanged from the original design. Only circuits with significant differences from the 

previous design will be shown in this section. 

Fig. 2.41 shows the top level layout of the 640 x 480 design. There are 

input/output bond pads on the left and right edges of this design. The bond pads on the 

left are all of the digital input signals along with their ESD structures. The top three 
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bond pads on the right edge are for the positive power supply, while the bottom three 

are for ground. Just above the ground bond pad is the test mode control input signal 

and above that are the digital test mode outputs. Below the bond pads on the left are 

the front-end circuits as previously described. Immediately to the right is the VSYNC 

circuit spanning from top to bottom of the device. The HSYNC runs along the bottom 

of the device below the pixel driver circuit array, which is the large black area shown 

here. The “funneling” from the VSYNC to the pixel driver array is still necessary, but 

has been optimized in this design compared to the 160 x 120 pixel design. Note that 

the total size is large: 12,653.55µm  x 10,801.25µm. 

 

Figure 2.41 640 x 480 pixel device top level layout. 

 

Fig. 2.42 shows the modified front-end circuit that is comprised of one digital 

sample-and-hold circuit, one DAC and one DAC buffer. Note that the digital sample-
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and-hold has been moved to be underneath the DAC to reduce wasted area compared 

to the front-end in the 160 x 120 pixel design.  

 

Figure 2.42 Layout of the modified front-end circuit for our full-VGA driver IC design. 
 

Fig. 2.43 shows a zoomed image of the modified VSYNC circuit. Note that the 

input buffers have been moved to be near the inputs that they drive. This reduces the 

total number of metal 1 grid lines used compared with those for the 160 x 120 pixel 

device, despite the number of input buffers increased by a factor of four. 
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Figure 2.43 Modified layout of VSYNC circuit for our full-VGA driver IC design. 
 

Fig. 2.44 shows the larger pixel driver circuit array. The layout tool does not 

render graphics for the array, but the primary difference between this full-VGA design 

and the small display is the increased number of common-n contacts and the total size.  

 

Figure 2.44 640 x 480 pixel driver circuit array with common-n contacts and alignment marks. 
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Fig. 2.45 shows an array of spare digital devices, such as inverters and DFFs, 

included in the top level layout so that any minor modifications needed to the digital 

signal chain can be made with only changes to the metal layers, saving the fabrication 

costs. Note that these spares are placed in the area created by “funneling” the VSYNC 

outputs to the pixel driver array. 

 

Figure 2.45 Layout of spares inserted in the 640 x 480 design. 
 

Fig. 2.46 shows an analog test bond pad routed from the output of one of the 

DAC buffers to a large bond pad on the edge of the device. This bond pad is used to 

verify the functionality of the front-end circuitry. Fig. 2.47 shows the other two analog 

bond pads. The top bond pad is connected to the output of the bottom right pixel driver 

circuit in the array. The bottom bond pad is the output of the first analog sample and 

hold circuit. These outputs are used together to verify the remaining analog circuitry 

associated with the device. The close proximity of all three analog bond pads to the 

edges of the device makes it easy for them to be bonded to the lead frame for testing. 
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Figure 2.46 An analog test bond pad shown at the left edge of the 640 x 480 device. 

 

 
Figure 2.47 Two analog test bond pads routing the critical analog signals to the edge of the device. 
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Chapter III 

PICO PROJECTOR LIGHT-EMITTING DIODE DRIVER 

 

3.1 Background 

 

Another recent advancement in portable consumer electronics is the pico 

projector. This is defined as a projector that is compact enough to be used for hand-

held portable applications. The two primary technologies used for pico projection are 

liquid crystal on silicon (LCoS) and digital light processing (DLP). LCoS projectors 

are capable of using a white LED or three red, green and blue (RGB) LEDs. The white 

LED application is widely regarded as being more power efficient while suffering 

from low color quality. Using RGB LEDs offers improved color quality at the cost of 

lower power efficiency, larger size and higher cost. The RGB LED driver designed by 

the author of this dissertation is designed for Texas Instruments‟ (TI‟s) DLP™ pico 

projector products. This technology relies on RGB LEDs that are driven sequentially. 

The primary objective of this work is to reduce the area required for driving the RGB 

LEDs and increase the power efficiency as much as possible, while being capable of 

switching between LEDs in a well-defined manner.  

Conventional displays in the past have used a source of white light in 

conjunction with a color wheel to create red, green and blue light. This requires a large 

filter that is spun mechanically by a motor between the white light and the display. A 

motor and filter are not practical for use in a hand-held device because of their bulky 

size. Recent advancements in LED technology have led to high quality red, green and 

blue light that can be produced efficiently and independently. The luminosity of an 

LED depends on the forward current in a near-linear way with the exception of green 

as seen in Fig. 3.1 [15]. By regulating the forward current in the LED the luminosity 

can be directly controlled. The forward voltage can also be regulated, but a small error 

in forward voltage results in an exponential error in forward current according to the 
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basic diode equation shown in Eq. 3.1. For this design, current regulation is employed 

since: 

                    
  

                                               (3.1) 

, where    is the diode forward current,    is the diode leakage current,   is the 

absolute value of electron charge,   is the forward voltage across the diode,   is 

Boltzmann‟s constant, and   is temperature measured in Kelvin. 

 

Figure 3.1 LED luminous flux versus forward current. Top: red LED. Bottom: white, blue and 

green LEDs [15]. 

 

Many hand-held devices use a rechargeable lithium-ion (Li-ion) battery which 

can range from 2.4V when discharged to 4.5V when charging and are nominally 

approximately 3.6V. In order for a pico projector to be visible in a well-lit room the 
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necessary RGB LED current can be as high as 700mA. In a dim room LED current as 

low as 50mA is sufficient. This creates a large difference in the required forward 

voltage for the RGB LEDs (Fig. 3.2). Since the minimum 2.4V is not high enough to 

provide the desired forward current, a DC-DC converter must be used that can boost 

voltage as well as buck it. One common approach, shown in Fig. 3.3, combines a buck 

converter and a boost converter to provide large output voltage range given a large 

input voltage range [16, 17]. Fig. 3.2 also shows that for the same forward current, 

green and blue LEDs have similar forward voltage while a red LED requires much 

lower forward voltage. This issue will be addressed in the Proposed Method and 

Architecture section 3.2.  

 

Figure 3.2 Forward current vs. forward voltage for red and blue LEDs. 
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Figure 3.3 Schematic of simple buck-boost DC-DC converter. 

 

3.2 Proposed Method and Architecture 

 

As stated the device designed by the author of this dissertation is intended for 

use with a TI DLP™ pico projector. The expected functionality is to regulate the 

current in the RGB LEDs ranging from 20mA to 1000mA as well as control the 

sequential switching between the three LEDs. The power supply is a lithium-ion (Li-

ion) battery that ranges from 2.6V when discharged to 4.5V when charging, with a 

nominal voltage of approximately 3.6V. One option is to provide a separate DC-DC 

switching converter for each LED [3, 18]. This, however, would use a large amount of 

area since the converters must be able to provide as much as 1000mA. To supply that 

amount of current, the switches in Fig. 3.3 must be very large which increases 

switching loss in the converter, lowering the power efficiency. The other option is to 

use one DC-DC switching converter to supply the current for all three LEDs. This is 

not a problem since only one LED is on at any given time. This would also reduce the 

area required and only one set of switching losses is incurred. To enable and disable 

each LED a large switch is required, but three large switches still add less area than 

the eight large switches that would be required if two additional DC-DC switching 

converters would be required. Therefore, for this work only one DC-DC switching 

converter is used.  

Three LEDs can be driven in parallel with a single DC-DC switching converter 

as shown in Fig. 3.4 where the LEDs share a common anode and have individual 
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switches at their cathodes. By closing one switch at a time and leaving the other two 

open only one LED has forward current at a time. Recent advancements in LED 

fabrication techniques allow for an alternate configuration shown in Fig. 3.5 where the 

blue and green LEDs share a common anode and the red LED‟s anode is connected to 

the cathode of the blue and green LEDs. This requires six switches, but the area saved 

in the LEDs themselves compensates for the three additional switches.  

 

Figure 3.4 Schematic of DC-DC converter driving RGB LEDs in a common anode configuration. 
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Figure 3.5 Schematic of DC-DC converter driving RGB LEDs in an alternative configuration 

defined by some LED manufacturers. 

 

The current application is configured so that each LED has the same forward 

current as the other two during normal operation. The color brightness is balanced to 

give white light by modulating the amount of time each LED is on. Since the LEDs are 

switching at a higher rate than the eye can register, the user sees the average of the 

light generated. White point balance can then be achieved by ensuring that the average 

for each color is the same. Fig 3.2 shows that for the same forward current red and 

blue LEDs all have different forward voltage. Using one DC-DC converter for the 

three LEDs and regulating them to the same current means that the transition from one 

LED to the next creates a change in the output voltage of the DC-DC converter. This 

leads to a transient current spike in the red LED when it switches from the blue or 

green LED, because the output voltage is going from a higher voltage to a lower 

voltage. This large transient does occur because the large 20µF output capacitor of the 

DC-DC converter has stored charge for the higher output voltage and must discharge 

to the lower voltage. The path through the red LED and its switch is much lower than 

the output impedance of the DC-DC converter, so that is where the current flows. This 

discharge through the red LED creates a transient current spike as large as 1.5A for 
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approximately 2µs as indicated by SPICE simulations and verified by experiments. 

The output impedance of the DC-DC converter is so high that turning off all LEDs 

until the output voltage is settled is not feasible. Increasing the impedance in the path 

of the red LED lowers the transient current, but it also decreases the efficiency of 

steady state operation which is unacceptable for this application.  

Another option to avoid the large transient current spikes is to regulate the 

current of the LEDs with a saturated transistor. This requires a stable voltage that is 

high enough to provide the greatest forward voltage desired for the LEDs. Regulating 

the current through a saturated transistor effectively varies the impedance of the 

transistor to create the voltage drop required to supplement the LED forward voltage 

to the DC-DC converter output (Eq. 3.2) as:  

                                                                   (3.2) 

, where      is the constant output voltage of the DC-DC converter,     is the drain to 

source voltage of the saturated transistor, and      is the forward voltage across the 

LED required to provide the desired forward current. Since the voltage at the output 

capacitor does not change, there is no transient current spike. However, by operating 

the switch in the saturation region a large amount of power is dissipated, reducing the 

power efficiency significantly. Note keeping high efficiency is not the only concern 

for this approach. Heat is also a problem for the high current of up to 1000mA for this 

application through impedance as high as 1.5Ω for the red LED (Fig. 3.2).  

The approach of using current regulation in the DC-DC converter feedback 

loop offers a higher efficiency solution. Adding a small sense resistor of 100mΩ in the 

LED current path converts the current to a voltage that can be manipulated to regulate 

the current via the DC-DC converter feedback voltage. Fig. 3.6 shows the current 

regulation loop developed by the author of this dissertation. A 10-bit current digital to 

analog converter (IDAC) is used in conjunction with a 192Ω resistor and the LED 

current through the sense resistor to generate 100mV at the “n2” node. A DC-shift 

generator then adds 400mV to make it come to 500mV. Varying the output of the 
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IDAC forces the LED current to change to maintain a total of 100mV at the node 

“n2”.  Eq. 3.3 shows the relationship between IDAC and the LED current and how 

they sum to the DC-DC converter feedback voltage, which is 500mV in this 

application.  

                                                                   (3.3) 

, where     is the feedback voltage of the DC-DC converter,      is the forward 

current through the LED,      is the output current of the IDAC,        is the value of 

the sense resistor,         is the value of the series resistor between “n1” and “n2”, and 

        is the DC offset voltage of 400mV. The output of the IDAC ranges from 

0.5µA to 512µA, which provides the LED current range of 20mA to 1000mA for this 

application. This approach offers a high level of efficiency, but it forces the output 

voltage of the DC-DC converter to vary as needed to provide the desired LED current. 

This means that the transient current spike will be present for this solution.  

 

 

Figure 3.6 Schematic of DC-DC converter driving common anode LEDs with steady state current 

regulation loop employed. 

 

Because achieving high efficiency and lowing transient current spike are both 

concerns for this application, a third solution has been developed by the author of this 

dissertation. Since the current spike only occurs at transitions, a saturated transistor 

can be used to regulate the current spike for a short time until the capacitor charge is 
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dissipated, before the steady state current regulation loop takes over. The steady state 

current regulation is achieved using the high efficiency technique describe above. The 

large switch at the cathode of each LED is a prime candidate to operate in saturation 

for the transient regulation. Operating the switch in saturation requires an error 

amplifier instead of a typical digital gate driver that would be used for a switch. The 

large switch has a gate capacitance of approximately 50pF. The error amplifier must 

be able to drive this large output capacitance quickly to avoid the transient current 

spikes. Low quiescent current is also desired to help maintain high power efficiency so 

a class AB amplifier is employed in this work. The details of the said amplifier are 

discussed further in the following section. Fig. 3.7 shows the full system with both 

current regulation techniques employed for this work. The error amplifier wants the 

voltage at “n1” to be equal to its Vref input (i.e., the reference voltage). At a LED 

transition, if a current spike comes from the output capacitor the error amplifier output 

holds the gate of the switch at a voltage such that the voltage at “n1” is equal to vref. 

In this way the maximum LED current is controlled directly by Vref via the error 

amplifier. As stated, operating the switch in saturation at all times is inefficient. In 

order to avoid this, the steady state current regulation should always be set to have 

lower LED currents than the limit set by Vref. If the steady state current limit loop is 

set for a lower LED current then it will continue to provide a voltage above 500mV to 

the DC-DC converter‟s negative feedback and forcing the output VOUT lower. Once 

the output capacitor is discharged the LED current will drop to the value programmed 

by the steady state loop and the voltage at “n1” will be lower than Vref, causing the 

error amplifier output to go as high as possible, and driving the transistor into the 

linear region to act as a switch. This technique allows the transient spike to be limited 

to within 10% of the target steady state current using only a reference voltage. No 

additional circuitry is required to switch between one current regulation mode to 

another, and it is based on real time analog signals instead of a hard-coded timing 

increment so that the maximum power efficiency can be maintained while eliminating 

the transient current spikes. 
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Figure 3.7 Top level schematic of DC-DC converter driving common anode LEDs including the 

steady state current regulation as well as the transient current regulation techniques. 

 

3.3 Circuit Implementation 

 

This section details the analog circuit implementation of the method described 

above as designed by the author of this dissertation. Circuit schematics and simulation 

results will be provided below as well. 

3.3.1 DC-DC Converter 

 

The DC-DC converter used for this work is based on an existing intellectual 

property (IP) of TI. A block diagram of the DC-DC converter is shown in Fig. 3.8. 

This architecture combines a buck converter topology (M1 and M2) with a boost 

converter topology (M3 and M4) to create a non-inverting buck-boost DC-DC 

converter. This continuous converter maintains the maximum power efficiency by 

only operating in one mode at a time. That is, when the input voltage is higher than the 

output voltage, only switches M1 and M2 actively switch while switch M3 stays 

shorted and M4 stays as an open circuit. Similarly, when the input voltage is lower 

than the output voltage only M3 and M4 actively switch while M1 stays shorted and 

M2 stays an open circuit. This cuts efficiency losses associated with gate switching in 

half versus the alternative of switching all four switches regardless of the conversion 

mode. To choose between the buck mode and the boost mode the modulator block 

generates two ramp signals as shown in Fig. 3.9. The input of the modulator is then 
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compared to these ramps and the appropriate switching signals are generated similar to 

the work in [16].  

 

Figure 3.8 Schematic of the buck-boost DC-DC converter with switching control circuits used in 

this work 

 
Figure 3.9 Ramps generated to choose between buck and boost modes for the DC-DC converter 

(dashed line: boost mode, solid line: buck mode). 
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The error amplifier (EA) whose inputs are Vref and Vfb provides the voltage 

mode control of the DC-DC converter. It has a bandwidth of approximately 30kHz. 

The second EA controls the current mode regulation and has a bandwidth of 300kHz. 

The factor of ten higher bandwidth for the current regulation ensures that the current 

mode modulation will not adversely affect the stability of the voltage loop. Further 

detail of the voltage and current loop regulation as well as the ramp generation by the 

modulator block is considered sensitive material by TI and will not be included in this 

dissertation.  The DC-DC converter was not designed by the author of this 

dissertation, but was used as a component in the novel system presented here for the 

pico-projector LED driver IC designed and developed by the author. 

Switches M1-M4 are designed so to withstand large 2A currents, meaning that 

their sizes are very large and special considerations must be given to their physical 

layout. For such high current the drain and source must have as many contacts to low 

impedance metal layers as possible. Maximizing source and drain contacts does not 

allow for metal connections to the poly gate directly on top of the switches, leaving 

only the gate poly to propagate the gate-driver signal. This combination of very wide 

transistors with minimum length (to minimize switch impedance) creates long narrow 

poly gates that are relatively high impedance, as much as 200Ω for a gate length of 

300µm. The gate capacitance of such large switches is quite high. This RC delay at the 

gate of each switch must be considered and an acceptable maximum gate width must 

be established. One way to help this is to drive the gate from both sides of the switch, 

cutting the effective transistor width in half, but not eliminating the issues. 

 

3.3.2 Segmented Current Digital-to-Analog Converter  

 

The current digital-to-analog converter (IDAC) in this design is used to control 

the LED current. Its use has been stated previously in section 3.2. The desired result 

for the 10-bit IDAC is strictly monotonic in steps of 0.5µA from 0.5µA to 512µA with 

settling time for transitions less than 50ns. One option for an IDAC is a simple binary 
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IDAC as discussed in section 2.3.1 of this dissertation. However, CMOS transistor 

matching limits the ability to guarantee monotonicity for a 10-bit IDAC. Even with 

special considerations in layout with common centroid configuration, monotonic steps 

cannot be guaranteed. The worst case for a 10-bit binary IDAC comes when switching 

from 0111111111 to 1000000000 at the input. At this transition all 256 transistors 

associated with the most significant bit (MSB) are connected to the output and all 255 

transistors associated with the nine lower bits are disconnected from the output. 

Through process variation and temperature it is impossible to guarantee a monotonic 

step at this transition. Another option is a thermometer coded IDAC. The binary input 

of the IDAC is converted to the thermometer code as seen in a three-bit example in 

Table 3.1. Each of these thermometer outputs controls an individual matched 

transistor. In this way, regardless of IDAC input change, matching, process or 

temperature, current is either added or subtracted as desired. The example from above 

would result in a single transistor being connected to the output of the IDAC instead of 

any transistors being connected while others are being disconnected. This approach is 

valid for a small number of inputs, but for a 10-bit IDAC the thermometer decoder 

would have 2
10

, or 1024, outputs that would have to be individually routed to its own 

transistor. The decoder and physical routing required for a 10-bit thermometer IDAC 

make it an unreasonable solution. 
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Table 3.1 Binary to thermometer code. 

 

 

Therefore, the alternative solution used by the author of this dissertation is a 

segmented IDAC [11, 19, 20]. That is, a combination of binary and thermometer 

coded IDACS. On-chip CMOS matching is sufficient to guarantee monotonicity of a 

four-bit binary IDAC for all input transitions, including 0111 to 1000. Extensive 

process and temperature variation simulations are used to determine the width and 

length of the matched transistors to ensure monotonicity. For the segmented IDAC 

here, 64 four-bit binary IDACs are thermometer coded to create 10-bit resolution. The 

four least significant bits (LSBs) are logically combined with the 64 thermometer 

decoded bits from the six MSBs such that if the four bits are not needed for the output 

they are logic low; if they have already been added and the input code increases all 

four bits remain high, and if that four-bit binary IDAC is currently active each of the 

four LSBs is passed directly to the four-bit input. This is accomplished with an AND-

OR gate where the two AND inputs are a LSB and one thermometer decoded bit, and 

the second OR input is the next thermometer decoded bit as shown in Fig. 3.10. 
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Figure 3.10 Schematic showing AND-OR input logic for individual 4-bit IDACs. 

 

For this work the minimum IDAC output is 0.5µA, so with all inputs set to 

zero the output should still source this minimum current. To provide this, each four-bit 

binary IDAC has an extra matched device that adds 0.5µA to the output even when all 

its inputs are low. Fig. 3.11 shows the schematic of one four-bit IDAC as used in this 

work. The cascode devices provide added impedance to the output of the IDAC, 

giving better performance by flattening the slope of current versus drain to source 

voltage in the saturated region. The width of all devices in the schematic is the same 

so that the need for contacts between common nodes can be easily avoided as shown 

in Fig. 3.12. The top matched devices are the most critical so they have the longest 

channel while the cascode devices are more than minimum length but their matching 

are not so critical, and the pass devices are minimum length since they act as switches 

only so their matching is inconsequential. 
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Figure 3.11 Single four-bit binary IDAC used in the segmented IDAC. 

 

 
Figure 3.12 Side by side comparison of cascode devices and switches sharing common channel 

width and with different channel lengths. 
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Since the IDAC is in the feedback loop of the DC-DC converter, care should 

be taken to ensure that it does not compromise the stability of the converter. As stated, 

the DC-DC converter has a bandwidth of 30 kHz for the external voltage loop that the 

IDAC is in. The response time of the IDAC should not exceed one tenth of 33µs to be 

ten times faster than the bandwidth of the DC-DC converter. The inner current 

regulation loop of the DC-DC converter has a bandwidth of 300 kHz. The IDAC does 

not interfere with this loop, but to avoid any possibility of complications it has been 

designed for a settling time of less than 50ns for any step size at the output. Fig. 3.13 

shows an example output for a transition at the input code. 

 

Figure 3.13 Example of output step of IDAC. 

 

The worst case for a single step in the IDAC is when one of the individual 4-

bit IDACs switches from binary input 0111 to 1000. This change in input codes has 

been simulated and the output current step size is calculated. Fig. 3.14 shows the 
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distribution of this calculated step size over 100 Monte Carlo simulations that vary 

process, temperature and transistor matching parameters. It is shown that over process 

and temperature variation the IDAC output step is very near the target 0.5µA at the 

worst case step. 

 
Figure 3.14 Simulated single step size for IDAC over monte carlo simulations. 

 

3.3.3 DC Offset 

 

As stated, node “n2” in the feedback loop in Fig. 3.7 is designed to be 100mV 

in this application. The feedback voltage for the DC-DC converter, however, is 

500mV. To compensate for this difference the author of this dissertation has 

implemented a 400mV DC offset circuit. This is accomplished by putting a constant 

reference current through a series resistor. To maximize power efficiency, the same 

reference that is used for the IDAC is used for the DC offset circuit. Fig. 3.15 shows 

the circuit implementation used here. For this work Vref is 1.2V and Rref of 1.2MΩ will 

give a reference current of 1µA since Vref and VRref are forced to be the same voltage 
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by the error amplifier. This reference current is mirrored to all 64 of the four-bit 

IDACs‟ matched and cascode devices. It is also mirrored to Roffset to provide the 

400mV offset. Since the desired voltage drop across Roffset is one third the drop across 

Rref, the value should be one third that of Rref, given an accurately mirrored reference 

current. Matching these two resistors in physical layout ensures that over process and 

temperature variations the ratio of resistance will stay constant so the 400mV drop will 

also stay constant. 

 

Figure 3.15 Schematic showing the IDAC reference current generator as well as the DC offset 

generation and one four-bit binary IDAC of the segmented IDAC. 

 

3.3.4 High Side Switch Gate Driver 

 

The three high side switches are used for the alternate LED configuration 

described in section 3.2. Since they are designed to be very low impedance (less than 

100mΩ), NMOS transistors are used to save the die area. Given that the drain of all 

three switches are connected to the output of the DC-DC converter and their sources 

are tied to one of each of the RGB LED anodes, it can be easily seen that the gate 
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voltage required to turn each switch on and off can vary drastically. The output of the 

DC-DC converter is limited to no more than 6V to protect its internal circuitry, so 7V 

devices can be used for these high side switches without concerns for over-voltaging 

the drain to source limits. In the process used, 7V transistors also have a gate to source 

voltage breakdown limit of 7V. In this system voltage supplies of 2.4V, 6V, 9V and 

16V exist. In high LED current situations the forward voltage can be as high as 4.5V, 

meaning that the source of a switch could be at that level. The 6V supply is not 

sufficient to guarantee over process and temperature that the switch will turn on with 

only 1.5V Vgs. The 9V supply will always turn the switch on, but with only 

approximately 1.5V of overdrive voltage at the gate. The 16V supply clearly has the 

ability to drive the switches with more than enough overdrive, but this voltage must be 

regulated to avoid exceeding the 7V gate to source limit of the switches. Analysis has 

been performed for the trade-off in die area between obtaining three 100mΩ 

maximum switches with only 1.5V overdrive versus an additional voltage regulator 

that can drive the switches with maximum overdrive. The additional voltage regulator 

is significantly smaller. It also allows for regulation to 6V above the voltage of the 

DC-DC converter so that regardless of the LED forward voltage, the Vgs of the 

switches is maximized without exceeding the maximum rating. Note that the output of 

the DC-DC converter is used as the basis for this regulator that adds 6V so that only 

one regulator is needed instead of and individual regulator for each switch. Since the 

voltage is only used when the switch is on, the drain and source should be within 

100mV of each other even at the maximum LED current of 1000mA through the 

100mΩ switch, so there is no concern of exceeding 7V Vgs. Fig. 3.16 shows the 

schematic of this regulator used to add 6V to the output of the DC-DC converter. The 

bottom error amplifier (EA) creates a constant current through Rref. This current 

through Roffset should be 6V so that the top EA regulates the voltage at the output to Vx 

plus 6V. For this application Vx is connected to the output of the DC-DC converter 

and the desired output voltage of the DC-DC converter output plus 6V is attained. As 

the DC-DC converter output voltage varies to provide the proper forward voltage for 
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the RGB LEDs the output of this Vx plus 6V generator varies to always be 6V above 

the DC-DC converter output. 

 

Figure 3.16 Schematic of circuits used to generate Vx plus 6V. 

 

With the desired gate driving voltage generated, the gate driver itself is now 

necessary. The variation of the gate drive voltage based on the output of the DC-DC 
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converter demands a gate driver whose supplies can vary without affecting 

performance. The input switching signal comes from the digital core of the device as a 

2.4V logic signal. This input is level shifted up to a floating gate driver as shown in 

Fig. 3.17. The input signal is high enough to surpass the threshold voltage of M1 or 

M2 so that some current flows. Given that Vx is present, M3 and M4 pass this current. 

M5-M8 latch depending on which leg has current flowing so that no additional 

quiescent current is consumed. The series of inverters between Vx and Vx+6V are 

designed with increasing size to drive the large gate of the switch and also in such a 

way to avoid high shoot-through currents at switching. For this work Vx is connected 

to the output of the DC-DC converter and Vx+6V is connected to the output of the 

aforementioned voltage regulator. This means that the output of the floating gate drive 

toggles between the output of the DC-DC converter and its output plus 6V. This works 

well for turning on the high side NMOS switches. However, when turning off the 

switches a problem arises. When an LED is disconnected from a power source it 

discharges and the anode goes to ground. In this situation for a LED that should be off 

the high side switch has the DC-DC output voltage at the drain and gate and ground at 

its source. It is likely at higher LED currents that this Vgs exceeds the threshold 

voltage and the switch is turned on unintentionally. To avoid this, a PMOS 

transmission gate and a NMOS pull-down transistor are used as shown in Fig. 3.18. 

The PMOS is placed in series with the output of the gate driver and the switch gate, 

with its gate is tied to the output of the DC-DC converter. The NMOS is placed with 

its drain at the gate of the switch and source to ground. Its gate is controlled by the 

inverse of the digital input of the gate driver. When the floating gate driver produces a 

high output the gate of the NMOS is low so it is not trying to pull the switch gate 

down, and the gate of the PMOS is held to the output of the DC-DC converter while 

its source raises to 6V above it so the PMOS conducts the high voltage to the gate of 

the switch. When the input of the gate driver is low the NMOS pulls the gate of the 

high side switch to ground ensuring that it is off, and the output of the floating gate 

drive is the output of the DC-DC converter so the PMOS has 0V Vgs, forcing it to act 
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as an open circuit as desired. This provides a simple solution for turning the high side 

switch on and off reliably without exceeding the 7V gate to source limit of this process 

technology. 

 

Figure 3.17 Schematic of the floating gate drive for high side switches whose positive supply is Vx 

plus 6V and negative supply is Vx. 

 

 
Figure 3.18 Schematic of floating gate drive combined with transmission gate used to drive high 

side LED switches. 
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3.3.5 Low Side Switch Gate Driver 

 

The low side switches used for this application are identical to the high side 

switches. NMOS transistors are used to minimize the impedance per unit area. 

Regardless of the LED configuration, their drains are connected to the cathode of a 

LED and they share a common source that goes to the 100mΩ sense resistor that is 

used for the steady state LED current regulation. The maximum source voltage for a 

LED current of 1000mA is 100mV, making the 6V supply available in the system 

ideal for driving the gate to provide sufficient over-drive without exceeding the 7V 

maximum Vgs. In lieu of a nominal gate drive similar to the one used for the high side 

switches, the author of this dissertation has implemented the transient current 

regulation discussed in section 3.2 in the low side switches. As stated, the error 

amplifier needed for transient current regulation in such large switches must be able to 

drive an output capacitance on the order of 100pF. It should also consume as little 

quiescent current as possible to maintain high efficiency. High phase margin above 

80º is also necessary because any overshoot at the gate of such a large switch will 

allow unacceptably high transient current spikes through, defeating the entire purpose 

of the EA.  
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Figure 3.19 Schematic of the EA used to drive low side switches for transient current regulation. 

 

 

For this application a class AB amplifier is selected as shown in Fig. 3.19. The 

input pair consumes 12µA bias current while the remaining legs sum to 42µA 

quiescent current. With 54µA quiescent current, this amplifier can drive milliamps to a 

100pF load with bandwidth above 2MHz and above 85º phase margin. The input pair, 

M1 and M2, are PMOS to allow the input common mode voltage to go as low as 

10mV while still remaining in the saturation region. To verify this, it can be seen from 

the schematic that the gate voltage of the input pair must satisfy Eq. 3.4 to be saturated 

[11].  

                                                                    (3.4) 

, where     represents the input common mode voltage,      is the gate to source 

voltage of M3, and     is the gate to source voltage and the threshold voltages of M1, 

respectively. Extensive simulations over process and temperature have been used to 
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characterize these variables in the given process technology so that 0V input common 

mode range is achieved. These simulations will also dictate the dimensions of M3 and 

M4. These load transistors also affect offset and bandwidth in opposing ways, so a 

compromise in size must be reached. Longer channels for M3 and M4 reduce the 

impact of process variation that increases offset, but longer channels also mean a 

reduced bandwidth for the amplifier. M5 should be matched to M3 and M4 so that it 

has the same threshold characteristics of these devices. M6 should also be matched to 

these devices. M7 and M8 should also be matched. M9 and M10 should be matched to 

one another for the current mirror to function properly. Finally, the matching for M11 

and M12 is also critical for proper functionality of the EA. In the steady state situation 

Ibias flows through M5, M7 and M9 and also through M10 because of the current 

mirror. Since M7 and M8 are matched “n3” and “n6” are of the same voltage, creating 

an identical Vgs to ensure that the same Ibias current level flows through M8. The gate 

of M8, “n1”, is also connected to the gate of M6 so it has a factor of Ibias depending on 

the matching with respect to M5. The matching of these transistors is critical to 

guarantee proper biasing by generating equivalent gate-to-source voltages on the 

matched devices. When significant driving of the load is required this loop becomes 

unbalanced. When the output need to go high, or source a significant current, “n1” 

becomes slightly lower, pulling “n6” lower, which creates a larger Vgs on M10 so that 

“n5” becomes much lower, turning on M11 and M12 to source the required current. 

The loop is affected similarly when the output needs to go low, or sink a significant 

current. The series capacitor and resistor from the output to “n1” are used to shift the 

frequency response of the EA to achieve the desired bandwidth and phase margin. 

When the EA is not regulating the transient LED current it is either a high or a 

low output voltage to turn the switch on or off. In this case the input pair consumes 

two times Ibias, M5, M7 and M9 consume Ibias, M8, M10 and M11 consume 

approximately Ibias, and the output transistors M12 and M6 consume no current since 

the load is strictly capacitive. For this application the EA consumes a low total 
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quiescent current of only approximately 22µA while meeting the requirements 

discussed above for driving a load up to 100pF.  

The output of the EA and the red LED current for a transition from the blue 

LED to the red LED are shown in Fig. 3.20. The top left waveform shows the red LED 

current without transient current regulation. The desired steady state current of 500mA 

is reached after a transient spike of 1.5A. The bottom left trace is the corresponding 

gate voltage of the low side switch that goes from 0V to 6V so the switch goes from 

an open circuit directly to a short circuit. The top right trace shows the red LED 

current with transient current regulation. The charge in the output capacitor of the DC-

DC converter is discharged through the red LED in a controlled manner at the 

transient current limit. After the capacitor has discharged to the lower voltage, the red 

LED current settles to the steady state current of 500mA. The bottom right trace shows 

the output of the EA during transient current regulation. The output voltage of the EA 

goes to a voltage just above the threshold voltage of the low side switch so that it 

operates in the saturation region and the current can be regulated. Once the capacitor is 

discharged and the output of the DC-DC converter drops the EA output goes to the 

positive rail, causing the low side switch to move into the linear region for maximum 

power efficiency.  
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Figure 3.20 Waveforms showing LED current and EA output voltage. Left: without transient 

current regulation. Right: with transient current regulation. 

 

Fig. 3.21 shows the AC simulation results over process and temperature 

variation for the low side EA. The high gain (right trace) ensures accurate transient 

spike regulation to the desired transient LED current. The phase is plotted on the 

middle trace. The top left trace is the frequency at which the gain crosses 0dB. The 

bottom left trace is the phase margin at the unity gain bandwidth frequency. Note that 

the simulated phase margin is above 80º for all process and temperature variations as 

discussed previously in this section. 
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Figure 3.21 AC simulation results for the low side EA. 

 

3.3.6 Test Mode 

 

Test modes have been implemented for this design by the author of this 

dissertation so that desired functionality can be verified before delivery to the 

customer. This is important in a commercial application so that even over process 

variations of many wafers, consistent circuit performances are achieved. The primary 

method used in this work to allow fine adjustments is trimming. This involves 

switching resistors in and out of critical series paths using transistors. To do this, a 

transistor is placed in parallel with a resistor. When the transistor is turned off, i.e. an 

open circuit, the resistor value dominates the parallel impedances and the circuit sees 

approximately the resistor value. When the transistor is turned on, i.e. a short circuit, 

the low impedance of the transistor dominates the parallel impedances and the circuit 

sees a near-short circuit instead of the resistor. The application of this method is 

explained further in the following paragraphs. 
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Figure 3.22 Schematic of a simple resistor trimming approach. 

 

The output of the circuit that adds 6V to the output of the DC-DC converter is 

trimmed using two switches in parallel with two resistors. The common method for 

this is to trim the resistors in the feedback divider of the bottom EA. By adjusting this 

resistive divider the output changes to make the feedback point equal the reference 

voltage. Fig. 3.22 shows the implementation of such trimming. Note that the trimmed 

resistors are the resistors nearest ground to minimize the effects of grounding the 

back-gate with the source of the top transistor not grounded. Note that R2 is twice the 

value of R1 and M2 is half the width of M1. This is done so that when the switches are 

on they dominate the parallel impedance they are still proportional by a factor of two 

to one. The use of two switches gives the option of four different output voltages, and 

using the values as described creates a binary selection. Eq. 3.5 shows how the output 

voltage is defined, making it clear how trimming affects the circuit: 

                            
                       

                
                                   (3.5) 

, where      is the output voltage,     is the feedback voltage that goes to the negative 

input of the EA,       is the effective resistance of R1 depending on the status of the 

switch,       is the effective resistance of R2,    is the resistance of R3, and    is 
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the resistance of R4. R1, R2, R3 and R4 are typically large values on the order of 

100kΩ minimum to reduce the current in the feedback path. Substituting the resistance 

of R1 and R2 for a very low resistance on the order of 10Ω shows the possible output 

voltage variations. 

The reference circuit for the 400mV DC shift circuit and IDAC is also trimmed 

using the same method described above. Since the feedback voltage of the DC-DC 

converter is 500mV this trimming is performed by setting the IDAC to a nominal level 

that corresponds to a 300mA LED current. This 300mA LED current would convert to 

30mV at the sense resistor. The voltage between the sense resistor node and feedback 

to the DC-DC converter should be measured to be 470mV to sum to the desired 

500mV feedback. If the difference is not 470mV, the three bits of trimming available 

should be used to change the reference circuit feedback until 470mV is attained. 

Trimming this single point compensates for process variations in the entire feedback 

loop, saving both testing time and the die area. 

 

3.4 Test Apparatus 

 

The apparatus used for testing this device includes the RGB LEDs and all 

external components required for the on-chip voltage regulators. A serial peripheral 

interface (SPI) is used to communicate with the digital core of the device that has been 

designed by a colleague of the author of this dissertation at TI. This SPI allows the 

user to switch between different color LEDs in any order and timing sequence desired. 

It also gives control of the trim bits used for test mode adjustments. Fig. 3.23 shows a 

top and bottom view of the device, which is a 7 x 7 ball grid array type package. Fig. 

3.24 shows the device re-flowed onto a PCB surrounded by surface-mount 

components needed for proper functionality of the device. 
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Figure 3.23 Side-by-side view of bottom and top view of 7 x 7 ball grid array package for this 

device. 

 

 

Figure 3.24 Photo of PCB including the device and peripheral surface-mount components. 

 

The LED currents are monitored using a current probe and an Agilent 

oscilloscope. Fig. 3.25 and Fig. 3.26 shows lab measurements for the LED current 

without and with the proposed transient current spike regulation (i.e., “disabled” and 

“enabled”, respectively). Fig. 3.25 shows the red LED current (top trace) without 

transient current regulation. Note that it spikes to approximately 1.5A before 

stabilizing back to the desired steady state current of 750mA for this measurement. 

The bottom trace shows the anode of the red LED, which is the output of the DC-DC 
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converter. Fig. 3.26 shows the red LED current with transient regulation. For this 

measurement the transient current limit is set to 325mA and the steady state current is 

set to 250mA. The current stays at 325mA until the output capacitor is discharged and 

then goes to 250mA. The bottom trace is the anode of the red LED; the forward 

voltage does not change noticeably for a forward current of 325mA to 250mA so it 

remains the same. 

 

Figure 3.25 Measurement results with transient current limit disabled. Blue trace is LED current. 

Yellow trace is control signal to enable given LED. 
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Figure 3.26 Measurement results with transient current limit enabled. Blue trace is LED current. 

Yellow trace is anode of the LED. 

 

Fig. 3.27 shows the variation of LED current as the input voltage of the system 

varies. The variation is just under 2.5mA over an input voltage range of 2.7V to 5.5V. 

This accurate regulation of LED current is acceptable for the system level design. The 

difference of 2.5mA LED current over supply voltage is not noticeable since each 

LED is effected in the same way.  
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Figure 3.27 LED current versus supply voltage variation. 

 

Fig. 3.28 shows the LED current as the IDAC input code is changed. The X-

axis is the decimal input value of the IDAC. The points plotted on the graph represent 

each bit being toggled, i.e. 0000000001, 0000000010, 0000000100, 0000001000 etc. 

The minimum LED current value is 17mA and the maximum plotted, corresponding to 

a code of 512 out of 1024 total, is 531mA.  
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Figure 3.28 LED current versus IDAC input code. 

 

3.5 Layout 

 

The layout of this design was completed by a layout engineer at TI. The author 

of this dissertation worked closely with the layout engineer to ensure proper matching 

of critical devices as well as other layout concerns. Fig. 3.29 shows the top level 

layout of the entire IC that is used for the power management of TI‟s DLP™ pico 

projcector, including some other circuitry used elsewhere in the system. The total die 

size is 3442 µm x 3224 µm. The four switches on the lower left of the device are for 

the DC-DC switching converter. The six switches across the top are the high and low 

side switches used at the anode and cathode of the LEDs respectively. Between the 

two sets of switches is the IDAC. Above the high side switches on the left is the 

Vx+6V generator, and the low side gate driver EAs are above their respective switches 

on the top right. 
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Figure 3.29 Top level layout of DLP™ power management IC. 

 

Figure 3.30 shows the layout of the DC-DC converter. The four large switches 

are along the left side of the layout. The remainder of the layout is peripheral circuitry 

including the error amplifiers, modulator block and gate driver circuits shown in Fig. 

3.8. 
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Figure 3.30 DC-DC converter layout. 

 

Figure 3.31 shows the layout of the entire LED control circuitry discussed in 

this chapter excluding the DC-DC converter. The three switches on the right are the 

high side switches that are connected between the output of the DC-DC converter and 

the anode of the LEDs. The three switches on the left are the low side switches that are 

connected between the cathode of the LEDs and the sense resistor. The circuit in the 

middle is the IDAC. 
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Figure 3.31 Layout of the complete circuitry described in this chapter excluding the DC-DC 

converter. 

 

Figure 3.32 shows the layout of the segmented IDAC. The circuitry on the left 

are the 64 4-bit binary IDACs. Below these individual IDACs and also to the right is 

the peripheral circuitry required to drive the IDACs including the ANDOR gates and 

thermometer decoder. 
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Figure 3.32 Layout of segmented IDAC used for this work. 

 

Figure 3.33 shows the layout of the IDAC reference with 400mV DC offset. 

The matched resistors that are vital for desired operation are on the center left of the 

layout. 
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Figure 3.33 Layout of IDAC reference and 400mV DC offset. 

 

Figure 3.34 shows the six switches with their gate drivers and Vx+6V 

generator. As stated, the three switches on the left are the high side switches and the 

three on the right are the low side switches. Each switch gate driver is located as near 
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to the switch as possible to reduce impedance and ensure uniformity between 

switches.  

 

Figure 3.34 Layout of high side and low side switches with their respective gate drivers. 
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Chapter IV 

LDO AND DIGITAL OSCILLATOR 

 

4.1 Background 

 

As consumer devices become more complex in their functionality, more 

control is needed for them to interface with one another correctly. The device in 

chapter three of this dissertation is a prime example, where a processor is required to 

control the speed and order of the LEDs switching. This processor also controls the 

LED current along with a number of other variables in portions of the device (not 

designed by the author of this dissertation). This large number of control signals from 

the processor must be interpreted and configured accordingly for the device. As 

mentioned, a SPI is used to communicate with the processor for said device. A 

combination of inputs determines the digital control signals that are sent to the 

different components of the device to function as desired. This sort of digital core is 

necessary even for simple power management devices to communicate with the user 

regarding outputs and statuses such as short circuit, under-voltage, over-current, or 

over-temperature situations, etc.  

Digital circuitry switching can cause unwanted noise on the power and ground 

supplies of the surrounding analog circuitry, so it is often given its own supply and 

kept isolated from the analog circuitry as much as possible (say, using guard rings 

and/or deep-trenches in the substrate). Since relatively simple digital circuits do not 

consume large amounts of current, a simple and small voltage linear regulator such as 

a LDO (low dropout) regulator can be used. The lowest voltage of Li-ion batteries, 

about 2.4V, is not a problem for digital circuitry to operate so a LDO with output of 

2.3V is a good candidate for such an application. Aside from providing an isolated 

supply for the noisy digital core, this LDO also provides a stable voltage to avoid 

variations in performance of the digital devices due to different supply voltages from 

battery aging and charging/discharging.  
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Digital circuits often require synchronized functionality to avoid unwanted 

transient situations at their outputs, which demands a digital clock signal. Typically 

this clock signal is used exclusively by the digital core so it is unnecessary, impractical 

or even impossible to get this clock from an external source. Crystal oscillators are 

quite accurate, but require two pins on the package and somewhat complex circuitry. 

Another option, used by the author of this dissertation, is to use a switched capacitor 

oscillator [21]. This offers a solution that is trimmable for accuracy and does not 

require any external components or package pins. To avoid level shifting requirements 

the oscillator should be supplied by the same LDO as the digital core. 

4.2 Proposed Method and Architecture 

 

For this work, some of Texas Instruments‟ intellectual property is utilized for 

designing the simple LDO. The LDO provides sufficient current driving capabilities to 

supply a moderate digital core switching at 8MHz as well as the oscillator itself. Fig. 

4.1 shows the relation between the LDO, system battery, digital core and digital 

oscillator. AVDD is the analog supply voltage, DVDD is the digital supply voltage, 

and also note that the analog and digital grounds are connected via the ground plane 

on the printed circuit board. 

 

Figure 4.1 Block diagram showing the use of a LDO to supply the digital oscillator and digital 

core. 
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The author of this dissertation has also designed an 8MHz switched capacitor 

digital oscillator operating at very low quiescent current [21]. The oscillator is 

supplied by the same voltage as the digital core, so it should be capable of operating at 

voltages as low as 2.3V without problems. Upon being enabled, it should generate a 

square-wave clock signal with 50% duty cycle for the digital core to use in 

synchronization [22]. The functionality of this oscillator is discussed further in section 

4.3.1. 

The digital oscillator and the LDO are a small component of the device used 

for power management of the TI N-SPIRE calculator. A die micrograph showing this 

entire power management device is seen in Fig. 4.2. The oscillator and LDO are 

centrally located on the chip near the digital core that they supply.  

 

Figure 4.2 Die micrograph of IC that includes the oscillator and LDO described in this work. 

 

4.3.1 Digital Oscillator 

 

This switched capacitor oscillator operates by charging one capacitor with a 

bias current until its voltage equals a given reference voltage set by the user. When the 

capacitor voltage surpasses the reference voltage, the output of a comparator toggles 
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and the capacitor is discharged. While the first capacitor is discharging, a second 

capacitor is charged with the same bias current and compared to the reference voltage. 

When the output of the comparator toggles, the second capacitor discharges and the 

bias current is routed back to the first capacitor. This two phase cycle continues as 

long as the oscillator is enabled. The two phases of the digital oscillator designed by 

the author of this dissertation is shown in Fig. 4.3. From Fig. 4.3 shows that the output 

of the comparator is used as the clock signal for a toggling D type flip-flop (DFF), so 

each time the charging capacitor reaches the reference voltage the phase outputs 

toggle and the corresponding switches open or close accordingly to discharge the 

desired capacitor. The frequency of the oscillator is controlled using the basic equation 

shown in Eq. 4.1. 

                
  

  
                                          (4.1) 

, where       is the bias current used to charge the capacitors,   is the capacitance of 

each capacitor,    is the change in voltage across the capacitor (set by the reference 

voltage here), and    is the amount of time required to achieve the change in voltage. 

Using Eq. 4.1,   , which is half of the period of the clock, can be manipulated by 

changing any of the other three variables that are all controlled by the designer. The 

similarity/matching in value of the two capacitors determines the duty cycle of the 

clock. For a 50% duty cycle the capacitors should be the exact same value. This 

requires special considerations when laying out the capacitors to improve the matching 

and minimize process variations, such as using the common centroid techniques [23]. 

For this reason, the author of this dissertation chose not to trim the oscillator frequency 

using variable capacitance. As stated, the reference voltage can also be used to vary 

the frequency; however it is not done for this work since the reference voltage is an 

independently trimmed band gap voltage reference. Therefore, our final option is to 

vary the bias current to vary the frequency, and this can be easily accomplished by 

switching mirror devices in or out of the path of the bias current reference as shown in 

Fig. 4.4 [24]. 
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Figure 4.3 Schematic of digital oscillator in two phases. (a) Phase One: C1 charging, C2 

discharging. (b) Phase Two: C1 discharging, C2 charging. 
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Figure 4.4 Schematic showing Ibias trimming technique. 

 

To account for process variation, and to allow precise control of the oscillation 

frequency, five trim bits are used for this work. These trim devices are binary 

weighted as shown in Fig. 4.4. The smallest trim bit is sized such that the frequency 

can be set to +/-0.625% of the target 8MHz. This means each step must be 1.25% of 

8MHz, so this LSB is designed to alter the frequency by 100kHz. Five binary 

weighted trim devices offer 32 steps in frequency of 100kHz centered at 8MHz so the 

output can range from 6.5MHz to 9.6MHz. Eq. 4.2 defines the possible oscillation 

frequencies. 

                                   
    

                                 (4.2) 

, where      is the oscillator frequency,      is the minimum frequency (6.5MHz for 

this work),   represents the n
th

 trim bit,    is 1 if the trim bit is enable and 0 otherwise, 

and    is the frequency step (100kHz here). 

This oscillator is inherently energy efficient. The only quiescent current 

consumed is in the comparator and in the bias current device and mirrors. Since the 

capacitors are on-chip they are less than 2pF each; the reference voltage is a bandgap 
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reference of 1.2V, and for a frequency of 8MHz each capacitor‟s    is 62.5ns where 

the bias current is approximately 20µA.  

In order to avoid transient discrepancies at the output due to an unstable enable 

signal, a simple analog deglitch circuit is implemented (Fig. 4.5). The output of the 

AND gate will only change if the input signal is stable for longer than the RC delay of 

the filter on its second input. This analog de-glitch scheme is required instead of using 

a digitally deglitched signal because the digital core is controlled by the oscillator, so 

the core cannot deglitch the signal effectively (since a chicken-egg situation arises).  

 

Figure 4.5 Schematic of an analog deglitch method implemented for oscillator enable signal. 

 

Due to limitations of external test equipment, the oscillator is measured after  

divided by eight via three DFFs. The measured output frequency after trimming of 517 

devices is shown in Fig. 4.6. Fig. 4.7 shows the decimal equivalent of the trim value 

chosen during production testing for the oscillator for the same 517 devices. Note that 

the smallest frequency tunability of +/-0.625% in design specification was not 

implemented in testing in order to reduce test time by reducing the number of trim 

codes tested.  
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Figure 4.6 Normalized and trimmed oscillator frequency measured for 517 devices. 

 

 
Figure 4.7 Decimal equivalent trim codes used to trim 175 devices. 

 

4.3.2 LDO 

 

For this calculator application that is already sold on the market today, the 

intellectual property utilized for the on-chip LDO belongs to Texas Instruments. It is a 

simple LDO with 1µF external output capacitor (Fig. 4.8). The error amplifier forces 

the feedback voltage to equal the reference voltage. As the feedback voltage goes too 
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low the EA output goes more negative, turning on the PMOS pass device more so that 

the drain to source voltage is reduced and the output and feedback voltages go up. 

Since the EA forces the feedback voltage to equal the reference voltage, the output 

voltage can easily be set using Eq. 4.3  

                           
     

  
                                               (4.3) 

, where      is the output voltage,    corresponds to    in Fig. 4.8,    corresponds to 

   in Fig. 4.8, and      is the reference voltage. The external capacitor is used to 

ensure stability over all load conditions. The dominant pole is at the output of the EA 

and gate capacitance of the pass device. The output capacitor pushes the second pole 

out far enough that sufficient phase margin is achieved for all loads. 

 

Figure 4.8 Schematic of the simple LDO used for this work. 

 

Fig. 4.9 shows the simulated line and load regulation for the LDO used here. It 

is seen in (a) that for an output of 2.52V the dropout voltage is less than 2.75V. The 

load regulation shown in (b) is 63mV/mA, which is acceptable for this application. 



Texas Tech University, Jacob Day, May 2011  

 

104 

Fig. 4.10 shows measurement data for the output voltage of the LDO taken in 

production for the same 517 devices discussed in section 4.3.1. 

 

(a) 

 

(b) 

Figure 4.9 (a) the LDO line regulation; (b) the LDO load regulation. 
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Figure 4.10 Measured output of the LDO for 517 devices. 

 

4.3.2 Novel Output-Capacitorless LDO Design 

 

The LDO allocated to the digital core is often not used for any other circuitry 

in the system, so it is desirable that the LDO consumes as little area and quiescent 

current as possible. Common LDOs require a large output capacitor that must be 

placed off-chip as a discrete component. Not only does this require area on the system 

PCB, it also requires a bond pad in the device layout and an extra pin at the package 

level of the device. With some considerable efforts, an output-capacitorless LDO can 

be designed that saves the PCB area as well as the extra pin in the package [25-31]. 

The author of this dissertation has designed and simulated an output-

capacitorless LDO. This LDO offers a solution with low quiescent current so the 

power efficiency of the system is impacted as little as possible. As stated, it also saves 

significant area in the system by reducing the pin-count of the package and the number 

of external components required. It provides sufficient current driving capabilities to 

supply a moderate digital core switching at 8MHz as well as the oscillator itself. It 

also offers very fast transient response to accommodate the switching-type load of the 

oscillator and the digital core. 
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In some ways, the EA and the low side NMOS switches described in Chapter 

III of this dissertation for transient current spike regulation operate as a LDO. They 

operate such that “n1” (Fig. 3.7) is equal to Vref. This similarity is utilized in the 

design and the SPICE simulations of this on-chip output-capacitorless LDO. Fig. 4.11 

shows the schematic of the novel capacitor-less LDO. Note that the EA is identical in 

architecture to the one used in Chapter III. This LDO needs to drive a maximum of 

10mA for the oscillator and the digital core of any power management device since 

the digital core only controls switching regulators and logic circuitry defined by the 

customer. The supply voltage is 2.6V to 4.5V for devices powered from a Li-ion 

battery. In the TI lbc7 0.35µm process 1.3V is sufficient to power the digital core. The 

large gap between the minimum supply voltage and desired output voltage creates a 

very relaxed dropout voltage requirement of 1.3V, which allows the use of a NMOS 

pass device at the output of the LDO. The maximum output voltage of the LDO with a 

NMOS pass device is determined by the gate-to-source voltage required to drive the 

pass device, M13. For this reason the author has utilized a low Vt device in the lbc7 

process so that lower gate-to-source voltage provides more overdrive to the device. 

Another way to reduce the dropout voltage is to use low Vt devices for M11 and M12 

so that VDSsat is reduced and the gate of M13 can come closer to the battery supply 

voltage. For this novel LDO a dropout voltage of 0.63V, approximately one half the 

requirement, is achieved.  

The output voltage is determined by the feedback voltage, the reference 

voltage and the ratio of resistors at the source of M13. To maintain low quiescent 

current the values of the resistors are chosen to be 100kΩ for the lower resistor and 

160kΩ for the upper resistor. For a reference of 0.5V (easily attained by a resistive 

divider from the trimmed bandgap voltage reference), resistors of these values yield an 

output voltage of 1.3V.  

This EA architecture allows the LDO to operate with low quiescent current of 

only 37µA. While this is higher than some previous works [25, 28], it is also lower 

than some [26, 27, 29-31], and it offers excellent line regulation, load regulation, 
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power supply rejection ratio (PSRR) and transient response. Also of note, the miller 

capacitance used here is only 3pF. This is the only on-chip capacitance needed for this 

design, which is one half of the lowest on-chip capacitance used by the designs 

compared in [25]. This is beneficial since on-chip capacitors can be large and consume 

considerable amounts of area as discussed in Chapter II. 

 

Figure 4.11 The output-capacitorless LDO schematic. 

 

The AC response of the LDO for the corner conditions of 2.6V and 4.5V 

supply voltage with load current of 0.1mA and 10mA are shown in Fig. 4.12. The top 

left window shows the phase response of the LDO. Note that the variation in load 

current changes the location of the dominant pole, which is a well documented issue 

for output-capacitorless LDOs [26, 28]. The top right window shows the gain of the 

LDO, which ranges from 76dB to 92dB. The bottom left window shows the phase 

margin of the LDO, which is the phase when the gain of the LDO crosses 0dB. 
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Typically a phase margin of 45º is desired to ensure stability over unforeseen 

situations. The bottom right window shows the frequencies at which the gain of the 

LDO crosses 0dB, the unity gain bandwidth. 

 

Figure 4.12 AC simulation results for the output-capacitorless LDO. 

 

The high gain of the LDO leads to high line and load regulation. Fig. 4.13 

shows the line regulation of the LDO as the supply voltage is varied from 2.6V to 

4.5V. The top waveform shows the output with load current of 0.1mA while the 

bottom waveform shows the output with load current of 10mA. The worst case line 

regulation can be calculated from these figures as 3.2mV/V. The load regulation for 

load currents ranging from 0.1mA to 10mA for voltage supply of 2.6V(top) and 

4.5V(bottom) is shown in Fig. 4.14. From these waveforms the worst case load 

regulation can be calculated as 0.063mV/mA, which is an excellent value [25]. 
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Figure 4.13 Waveforms showing LDO line regulation with the supply swept from 2.6V to 4.5V. 

Top:  Load of 0.1mA. Bottom: Load of 10mA. 
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Figure 4.14 Waveforms showing load regulation for load current ranging from 0.1mA to 1mA. 

Top: Supply voltage of 2.6V. Bottom: Supply voltage of 4.5V. 

 

As stated, power supply rejection ratio is also an important feature of this LDO 

since it isolates the noisy digital switching supply from the „quiet‟ analog supply. Fig. 
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4.15 shows the result of the simulation for PSRR of this LDO. Note that -56dB is 

approximately 10dB better than the work described in [25]. 

 

Figure 4.15 Waveform showing PSRR simulation results for this capacitor-less LDO. 

 

The transient response performance of a LDO that supplies a switching circuit 

such as a digital core is also important. The transient response for a load step of 3mA 

to 10mA with a rise time of 100ns is shown in Fig. 4.16. The top trace shows the 

output of the LDO settles within 300ns while the bottom trace shows the load current 

step. This is an improvement over previous works [25]. Similarly, this quick settling 

on the output voltage (top trace) is also seen when the load drops from 10mA to 3mA 

(bottom trace) in 100ns (Fig. 4.17). The excellent IC technology offered by TI‟s LBC7 

design kit provides various devices selection to facilitate the LDO design, which 

should have contributed to the performance improvements over what has been 

reported before. 



Texas Tech University, Jacob Day, May 2011  

 

112 

 

Figure 4.16 Transient response of LDO output with increasing load current step. Top: LDO 

output voltage;  Bottom: load current transient. 

 

 
Figure 4.17 Transient response of LDO output with decreasing load current step. Top: LDO 

output voltage;  Bottom: load current transient. 
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Chapter V 

CONCLUSIONS 

 

Recent advancements in portable consumer electronics and the semiconductor 

fabrication techniques have fueled the demands and innovations of new applications to 

be implemented in hand-held devices. Digital still cameras and even video cameras are 

now common-place in cellular phones and other compact devices. Many devices also 

integrate a large touch screen for easy user interface as well as on-board Wi-Fi 

connectivity. One application that is currently in development and will reach mass-

production stage in the next one to three years is the portable projection capability that 

can be implemented into a device as small as a cellular phone. Stand alone projectors 

that are small enough to fit in a person‟s hand are currently in production and are 

commercially available. The next step in shrinking their size to a form factor that can 

fit in a cellular phone with low power consumption is in further integration. As stated, 

there are multiple strategies for achieving portable projection. The author of this 

dissertation has presented two components of such strategies: self-emissive micro-

emitter arrays and digital light processing (DLP™). 

A fully functional CMOS driver integrated circuit for a 160 x 120 pixel 

grayscale micro-emitter array has been designed, fabricated and tested. Results from 

this display have been presented in Chapter II of this dissertation. A full scale VGA 

(640 x 480 pixel) CMOS driver has also been designed, fabricated and tested. 

Preliminary lab measurements show that the CMOS circuit is functioning well as 

expected, however flip-chip bonding such a large array is difficult. Currently at least 

one device exists for which a single pixel is illuminated. As the image is changed in 

the software to be shown on the display the single pixel changes intensity as expected 

for its location on the new image. This would imply that with improvements in 

bonding techniques for the full VGA display is expected to function as desired. 

A LED driver integrated circuit to be used in conjunction with Texas 

Instruments‟ DLP™ technology has also been presented. This driver integrates all 
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components needed to control which LED is turned on and regulates its current. In 

addition to regulating the steady state current, transient current regulation has also 

been designed and implemented in this circuit to stop transient current spikes 

otherwise unregulated to reach as high as 1.5A for a desired steady state current of 

300mA. These two current regulation techniques have been designed such that no 

additional control is needed by the users, but the proper technique is employed as 

needed to maximize effectiveness and power efficiency. This circuit has been 

designed, fabricated and tested. Measurement results have been presented in Chapter 

III of this dissertation and they have showed that both transient and steady state 

current regulation techniques are working well together as expected.  

As portable devices become more heavily integrated and complex, on-chip 

digital cores become increasingly necessary. Portable devices are operated on a battery 

power that varies anywhere from 2.4V to 4.5V for a Li-ion battery. This variation in 

voltage alters the performance of digital devices with regard to their timing of critical 

signals. For this reason, it is advantageous to provide a stable voltage to the digital 

core. This also offers isolation of the noisy switching digital circuits to the supply 

voltage for sensitive analog circuits. For a synchronous digital core a clock signal is 

also required. A highly efficient digital clock has been designed, fabricated and tested. 

The results of testing this digital clock, along with a LDO have been presented in 

Chapter IV of this dissertation. These peripheral circuits are a vital portion of many 

complex ICs since the lack of voltage supply for the digital core and lack of clock 

signal for the digital core would prevent any functionality of the entire chip in many 

cases. 

The devices designed by the author of this dissertation are instrumental in the 

implementation of the given portable projection devices. This is a vital step in the 

continued integration efforts to reduce the form factors of portable projectors. The 

integration of the CMOS display driver IC with parallel data processing allows a 

mature, cost-effective process to be used to drive state-of-the-art III-N type LEDs. The 

LED driver used with the DLP™ projector systems fully integrates everything needed 
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to drive the LEDs with high power efficiency. The peripheral digital oscillator and 

novel output-capacitorless LDO offer additional integration techniques to further 

reduce system area with increased functionalities.  
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APPENDIX A 

C CODE USED TO CONTROL 640 X 480 PIXEL CMOS MICRO-EMITTER 

DISPLAY DRIVER 

 
#pragma once 

#pragma comment(lib, "NIDAQmx.lib") 

#include <stdio.h> 

#include <NIDAQmx.h> 

#define DAQmxErrChk(functionCall) if( 

DAQmxFailed(error=(functionCall)) ) goto Error; else 

 

namespace display { 

 

 using namespace System; 

 using namespace System::ComponentModel; 

 using namespace System::Collections; 

 using namespace System::Windows::Forms; 

 using namespace System::Data; 

 using namespace System::Drawing; 

 

 /// <summary> 

 /// Summary for Form1 

 /// 

 /// WARNING: If you change the name of this class, you will need to 

change the 

 ///          'Resource File Name' property for the managed resource 

compiler tool 

 ///          associated with all .resx files this class depends on.  

Otherwise, 

 ///          the designers will not be able to interact properly 

with localized 

 ///          resources associated with this form. 

 /// </summary> 

 public ref class Form1 : public System::Windows::Forms::Form 

 { 

 public: 

  Form1(void) 

  { 

   InitializeComponent(); 

   // 

   //TODO: Add the constructor code here 

   // 

  } 

 

 protected: 

  /// <summary> 

  /// Clean up any resources being used. 

  /// </summary> 

  ~Form1() 

  { 
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   if (components) 

   { 

    delete components; 

   } 

  } 

 private: System::Windows::Forms::PictureBox^  pictureBox1; 

 private: System::Windows::Forms::CheckBox^  checkBox0; 

 private: System::Windows::Forms::Button^  button5; 

 private: System::Windows::Forms::OpenFileDialog^  openFileDialog1; 

 private: System::Windows::Forms::Button^  button2; 

 private: System::Windows::Forms::ComboBox^  comboBox1; 

 private: System::Windows::Forms::Timer^  timer1; 

 private: System::Windows::Forms::Label^  label1; 

 private: System::Windows::Forms::Label^  label2; 

 private: System::Windows::Forms::ComboBox^  comboBox2; 

 private: System::Windows::Forms::PictureBox^  pictureBox2; 

 private: System::Windows::Forms::Button^  button1; 

 

 private: System::ComponentModel::IContainer^  components; 

 

 

 protected:  

 

 private: 

  /// <summary> 

  /// Required designer variable. 

  /// </summary> 

//  TaskHandle  taskHdl01; 

 

 

 

#pragma region Windows Form Designer generated code 

  /// <summary> 

  /// Required method for Designer support - do not modify 

  /// the contents of this method with the code editor. 

  /// </summary> 

  void InitializeComponent(void) 

  { 

   this->components = (gcnew 

System::ComponentModel::Container()); 

   System::ComponentModel::ComponentResourceManager^  resources = 

(gcnew 

System::ComponentModel::ComponentResourceManager(Form1::typeid)); 

   this->pictureBox1 = (gcnew 

System::Windows::Forms::PictureBox()); 

   this->checkBox0 = (gcnew System::Windows::Forms::CheckBox()); 

   this->button5 = (gcnew System::Windows::Forms::Button()); 

   this->openFileDialog1 = (gcnew 

System::Windows::Forms::OpenFileDialog()); 

   this->button2 = (gcnew System::Windows::Forms::Button()); 

   this->comboBox1 = (gcnew System::Windows::Forms::ComboBox()); 

   this->timer1 = (gcnew System::Windows::Forms::Timer(this-

>components)); 

   this->label1 = (gcnew System::Windows::Forms::Label()); 
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   this->label2 = (gcnew System::Windows::Forms::Label()); 

   this->comboBox2 = (gcnew System::Windows::Forms::ComboBox()); 

   this->pictureBox2 = (gcnew 

System::Windows::Forms::PictureBox()); 

   this->button1 = (gcnew System::Windows::Forms::Button()); 

   (cli::safe_cast<System::ComponentModel::ISupportInitialize^  

>(this->pictureBox1))->BeginInit(); 

   (cli::safe_cast<System::ComponentModel::ISupportInitialize^  

>(this->pictureBox2))->BeginInit(); 

   this->SuspendLayout(); 

   //  

   // pictureBox1 

   //  

   this->pictureBox1->ErrorImage = 

(cli::safe_cast<System::Drawing::Image^  >(resources-

>GetObject(L"pictureBox1.ErrorImage"))); 

   this->pictureBox1->Image = 

(cli::safe_cast<System::Drawing::Image^  >(resources-

>GetObject(L"pictureBox1.Image"))); 

   this->pictureBox1->InitialImage = 

(cli::safe_cast<System::Drawing::Image^  >(resources-

>GetObject(L"pictureBox1.InitialImage"))); 

   this->pictureBox1->Location = System::Drawing::Point(12, 12); 

   this->pictureBox1->Name = L"pictureBox1"; 

   this->pictureBox1->Size = System::Drawing::Size(168, 121); 

   this->pictureBox1->TabIndex = 0; 

   this->pictureBox1->TabStop = false; 

   //  

   // checkBox0 

   //  

   this->checkBox0->AutoSize = true; 

   this->checkBox0->Location = System::Drawing::Point(45, 160); 

   this->checkBox0->Name = L"checkBox0"; 

   this->checkBox0->Size = System::Drawing::Size(93, 21); 

   this->checkBox0->TabIndex = 1; 

   this->checkBox0->Text = L"Enable All"; 

   this->checkBox0->UseVisualStyleBackColor = true; 

   this->checkBox0->CheckedChanged += gcnew 

System::EventHandler(this, &Form1::checkBox0_CheckedChanged); 

   //  

   // button5 

   //  

   this->button5->Location = System::Drawing::Point(45, 208); 

   this->button5->Name = L"button5"; 

   this->button5->Size = System::Drawing::Size(101, 25); 

   this->button5->TabIndex = 2; 

   this->button5->Text = L"Load image"; 

   this->button5->UseVisualStyleBackColor = true; 

   this->button5->Click += gcnew System::EventHandler(this, 

&Form1::button1_Click); 

   //  

   // openFileDialog1 

   //  

   this->openFileDialog1->FileName = L"openFileDialog1"; 
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   //  

   // button2 

   //  

   this->button2->Location = System::Drawing::Point(248, 34); 

   this->button2->Name = L"button2"; 

   this->button2->Size = System::Drawing::Size(59, 30); 

   this->button2->TabIndex = 13; 

   this->button2->Text = L"Demo"; 

   this->button2->UseVisualStyleBackColor = true; 

   this->button2->Click += gcnew System::EventHandler(this, 

&Form1::button2_Click); 

   //  

   // comboBox1 

   //  

   this->comboBox1->FormattingEnabled = true; 

   this->comboBox1->Items->AddRange(gcnew cli::array< 

System::Object^  >(8) {L"1", L"2", L"4", L"8", L"16", L"32", L"64", 

L"128"}); 

   this->comboBox1->Location = System::Drawing::Point(286, 94); 

   this->comboBox1->Name = L"comboBox1"; 

   this->comboBox1->Size = System::Drawing::Size(110, 24); 

   this->comboBox1->TabIndex = 14; 

   this->comboBox1->Text = L"1"; 

   this->comboBox1->SelectedIndexChanged += gcnew 

System::EventHandler(this, &Form1::comboBox1_SelectedIndexChanged); 

   //  

   // timer1 

   //  

   this->timer1->Interval = 300; 

   this->timer1->Tick += gcnew System::EventHandler(this, 

&Form1::timer1_Tick); 

   //  

   // label1 

   //  

   this->label1->AutoSize = true; 

   this->label1->Location = System::Drawing::Point(216, 94); 

   this->label1->Name = L"label1"; 

   this->label1->Size = System::Drawing::Size(68, 17); 

   this->label1->TabIndex = 15; 

   this->label1->Text = L"Darkness"; 

   //  

   // label2 

   //  

   this->label2->AutoSize = true; 

   this->label2->Location = System::Drawing::Point(216, 133); 

   this->label2->Name = L"label2"; 

   this->label2->Size = System::Drawing::Size(66, 17); 

   this->label2->TabIndex = 16; 

   this->label2->Text = L"time (ms)"; 

   //  

   // comboBox2 

   //  

   this->comboBox2->FormattingEnabled = true; 
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   this->comboBox2->Items->AddRange(gcnew cli::array< 

System::Object^  >(8) {L"150", L"200", L"300", L"400", L"500", 

L"700",  

    L"1000", L"100"}); 

   this->comboBox2->Location = System::Drawing::Point(286, 133); 

   this->comboBox2->Name = L"comboBox2"; 

   this->comboBox2->Size = System::Drawing::Size(110, 24); 

   this->comboBox2->TabIndex = 17; 

   this->comboBox2->Text = L"300"; 

   this->comboBox2->SelectedIndexChanged += gcnew 

System::EventHandler(this, &Form1::comboBox2_SelectedIndexChanged); 

   //  

   // pictureBox2 

   //  

   this->pictureBox2->ErrorImage = 

(cli::safe_cast<System::Drawing::Image^  >(resources-

>GetObject(L"pictureBox2.ErrorImage"))); 

   this->pictureBox2->Image = 

(cli::safe_cast<System::Drawing::Image^  >(resources-

>GetObject(L"pictureBox2.Image"))); 

   this->pictureBox2->InitialImage = 

(cli::safe_cast<System::Drawing::Image^  >(resources-

>GetObject(L"pictureBox2.InitialImage"))); 

   this->pictureBox2->Location = System::Drawing::Point(441, 29); 

   this->pictureBox2->Name = L"pictureBox2"; 

   this->pictureBox2->Size = System::Drawing::Size(640, 480); 

   this->pictureBox2->TabIndex = 18; 

   this->pictureBox2->TabStop = false; 

   //  

   // button1 

   //  

   this->button1->Location = System::Drawing::Point(253, 259); 

   this->button1->Name = L"button1"; 

   this->button1->Size = System::Drawing::Size(75, 23); 

   this->button1->TabIndex = 19; 

   this->button1->Text = L"button1"; 

   this->button1->UseVisualStyleBackColor = true; 

   this->button1->Click += gcnew System::EventHandler(this, 

&Form1::button1_Click_1); 

   //  

   // Form1 

   //  

   this->AutoScaleDimensions = System::Drawing::SizeF(8, 16); 

   this->AutoScaleMode = 

System::Windows::Forms::AutoScaleMode::Font; 

   this->ClientSize = System::Drawing::Size(1098, 515); 

   this->Controls->Add(this->button1); 

   this->Controls->Add(this->pictureBox2); 

   this->Controls->Add(this->comboBox2); 

   this->Controls->Add(this->label2); 

   this->Controls->Add(this->label1); 

   this->Controls->Add(this->comboBox1); 

   this->Controls->Add(this->button2); 

   this->Controls->Add(this->button5); 
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   this->Controls->Add(this->checkBox0); 

   this->Controls->Add(this->pictureBox1); 

   this->Name = L"Form1"; 

   this->Text = L"Form1"; 

   (cli::safe_cast<System::ComponentModel::ISupportInitialize^  

>(this->pictureBox1))->EndInit(); 

   (cli::safe_cast<System::ComponentModel::ISupportInitialize^  

>(this->pictureBox2))->EndInit(); 

   this->ResumeLayout(false); 

   this->PerformLayout(); 

 

  } 

#pragma endregion 

//static  TaskHandle  taskHdl01=0; 

 static int darkness=1; 

 static long timetick0=0; 

 

 private: System::Void button1_Click(System::Object^  sender, 

System::EventArgs^  e) { 

  int32       error=0; 

  char        errBuff[2048]={'\0'}; 

  FILE  *stream2; 

  Color newColor ; 

  TaskHandle taskHandle,taskHandle2, taskHdl01=0; 

  uInt8* data = new uInt8[40656]; 

  uInt8  en1[1]={14};//2+4+8 

 

  unsigned char temp; 

 

 

 try 

      { 

  Bitmap^ image1; 

         // Retrieve the image. 

  if(openFileDialog1->ShowDialog() == 

System::Windows::Forms::DialogResult::OK) 

        { 

//         image1 = gcnew Bitmap( "C:\\Program1\\test3.jpg",true ); 

           image1 = gcnew Bitmap( openFileDialog1->FileName); 

           int x; 

           int y; 

     int i=0; 

     stream2 = fopen( "test4.txt", "w+" ); 

     // Loop through the images pixels to reset color. 

     int Height1=image1->Height; 

     if (Height1>121) Height1=121; 

     int Width1=image1->Width; 

     if (Width1>168) Width1=168; 

 

     for ( x = 0; x < Height1; x++ ) 

           { 

              for ( y = 0; y < Width1; y++ ) 

              { 

                 Color pixelColor = image1->GetPixel( y,x ); 
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     temp=(pixelColor.R /darkness); 

        temp = temp & 0xFE; 

     if (temp & 32) temp=temp | 24;// special for this testing 

device 

     data[i]=temp; 

     if( stream2)  fprintf( stream2, "%d\t", data[i] ); 

     i++; 

     data[i]=temp+1; //two for each pixel? 

     if( stream2)  fprintf( stream2, "%d\t", data[i] ); 

     i++; 

     if (!(i%8)) fprintf( stream2, "\n"); 

               } 

            } 

         // Set the PictureBox to display the image. 

            pictureBox1->Image = image1; 

         }//if openDia 

   }//try 

    catch ( ArgumentException^ )  

    { 

  MessageBox::Show("There was an error.Check the path to the image 

file." ); 

    } 

 

 if( stream2) fclose( stream2 ); 

  

  

   DAQmxErrChk (DAQmxResetDevice("Dev1")); 

 

  DAQmxErrChk (DAQmxCreateTask("",&taskHandle)); 

  DAQmxErrChk (DAQmxCreateTask("",&taskHandle2)); 

  DAQmxErrChk 

(DAQmxCreateDOChan(taskHandle,"Dev1/port3","",DAQmx_Val_ChanForAllLin

es)); //CLK? 

  DAQmxErrChk 

(DAQmxCreateDOChan(taskHandle2,"Dev1/port0/line1:3","",DAQmx_Val_Chan

ForAllLines));//EN1-3 

  DAQmxErrChk 

(DAQmxCfgSampClkTiming(taskHandle,NULL,1000.0,DAQmx_Val_Rising,DAQmx_

Val_ContSamps,1000)); 

  DAQmxErrChk (DAQmxStartTask(taskHandle2)); 

  DAQmxErrChk 

(DAQmxWriteDigitalU8(taskHandle2,1,0,10.0,DAQmx_Val_GroupByChannel,en

1,NULL,NULL)); 

 

  

  

  

 DAQmxErrChk (DAQmxCreateTask("",&taskHdl01)); 

 DAQmxErrChk 

(DAQmxCreateDOChan(taskHdl01,"Dev1/port2","",DAQmx_Val_ChanForAllLine

s)); 

 DAQmxErrChk 

(DAQmxCfgSampClkTiming(taskHdl01,NULL,10000000.0,DAQmx_Val_Rising,DAQ

mx_Val_ContSamps,1000)); 
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 if (checkBox0->Checked){ 

  DAQmxErrChk 

(DAQmxWriteDigitalU8(taskHdl01,40320,0,10.0,DAQmx_Val_GroupByChannel,

data,NULL,NULL)); 

  DAQmxErrChk (DAQmxStartTask(taskHdl01));} 

Error: 

 if( DAQmxFailed(error) ) DAQmxGetExtendedErrorInfo(errBuff,2048); 

} 

 

 

 private: System::Void checkBox0_CheckedChanged(System::Object^  

sender, System::EventArgs^  e) { 

      

//  int32 CVICALLBACK DoneCallback(TaskHandle taskHandle, int32 

status, void *callbackData); 

  int32       error=0; 

  TaskHandle  taskHandle=0; 

  TaskHandle  taskHandle2=0; 

  uInt8       data[8]={1,2,4,8,16,32,64,128}; 

  uInt8  en1[1]={14};//2+4+8 

  uInt8  dis1[1]={0}; 

  char        errBuff[2048]={'\0'}; 

   

  DAQmxErrChk (DAQmxResetDevice("Dev1")); 

 

  DAQmxErrChk (DAQmxCreateTask("",&taskHandle)); 

  DAQmxErrChk (DAQmxCreateTask("",&taskHandle2)); 

  DAQmxErrChk 

(DAQmxCreateDOChan(taskHandle,"Dev1/port3","",DAQmx_Val_ChanForAllLin

es)); //CLK? 

  DAQmxErrChk 

(DAQmxCreateDOChan(taskHandle2,"Dev1/port0/line1:3","",DAQmx_Val_Chan

ForAllLines));//EN1-3 

  DAQmxErrChk 

(DAQmxCfgSampClkTiming(taskHandle,NULL,1000.0,DAQmx_Val_Rising,DAQmx_

Val_ContSamps,1000)); 

  DAQmxErrChk (DAQmxStartTask(taskHandle2)); 

 

  if (checkBox0->Checked){ 

   DAQmxErrChk 

(DAQmxWriteDigitalU8(taskHandle2,1,0,10.0,DAQmx_Val_GroupByChannel,en

1,NULL,NULL)); 

   //int32 DAQmxWriteDigitalU8 (TaskHandle taskHandle, int32 

numSampsPerChan, bool32 autoStart, float64 timeout,  

   //bool32 dataLayout, uInt8 writeArray[], int32 

*sampsPerChanWritten, bool32 *reserved); 

  } 

  else{ 

   DAQmxErrChk 

(DAQmxWriteDigitalU8(taskHandle2,1,0,10.0,DAQmx_Val_GroupByChannel,di

s1,NULL,NULL));} 

 Error: 

  if( DAQmxFailed(error) ) 

   DAQmxGetExtendedErrorInfo(errBuff,2048); 
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  if( taskHandle2!=0 ) { 

   /*********************************************/ 

   // DAQmx Stop Code 

   /*********************************************/ 

   DAQmxStopTask(taskHandle2); 

   DAQmxClearTask(taskHandle2);} 

 } 

  

 

 

private: System::Void button2_Click(System::Object^  sender, 

System::EventArgs^  e) { 

//   timer1->Interval=300; 

  timer1->Enabled =!timer1->Enabled; 

   } 

private: System::Void comboBox1_SelectedIndexChanged(System::Object^  

sender, System::EventArgs^  e) { 

    int sw1=comboBox1->SelectedIndex; 

    switch (sw1){ 

     case 0: darkness=1;break; 

     case 1: darkness=2;break; 

     case 2: darkness=4;break; 

     case 3: darkness=8;break; 

     case 4: darkness=16;break; 

     case 5: darkness=32;break; 

     case 6: darkness=64;break; 

     case 7: darkness=128;break; 

     default: darkness=1; 

 

    }    

   }  

 

private: System::Void timer1_Tick(System::Object^  sender, 

System::EventArgs^  e) { 

  int32       error=0; 

  TaskHandle  taskHandle3=0; 

  TaskHandle  taskHandle=0; 

  TaskHandle  taskHandle2=0; 

  uInt8  en1[1]={14};//2+4+8 

  uInt8  dis1[1]={0}; 

  char        errBuff[2048]={'\0'}; 

  //FILE  *stream2; 

  Color newColor ; 

  uInt8* data = new uInt8[40656]; 

  char file1[]="C:\\Program1\\1.bmp"; 

  char * 

filenames[13]={"C:\\Program1\\1.bmp","C:\\Program1\\2.bmp","C:\\Progr

am1\\3.bmp", 

   

"C:\\Program1\\4.bmp","C:\\Program1\\5.bmp","C:\\Program1\\6.bmp","C:

\\Program1\\7.bmp", 

   

"C:\\Program1\\8.bmp","C:\\Program1\\9.bmp","C:\\Program1\\10.bmp","C

:\\Program1\\11.bmp", 
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   "C:\\Program1\\12.bmp","C:\\Program1\\13.bmp"}; 

  unsigned char temp; 

    timetick0++; 

 timetick0=timetick0 % 13; 

 

  DAQmxErrChk (DAQmxResetDevice("Dev1")); 

 

  DAQmxErrChk (DAQmxCreateTask("",&taskHandle)); 

  DAQmxErrChk (DAQmxCreateTask("",&taskHandle2)); 

  DAQmxErrChk 

(DAQmxCreateDOChan(taskHandle,"Dev1/port3","",DAQmx_Val_ChanForAllLin

es)); //CLK? 

  DAQmxErrChk 

(DAQmxCreateDOChan(taskHandle2,"Dev1/port0/line1:3","",DAQmx_Val_Chan

ForAllLines));//EN1-3 

  DAQmxErrChk 

(DAQmxCfgSampClkTiming(taskHandle,NULL,1000.0,DAQmx_Val_Rising,DAQmx_

Val_ContSamps,1000)); 

  DAQmxErrChk (DAQmxStartTask(taskHandle2)); 

  DAQmxErrChk 

(DAQmxWriteDigitalU8(taskHandle2,1,0,10.0,DAQmx_Val_GroupByChannel,en

1,NULL,NULL)); 

 

  if( taskHandle3!=0 ) { 

    // DAQmx Stop Code 

    DAQmxStopTask(taskHandle3); 

    DAQmxClearTask(taskHandle3); 

 } 

 

 try 

      { 

  Bitmap^ image1; 

         // Retrieve the image. 

        { 

//         image1 = gcnew Bitmap( "C:\\Program1\\test3.jpg",true ); 

//           image1 = gcnew Bitmap("C:\\Program1\\1.bmp"); 

           image1 = gcnew Bitmap(gcnew String(filenames[timetick0])); 

           int x; 

           int y; 

     int i=0; 

     // Loop through the images pixels to reset color. 

     int Height1=image1->Height; 

     if (Height1>121) Height1=121; 

     int Width1=image1->Width; 

     if (Width1>168) Width1=168; 

 

     for ( x = 0; x < Height1; x++ ) 

           { 

              for ( y = 0; y < Width1; y++ ) 

              { 

                 Color pixelColor = image1->GetPixel( y,x ); 

     temp=pixelColor.R /darkness; 

        temp = temp & 0xFE; 
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  //   if (temp & 32) temp=temp | 24;// special for this testing 

device 

     data[i]=temp; 

     i++; 

     data[i]=temp+1; //two for each pixel? 

     i++; 

               } 

            } 

         // Set the PictureBox to display the image. 

            pictureBox1->Image = image1; 

         }//if openDia 

   }//try 

    catch ( ArgumentException^ )  

    { 

  MessageBox::Show("There was an error.Check the path to the image 

file." ); 

    } 

 

 DAQmxErrChk (DAQmxCreateTask("",&taskHandle3)); 

 DAQmxErrChk 

(DAQmxCreateDOChan(taskHandle3,"Dev1/port2","",DAQmx_Val_ChanForAllLi

nes)); 

 DAQmxErrChk 

(DAQmxCfgSampClkTiming(taskHandle3,NULL,20000000.0,DAQmx_Val_Rising,D

AQmx_Val_ContSamps,1000)); 

  DAQmxErrChk 

(DAQmxWriteDigitalU8(taskHandle3,40656,0,10.0,DAQmx_Val_GroupByChanne

l,data,NULL,NULL)); 

  DAQmxErrChk (DAQmxStartTask(taskHandle3)); 

Error: 

 if( DAQmxFailed(error) ) DAQmxGetExtendedErrorInfo(errBuff,2048); 

 if( DAQmxFailed(error) );     //textBox1->Text="fail"; 

 

} 

 

 

private: System::Void comboBox2_SelectedIndexChanged(System::Object^  

sender, System::EventArgs^  e) { 

    int sw1=comboBox2->SelectedIndex; 

    switch (sw1){ 

     case 0: timer1->Interval=150;break; 

     case 1: timer1->Interval=200;break; 

     case 2: timer1->Interval=300;break; 

     case 3: timer1->Interval=400;break; 

     case 4: timer1->Interval=500;break; 

     case 5: timer1->Interval=700;break; 

     case 6: timer1->Interval=1000;break; 

     case 7: timer1->Interval=100;break; 

     default: darkness=200; 

 

   } 

   } 

private: System::Void button1_Click_1(System::Object^  sender, 

System::EventArgs^  e) {  int32       error=0; 
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  char        errBuff[2048]={'\0'}; 

  FILE  *stream2; 

  Color newColor ; 

  TaskHandle taskHandle,taskHandle2, taskHdl01=0; 

  uInt8* data = new uInt8[614400]; 

  uInt8  en1[1]={14};//2+4+8 

 

  unsigned char temp; 

 

 

 

 

 

 

 

 

 try 

      { 

  Bitmap^ image1; 

         // Retrieve the image. 

  if(openFileDialog1->ShowDialog() == 

System::Windows::Forms::DialogResult::OK) 

        { 

//         image1 = gcnew Bitmap( "C:\\Program1\\test3.jpg",true ); 

           image1 = gcnew Bitmap( openFileDialog1->FileName); 

           int x; 

           int y; 

     int i=0; 

     stream2 = fopen( "test4.txt", "w+" ); 

     // Loop through the images pixels to reset color. 

     int Height1=image1->Height; 

     if (Height1>480) Height1=480; 

     int Width1=image1->Width; 

     if (Width1>640) Width1=640; 

 

     for ( x = 0; x < Height1; x++ ) 

           { 

              for ( y = 0; y < Width1; y++ ) 

              { 

                 Color pixelColor = image1->GetPixel( y,x ); 

     temp=(pixelColor.R /darkness); 

        temp = temp & 0xFE; 

     if (temp & 32) temp=temp | 24;// special for this testing 

device 

     data[i]=temp; 

     if( stream2)  fprintf( stream2, "%d\t", data[i] ); 

     i++; 

     data[i]=temp+1; //two for each pixel? 

     if( stream2)  fprintf( stream2, "%d\t", data[i] ); 

     i++; 

     if (!(i%8)) fprintf( stream2, "\n"); 

               } 

            } 

         // Set the PictureBox to display the image. 
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            pictureBox2->Image = image1; 

         }//if openDia 

   }//try 

    catch ( ArgumentException^ )  

    { 

  MessageBox::Show("There was an error.Check the path to the image 

file." ); 

    } 

 

 

 

 

 if( stream2) fclose( stream2 ); 

  

  

   DAQmxErrChk (DAQmxResetDevice("Dev1")); 

 

  DAQmxErrChk (DAQmxCreateTask("",&taskHandle)); 

  DAQmxErrChk (DAQmxCreateTask("",&taskHandle2)); 

  DAQmxErrChk 

(DAQmxCreateDOChan(taskHandle,"Dev1/port3","",DAQmx_Val_ChanForAllLin

es)); //CLK? 

  DAQmxErrChk 

(DAQmxCreateDOChan(taskHandle2,"Dev1/port0/line1:3","",DAQmx_Val_Chan

ForAllLines));//EN1-3 

  DAQmxErrChk 

(DAQmxCfgSampClkTiming(taskHandle,NULL,1000.0,DAQmx_Val_Rising,DAQmx_

Val_ContSamps,1000)); 

  DAQmxErrChk (DAQmxStartTask(taskHandle2)); 

  DAQmxErrChk 

(DAQmxWriteDigitalU8(taskHandle2,1,0,10.0,DAQmx_Val_GroupByChannel,en

1,NULL,NULL)); 

 

  

  

  

 DAQmxErrChk (DAQmxCreateTask("",&taskHdl01)); 

 DAQmxErrChk 

(DAQmxCreateDOChan(taskHdl01,"Dev1/port2","",DAQmx_Val_ChanForAllLine

s)); 

 DAQmxErrChk 

(DAQmxCfgSampClkTiming(taskHdl01,NULL,20000000.0,DAQmx_Val_Rising,DAQ

mx_Val_ContSamps,1000)); 

 if (checkBox0->Checked){ 

  DAQmxErrChk 

(DAQmxWriteDigitalU8(taskHdl01,614400,0,10.0,DAQmx_Val_GroupByChannel

,data,NULL,NULL)); 

  DAQmxErrChk (DAQmxStartTask(taskHdl01));} 

Error: 

 if( DAQmxFailed(error) ) DAQmxGetExtendedErrorInfo(errBuff,2048); 

 

   } 

}; 

} 
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