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Abstract 
Designing an application specific integrated circuit (ASIC) must be starting with careful 

preparations, otherwise the chip will not be as good as possible. The theoretical studies must 

cover everything from the chip circuits to the application structure. In mobile applications 

there is extremely important that the current consumption becomes minimized because the 

battery power is limited. The power reductions studies must include the most power costing 

circuits on the chip. When the whole circuit or segments of the circuit is not in use, they must 

switch fast and simple into another mode that consume nearly none power. This mode is 

called sleep-mode. If the sleep-mode has very low leakage currents, the lifetime of the 

application will dramatically increase. 

 

This report studies the most power costing circuits in smartcard application ASIC. The chip 

should be used to control a LCD display on the smartcard. The circuits that have been 

investigated are level shifters, charge pumps and LCD drivers, also sleep-mode configuration 

possibilities have been investigated. Other small preparing work is also included in the thesis. 
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1 Introduction 
The introduction chapter will give a short introduction to the master thesis. 

1.1 Background 
Smartcard is a card with the same size as a common bankcard, but instead of using a magnetic 

strip to store the information an electric chip is used.  

 

In the near future the normal bankcard with magnetic strip will be change to a smartcard. 

These smartcards opens new possibilities of application with these cards. Because the 

smartcard has a proven security it is possible to store the account information on the card. The 

extra application must be very cheap and if an extra chip shall be added it must be an ASIC 

chip otherwise it will too expensive.   

 

The largest problem with these ASIC’s are the current consumption on the card. On the 

application described in this report it is possible to show information stored in the card on a 

liquid crystal display. This display must be driven by a battery on the smartcard. To make the 

lifetime of the smartcard longer it is very important that the current consumption becomes 

minimal. Some of the most critical parts are discussed in this report. These parts are the 

charge pump to increase the battery voltage, level shifters to switch between low voltage 

signals and high voltage signals and the most important task is the sleep mode handling.  

1.2 Thesis outline 
There is already fully operating display card that SWATS (see Swecard chapter 2.2) has 

produced. The electronic circuits in these cases are produced by well known electronic 

companies. These circuits are made mostly of standard components and can not be changed to 

fit this low power application perfectly. The total ASIC solution should be smaller and also 

consume less power. These projects were started to investigate the architecture of the most 

current consumption parts. Different solutions are compared in the analyse part of the report 

and with this information it should be possible to design these circuits. A letter was sent to 

different foundries to find out in what process technology the chip could be manufacture. 
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The assembler part of the report was done to create testing equipment for self produced 

LCD’s. It was also done to compare different solutions of the LCD driver. The LCD’s should 

also have some programs for showing the displays operation.    

1.3 Methods and limitations 
The method that is mostly used is literature studies of previous work. From this work the most 

interesting parts have been used and analyzed. Some simulations have also been done, but 

without any larger accuracy. The programming part was written directly in assembler code.  

 

The report does not take any matter of accuracy in the simulations, especially because not any 

specific process technology was chosen for the simulation. The CPU architecture and the 

power management unit architecture were not investigated.  
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2 Companies 
The two different companies that are involved in the project task that the report analyze.  

2.1 Swedish LCD center 
The Swedish LCD center was founded in October 1999. The main purpose is to be a support 

to the different LCD companies around Borlänge in Dalarna, Sweden. Other LCD companies 

in this part of Sweden are LC-Tec, Hörnell international and SignIT. Because all these LCD 

companies are located very close to each other, the area has got the name “Crystal valley”.  

 

Swedish LCD center is a research institute for the LCD-manufacturing and LCD using 

industry in Sweden. Some of the research topics are flexible displays, alignment methods and 

inkjet printing. The center has capability to manufacture displays and even to manufacture 

displays on plastic substrate. [31] 

2.2 SweCard 

2.2.1 Company history 
The company was formed in 1996 under the name SWATS, Swedish Advanced Technology 

Systems AB. This company succeeded to create a fully working display card. In 2003 the 

company was reformed and changed name to Swecard. At most the company was valued to 

190 million Swedish crowns.  

2.2.2 Product 
Smartcard has become a very useful component in the world of information technology. It has 

the same size as a common credit card but it also has an integrated microchip. The microchip 

can contain programs and different kinds of information. It also has an advanced security 

feature embedded which is not possible to use in the conventional card with magnetic strip. 

The smartcard can be either a direct contact smartcard or a contact-less smartcard. In the 

contact smartcard a gold-coloured chip replaces the magnetic strip. To read information from 

and to the card a smartcard reader is necessary to use. When information is read from and to 

the chip electrical contacts are placed directly to the gold-coloured chip. The contact-less 

smartcard has an integrated antenna to carry out transactions. The antenna and a smartcard 

chip are embedded in the card. With this antenna it is possible to communicate with the card 
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without any physical contact. This is perfect for fast and simple transactions as for example 

toll collection. 

 
The product that SWATS has created is a smartcard with a fully integrated LCD display. This 

card is not heavier or thicker than an ordinary bankcard. The battery that is integrated in the 

card is not thicker then a thumbnail and has a life time of more than two years. This is with 

the assumption that the display on the card is used on average ten minutes each day. The LCD 

display has two rows that can show 56 characters each. On the display it is possible to show 

different kinds of information, for example the status on your bank account. With the two 

integrated keys on the card it is possible to scroll through a longer text on the small display. 

 

In 2005 most of the banks in Europe will have abandoned the bankcard with magnetic strip 

and uses a chip-based bankcard like SweCard’s display card. The magnetic strip will be 

abandoned because it is too easy to copy the information in the card, the information is much 

safer saved in a chip based smartcard. It is nearly impossible to read out the information of the 

chip based card. In France the banks already use a chip based card. This year the market 

expects to sell 500 million cards and in 2005 it is expected to sell more than 1 billion chip 

based bankcard.  In theory it should be possible to sell 1 billion display cards in 2005. 

 

The display card is based on the proven smartcard technology. Everyone uses this technology 

each day maybe without knowing it. It can be the SIM card in the cell phone, ID cards or 

credit cards. The card will not be affected by magnetic field or X-rays like the common 

magnetic strip. [32] 

2.2.3 Smartcard ISO standard 
There is one ISO standard, ISO 7810, that decide the size of the smart card. In the standard 

there are also specific values of the flexibility and temperature tolerance of the plastic in the 

smartcard. It is also standardized where the electrical contacts should be placed and how the 

communication protocol should be configured. There are also application specific 

specifications such as for digital cell phones, credit cards (Visa, MasterCard, American 

Express), and electronic purses (Proton, Visa card). There are also many new application-

specific standards under development for smartcards. Examples of this are Javacard version 1 

and 2.  
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2.2.4 Applications 
Travel card 
It has been discussions about “ticket-less travel” for a long time. Billions of tickets become 

printed, processed, handled, administrated and accounted each year. With all this tickets it is 

not hard to understand this interest for about ticket-less travel. Until now it has not been any 

better way than paper because the issuer wants a reliable record and the traveller wants an 

easy and clear documentation. When the display card is used, it is possible to store all 

reservations facts directly on the card. Facts can for example be itinerary and ticket credits. 

After that, the traveller has direct access to the flier points, hotel reservations, car rental and 

other important facts the issuer wants to add his card. It is also very safe because the card is 

pin code protected and can be used as personal identification and travel security. 

 

 
 

 
Bankcard 
It is possible to use for example to e-cash, credit cards or bank statements.  

 

In old times the smartcard user always saved his carbon copy of the carefully signed 

smartcard slips. In later years the carbon is gone but not the possibility to abuse the card. The 

possibility is instead larger now then ever. With the display card it is possible to check the 

balance directly after you get it back. For example in a restaurant it is possible to check if the 

correct sum is removed from the card. It is very easy to access the information on the card 

screen. You will never have the problem that you try to pay with an empty card, because it is 

possible to find out the balance directly on the screen of the card. 

 

 

 

 

Fig. 4.8 Swecard travel card. [32] 
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Loyalty card 
It is possible to use for example to frequently flier and retail bonus programs.   

 

This is a billion dollar industry. One of the biggest problems is to keeping in track of the 

current balance on the card. This is a problem both for the merchant and the consumer. There 

are ways to solve these problems like monthly balance letter, internet or toll-free telephone 

numbers. These solutions cost both money and time for the merchant and takes time for the 

consumer. When the display card is used as bonus card it is possible to save the balance 

directly on the card and it is also possible to check the balance wherever the consumer is.  

When the balance is easy to check out it can be possible to spontaneously use the points. The 

smartcard is safe and that will prevent fraud and abuse. It is also possible to send message to 

the card and show advertisement and special offers directly on the card. 

 

 
 

 
Multi purpose card 
It is possible to add a lot of functions into one specific card. In one card both a loyalty card 

and a travel card can be mixed together into one single card. The card can handle a lot of 

different applications that needs different values like parking, pay TV, hotel vouchers, gift 

Fig. 4.9 Swecard bankcard. [32] 

Fig. 4.10  Swecard loyalty card. [32] 
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certificate, for medical records and so on. It has up to 56kb of EEPROM memory embedded, 

which allows functions to be combined. The card is accessible 24 hours each day. 

 
ID card 
The Display card is located behind the proven and safe technology of smartcards. Smartcards 

have been used for over a decade and the encrypted version has showed out to be practically 

unbreakable. It uses the smartcard as both firewall and engine. That makes the display card 

equally safe as the smartcard. This together with the display where it is possible to show 

information makes it perfectly for ID and security cards. 

 
Fig. 4.11 ID card from Swecard. [32] 
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3 Liquid crystals 
This chapter will give a basic knowledge about two different kinds of liquid crystals 

molecules. The information fact is from Lueder [1] and Collins [2].   

3.1 Twisted nematic 
Twisted nematic is one kind of liquid crystal molecule. It is the molecule that is common used 

in liquid crystal displays. Twisted nematic molecule has been known since 1970 (see figure 

3.1). In figure 3.2 a normal liquid is visualized. The different from the liquid crystal is 

obviously. 

 

Around the liquid crystals in the twisted nematic cell there are some different materials. These 

materials are needed otherwise the cell will not operate properly. The liquid crystal does not 

create any light. It does not either stop the light. The liquid crystals in some cases instead 

change the polarization of the light.  

 

 

 
 

 

 

 

Fig. 3.1 The figure is a couple of 
nematic molecules with the director n. 

Fig. 3.2 A couple of molecules in a liquid, 
The molecules not have any specific 
direction.  
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The incoming light into the liquid crystal cell first becomes linearly polarized (see figure 3.4) 

by a linear polarizer. The light from the sun or from a normal light bulb is non-polarized. 

When the light is non-polarized it means that the probability that the electromagnetic wave 

oscillate in each direction is the same.  

 
 

Fig. 3.3 A twisted nematic cell without any induced electrical field. In the picture an 
electromagnet wave is coming in and the polarity of the wave is changing. This is a 
normal white display, because light passes through when no electric field is induced. [1] 

Fig. 3.4 An electromagnetic wave with linear polarized light. 



  

  11

After the polarization the light has to travel through a substrate, which can be made of either 

glass or plastic material. On the substrate the electric contacts are added. They can be made of 

transparent Indium-Tin-Oxide (ITO). On the ITO an orientation layer is placed. This layer is 

made of an organic material for example polyimide. This organic material is mechanical 

rubbed so grooves are generated in the material. The liquid crystal molecules align to the 

direction of the groves. The grooves are made in the direction plane of the polarizer. The rod-

like liquid crystal molecules are then anchored in parallel. There is always a pre-tilt angle 

between the molecule nearest the surface and the surface (see picture 3.3).  

 

The plate on the other side of the liquid crystals is made of the same materials. The grooves 

are made perpendicular. This forces the liquid crystal molecules to twist 90° without 

additional chiral compounds. Because of the birefringence in the material, the electromagnetic 

field vector will travel in different speed depending if it is the perpendicular or the parallel 

component. This depends up-on the wavelength of the wave. The electromagnetic wave will 

then become elliptically polarized and in some specific places it will be circular or linearly 

polarized. If the distance is 
n

d
∆
⋅=
λ

2
3  (3.1) ( λ is the wavelength of the wave, ∆n is the 

difference in reflection index between the different directions in the LC material) the light 

will be linear polarized, but the polarization of the wave have rotated 90°. So if the second 

polarizer is perpendicular to the first, the light will travel through the second polarizer in this 

case. This is usually called “normally white mode”. In “normally black mode” the polarizer 

are aligned in parallel.  

 

If a small voltage is added across the liquid crystals an electric field will occur 0>∆ε . It does 

not matter what polarity this voltage has. The liquid crystal molecules react to the rms (root-

mean-square) of the voltage. Anchoring forces makes a thin layer of liquid crystal molecules 

hold there positions. They will nearly be parallel to the surface. If the applied voltage is high 

enough, the molecules will start to rotate. This voltage level is called threshold voltage of the 

molecule. All molecules, except the one located in the thin layer closest to the alignment 

layer, will change their direction and will align in parallel with the electric field when the 

saturation voltage Vmax is applied (see figure 3.5). This voltage is several times larger then the 

threshold voltage. When the molecules are aligned in this way the electromagnetic wave will 

only oscillates perpendicular to the directors. Light passing perpendicular to the LCD will see 

the same index of refraction for all direction of polarity. It is not an anisotropic material 
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anymore. It is now an isotropic material. If it is a normally white display, there will not be a 

perfectly black mode, dependent of different viewing angles or different wavelength. By 

using voltages less then Vsat it is possible to create several different grey shades. 

 

 
 

3.2 Cholesteric molecules 
Cholesteric liquid crystals have four different states. Two of these states are stable. Both the 

reflective Planar Texture and the scattering Focal Conic texture are stable. Because of this 

the molecule is called bistable. The two other states are light transparent and these are called 

Homeotropic texture and Transient texture. The levels of the reflected light in the planar 

texture and the forward scattered light in the focal conic texture will define the resolution of 

the display. Because the planar state and the focal conic state are stable, cholesteric displays 

can act as storage image devices. Different shades can be done with more elaborate 

addressing schemes. 

 

The reflected light will be a product of constructive interference and follows Bragg’s law. 

The length of one helix to twist 360 degrees is defined as the pitch of the molecule. 

 

Fig. 3.5 A twisted nematic cell when an electric field is induced across the liquid 
crystal cell. The voltage applied is several times larger then the threshold voltage. The 
second polarizer will stop the light nearly totally and the black state will occur. [1] 
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As a rule displays of cholesteric liquid crystals have better resolution then one of super-

twisted nematics. Super twisted has better resolution than twisted nematic. The displays will 

also get a very good viewing angle because no polarizers are necessary to use. 

 

The phenomenon that cholesteric molecules just reflect wavelengths around the length of the 

pitch is called selective reflection.     

 

Because the molecules are bistable and reflective they will not spend much power due to the 

fact of no background light and smaller number of switching. The bistable function makes the 

need of updating a constant picture unnecessary and the reflective property erase the need of 

backlight. Unfortunately these molecules need rather high voltage and quite long time to 

switch between these two stable states.  

 
Constructive interference 
Electromagnetic waves are emitted by the charges in one material when an electromagnetic 

wave passes through it. If the material has uniformed electro and magnetic properties all the 

introduced waves except the ones travelling in the same direction as electromagnetic wave 

tend to be cancelled by each others. That is because all parts of the material are emitting 

waves. If the material has not uniformed electro and magnetic properties the waves from 

different parts of the material is not ever the same.  

 

In one case when a material electro and magnetic properties is repeating every half 

wavelength the special phenomenal called constructive interference will occur. This 

phenomenon will add instead of cancelling the electromagnetic waves travelling in backward 

direction. That will create a sizeable reflected wave. This wave will consist of only one 

wavelength.  

3.2.1 To create RGB colour ChLCD. 
There are two possible ways to produce full-colour cholestric liquid crystal displays with the 

three colours red, green and blue. One way is to stack three layers of reflective cholestric 

liquid crystal displays. The pitch of these three displays is then tuned so they reflect blue, red 

and green colour. If the display that reflects red is placed under the other displays and red 

colour is needed, the green and blue displays are switched into focal conic state so these 

displays do not reflect any light. In this way it is possible to create white (all displays in 

planar texture) and it is possible to create a slightly lightened black colour. It is slightly 



  

  14 

lightened because of the forward scattering in all three displays. This is a quite expensive 

solution because it is necessary to use three displays to produce one. 

 

Another way of creating a RGB display is to place material with different pitch in the same 

display. One solution to this is to use photosensitive chiral component rotational power that 

will be adjusted by UV light. That is really hard to manufacture because the mixing of three 

different N* -phases has to be avoided and because of that each pixel has to be shielded with 

walls. The walls complicate the cell building a lot and also decrease the pixel density. The 

switching of one the pixel into different states may also influence the nearest pixels because 

of the high electric field. The meta-stable focal conic state is sensitivity to pressure changes 

and can then change state to planar state and the wrong picture is displayed. The advantage is 

that only one display is needed for full colour application.   

3.2.2 Different states 
Homeotropic texture  

The helices are aligned with there axes parallel to the orientation plane (see figure 3.6). This 

texture is also called fingerprint texture. The homeotropic texture is totally transparent 

towards incoming light. This is not a stable state. 

 
 

 
Planar texture 

In the planar texture the Cholesteric liquid crystal molecules are aligned in normal to the 

substrate (see figure 3.7). The texture will reflect the incoming light with the same polar 

handedness as the spiral structure of the cell. Light with the opposite polar handedness 

compared with handedness of the helical will be transmitted. If it is non-polarized light that is 

shining on the crystal maximum 50% will be reflected because non-polarized light is 

considered to be an equal mixture of right handed and left handed circular polarized light. 

Fig. 3.6 Homeotropic texture, which means that the helixes are arrange in parallel with 
the substrate. 
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The wavelength that will be reflected is centred on the wavelength in formula (3.2). 

θλ cos
2

2 0P
n=        (3.2) 

2
eo nn

n
+

=       (3.3) 

The width of the reflected spectrum is described in formula (3.4). 

0Pn ⋅∆=∆λ         (3.4) 

oe nnn −=∆        (3.5) 

n
n∆

=
∆

0λ
λ         (3.6) 

There are different approaches to study the reflected wavelengths. One is to start with the 

Jones-vector representation of right-handed  )(
2

1
yxr iJJJ −=  (3.7) and left-handed 

)(
2

1
yxl iJJJ +=   (3.8) polarized light and then solving Maxwell’s equation 

0)( 2 =+⋅ EExkxk µεω  (3.9) for the propagation of the electric field through the helix. Other 

approaches are based on derivation similar to Bragg-reflection. That derivation is based on the 

constructive interference of wave fronts reflected in different layers. In this case different 

layers appear as when the helix has rotated 360 degrees. 

If the off-axis angle is Θ1 for the incoming light and it is viewed from off-axis angle Θ2. Then 

the centre wavelength of the reflected light is described in formula (3.10). 

)sinarcsinsin(arcsin
2
1cos 21

0 nn
pn Θ

+
Θ

=λ       (3.10) 

Fig. 3.7 Planar texture with the axes of the helixes normal to the substrate.  
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The colour of the reflected light is chosen by the wavelength. The most common colours are 

green and yellow. The colour can easily be adjusted by changing the pitch of cholesteric 

molecules. The pitch has a strongly temperature dependency as the formula (3.11) describes. 

T
Tp 1)( ∝         (3.11)  

 
  
 
 
Focal conic texture 
The helixes are more or less aligned parallel to the cell surface. It is possible to generate this 

texture by applying a voltage to a cell that is aligned in the planar texture. If the electric field 

is high enough and 0>∆ε  the helixes will break into randomly orientated domains (see 

figure 3.9). It is also possible to generate the texture by a rapid cooling from the isotropic to 

the chiral nematic phase. This texture is meta-stable, it will return slowly to the planar texture 

in a process that can take several months. The texture can be stabilized by adding a monomer 

(resulting in polymer stabilized Cholesteric Textures), and then it can be a stable texture for 

years without any field applies. The incoming light will be bent or scattered.  

Fig. 3.8 A smectic cholesteric liquid crystal. 
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Transient planar state 
This state is only maintaining under a large electric field. The molecules are aligned along the 

electric field. The transient planar state is transparent to light. 

Fig. 3.9 Focal conic texture. 
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4 Display driving 
The chapter display driving will give knowledge about different addressing schemes. There 

are addressing schemes both to use both for twisted nematics liquid crystals and schemes that 

is only feasible to use for cholesteric liquid crystals.  

4.1 Active matrix addressing 
In active matrix addressing each pixel possesses an electrical circuit that controls the 

transmittance of the pixel. These electrical circuits are formed by switches as Si-TFT. A Si-

TFT is a n-channel silicon Field Effect Transistor. The transistors are placed directly on a 

substrate as glass or plastic foil. A TFT transistor is manufactured with thin film technology. 

 

When a current is applied at the row-line the transistors in that line is open and can accept 

charges from the different column-lines. There is very important that voltage across the pixel 

is free from DC to avoid dissociation of the ingredients of the liquid crystal material. It is just 

one line that has a voltage applied all the other lines are grounded. The charges are saved in 

the Cs capacitor and also the LC-capacitor. The Si-TFT transistor should have very high off 

resistance, because then the leakage from the capacitors will be smaller. When the voltage 

over the capacitors has reached the input voltage the correct grey shade is reached in the pixel. 

The luminance of the pixel is a linear function of the voltage over the pixel. That voltage is in 

the range of 3V and if there shall be 256 grey shades that will mean 11,7mV / grey shade. 

Because of some parasitic capacitive couplings that is very small difference between these 

steps. To prevent that this accidentally destroy the colour, the sign of the voltage is alternating 

between different rows, columns and frames. This alternating voltage scheme will be free 

from DC voltage. 

 

In active matrix addressing one line at the same time is addressed. When the row is not 

connected anymore it is very important that the capacitors is leaking so little charge as 

possible otherwise there will occur flicker on the screen because of the pixel changing shade. 

The picture quality is high mainly because there will be very little flicker. [1] 
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4.2 Passive matrix addressing 
In passive matrix addressing a number of columns will be addressed at the same time. To 

create on or off pixel a selection voltage of one of the rows are applied. In the same time the 

column voltage will decide if the pixel is off or on. The voltage across a pixel can be written 

as formula 4.1. 

columnrowpixel VVV −=      (4.1) 

In normally black mode the pixel is black when the pixel is off. In this the case voltage across 

the pixel must be lower than the threshold voltage (formula 4.2) of the liquid crystal. The 

threshold value is the voltage when the pixel starts to be transparent to light. 

thresholdpixel VV <      (4.2) 

When the pixel is addressed and it shall be transparent to light, the pixel voltage must be 

higher then threshold (formula 4.3) value of the liquid crystal. 

thresholdpixel VV >      (4.3) 

 

 
 

 

One simple example how this addressing scheme is working is to use a matrix with two rows 

and three columns. In this matrix there are some pixels that have been assigned with a ‘0’ and 

are black. The other pixels are assigned with ‘1’ and are white. The voltage that selects among 

the rows, the selection voltage is called S. The column voltage is also called data, signal or 

video voltage. It will be written as F. The time every pixel will be addressed is 

 
N
Tt =∆  (4.4). T is the total addressing time for the whole display and N is the number of 

rows. 

 

The voltage when a pixel is addressed can then be named as S and F. 

When the pixel is on, the voltage across the pixel will be. thresholdpixel VFSV >+=   (4.5) 

When the pixel is off, the voltage across the pixel will be. thresholdpixel VFSV <−=   (4.6) 

Fig. 4.1 Multiplexing units when passive matrix addressing is used. The voltage is applied 
over the whole rows and the total voltage across a pixel will be the sum of these voltages. 
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The voltage across a pixel that is not addressed will be ±F when F > 0. To control that the 

non-addressed pixel is not addressed the column voltage F has to be lesser than the threshold 

voltage of the liquid crystal.  

 

In the time slot ∆t when a row is selected, it is possible to apply the data voltages for all 

columns. By doing this it is possible to address many pixels at the same time. This is then 

done for row after row. This addressing scheme is called row-at-a-time. The liquid crystal 

reacts on the root-mean-square (rms) value of the voltage, because of that it is possible to 

apply a negative voltage across the pixel hence. It is necessary to switch signs on the voltage 

with some time steps if the liquid crystal material shall operate for a long time properly. That 

is because otherwise there can be transports of ions to one side of the display. These ions are 

not meant to be in the liquid crystal and will decrease the performance of the display. When 

the ions are gathered in one side of the display they can react with the polyimide layer or they 

react with the liquid crystal molecules and break down these. Another reason to change the 

polarity of the voltage is that the molecules can be damage because of the high electric field 

that is applied. This dramatically decreases the performance of the display.  
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The rms value across an on-pixel will be. 

)1()(1)1()(1 2222
, −++=−++= NFFS

N
N

N
TF

N
TFS

T
V onpixel    (4.7) 

The rms value across an off-pixel will be. 

)1()(1)1()(1 2222
, −+−=−+−= NFFS

N
N

N
TF

N
TFS

T
V offpixel    (4.8) 

The contrast between an on and an off pixel will be the quota between the voltages for on and 

off pixel (formula 4.9). 
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NFFS
V
V

offpixel

onpixel     (4.9) 

The contrast will be the maximum if the quota between S and F are the same as the square 

root of the numbers of rows. [1] 

Fig. 4.2 Two different addressing schemes for passive addressing. By both the two 
schemes the result is the same pixel voltage. The disadvantage of the first case is that 
fewer different voltages are needed and in the second case no negative polarity voltage is 
needed. [1]  
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=        (4.11) 
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−

=        (4.12) 

 
 

 
  
 

4.2.1 Shades modulation schemes 
To create a full colour display it is important that different grey shades can be handled. In 

passive matrix addressing it is more difficult to use different shades of grey, because the 

difference in applied voltage to create the different shades will be extremely small. [1] 

4.2.2 Pulse Height Modulation 
Full interval Pulse Height Modulation can handle up to 256 different grey shades. This 

approach is based on the row functions, which are necessary to use in MLA to address each 

row. Possible row functions are Walsh functions or PRBS (Pseudo Random Binary 

Sequences).  

 

To calculate the root-mean-square (rms) pixel voltage, when Multiple Line Access (MLA) is 

used together with Pulse Height Modulation following calculations is necessary. 

∑
=

=
N

1i
iijj (t)FIc(t)G        (4.13) 

c is a constant independent of Iij. 

G is the column voltage 

Fig. 4.3 The voltages in a multiplexed passive addressed display. The row selection signals 
choose what row that is addressed and the other decide whether the pixel is off or on. 
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When Iij = 1 the pixel is off. 

When Iij = -1 the pixel is on. 

When shades between on and off is to appear.  1  I  1- ij <<     (4.14) 

 

The voltage across a pixel at i,j is desribed with formula (4.15). 

)()( tGtFU jiij −=     (4.15) 

Liquid crystals only react to root mean square (rms) value of the voltage Uij. 
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The row voltage Fi(t) has to be orthogonal, that is leading to formula (4.17). 
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     (4.17) 

 

Formula (4.17) is added to formula (4.16). Assume that all Iij are zero besides the one in row 

i. This will lead to formula (4.18). 

NccIFU ijij
221 +−=〉〈       (4.18)  

NccFU onij
2

, 21 ++=〉〈       (4.19) 

NccFU offij
2

, 21 +−=〉〈       (4.20) 

To select the optimum c the ratio between onijU , and offijU ,  is calculated. Then c is chosen so 

the largest ratio is achieved.  

NccF
NccF
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U
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onij

2
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++
=
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〉〈
      (4.21) 

 

The ratio in formula (4.21) has it optimum value when formula (4.22) is used. 

N
coptimum

1
=       (4.22) 

 

That is leading to the change of the equation. 

(4.16) 
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Because of the orthogonality in Fi(t) it is possible to simplify the formula (4.25) greatly. 
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This formula (4.26) is not especially good to use because the shade in pixel Iij will not only 

depend of the value in Iij but also of the values in all pixels in column j. To reduce this, a 

virtual row N+1 is introduced in formula (4.26). This will modify the formula (4.26) to 

formula (4.27). 
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This voltage in formula 4.31 shall then be applied to create the correct shades. [1] 

 

4.2.3 Frame Rate Control 
To control different shades Frame Rate Control uses superframes. A superframe is consisting 

of some consecutive frames that are either black or white. These frames are added together to 

create different shades. If there are only black frames in the superframe, the pixel will be 

totally black. Frame Rate Control is limited to a few different shades because of the higher 

 
(4.27) 

(4.28) 

 
(4.29) 

 
(4.30) 

(4.31) 
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frame frequency that is needed the LCD will start to flicker if it is a fast responding LCD. A 

fast responding LCD is needed for example TV and computer screens. [1]  

 
 

4.2.4 Pulse Width Modulation   
In this modulation scheme the different shades will be created when the voltage across the 

pixel is changing under the time it is being addressed. Depending of the time the pixel is 

addressed as an on pixel the pixel will get different shades. 

 

 
When the pixel is addressed  

Vr = S 

Vc = ±F  

On pixel Vp = S – (-F) = S + F      (4.32) 

Fig. 4.4 Frame rate control modulation with a superframe with four frames. These four 
frames can generate five different grey shades. [1] 

Fig. 4.5 Pulse width modulation scheme. [1] 

∆t 
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Off pixel Vp = S – F       (4.33)    

 

To create grey shades Vc is changed 

Vc = -F under time f 

Vc = F under time 1-f 

When the pixel is not addressed  

Vr = 0 

Vc = ±F  

 

That will give the root-mean-square value across the pixel formula (4.34) 

[ ]1,0

)1()()1()( 222

∈

⋅−+−⋅−++⋅
=

f
N

FNFSfFSfVgrey      (4.34) 

The voltage in formula (4.34) will be between the voltage for an on pixel and an off pixel. 

 

With Pulse Width Modulation it can be problem to handle more than around 16 different 

shades because shorter pulses contain higher frequencies and the pulse will be low pass filter 

in the RC-filter that is created by the addressing lines. The shorter pulses will be erased and 

will never reach the pixels. If the selection time is chosen to be rather long, it is possible to 

use more different shades. [1] 

 

4.2.5 Pulse Sequence addressing 
This addressing scheme is a fast updating addressing schemes for cholesteric displays. In this 

addressing scheme pulses in the selection phase that are either high or low controls the 

shades. To control eight different shades it is good to use five pulses. When all pulses are low 

then the reflectance will be highest. To create the next level the last pulse is change into a 

high pulse. Then the next shades will be created when this high pulse is moved earlier in the 

row of pulses. Four of the different shades will have the same root-mean-square (rms) value. 

This method is not so prominent when more high pulses are added, so the last shades will be 

non-linear and discrete functions of these pulses. The eight different shades can be encoded in 

following way LLLLL, LLLLH, LLLHL, LLHLL, HLLLL, LLLHH, HLLHL, HHHHH. This 

method to create shades have only two different voltages levels and each the pulses has a well 

defined length, because of these reasons it will be fairly easy to implement. [35] 
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4.2.6 Cumulative drive 
This is an addressing scheme for cholesteric LCD’s. In this variant of fast switching passive 

matrix addressing cumulative switching effect is used. To switch between on and off state 

several pulses with a voltage of 52V and duration time of 1ms is applied. To switch nearly 

totally to on state five pulses are needed. To switch from on to off state four pulses with a 

voltage of 40V are needed. It shows a gradual increase of intensity when the switching from 

off to on takes place. It is then possible to see that the 52V pulse cannot switch the whole 

pixel into homeotropical state. But when more pulses are applied more parts of the pixel 

switches over to homeotropical state. 

 

This scenario that more and more of the pixel switch towards the next state has to do with the 

bistable effects. After the first 52V pulse has finished the director configuration in the pixel 

has change. Then the initial state for the second pulse will be different then for the first pulse. 

Every new pulse will have a different initial state then the pulse before. This will continue 

until the pixel has reached a stable state. [34]   

 

4.3 Direct addressing 
In direct addressing schemes every segment is addressed with one specific pad at the side of 

the display. It is not realistic to use when there are more then 25 segments, then it tends to 

become very many pads from the LC, which has quite small area. The pad problem is the 

biggest disadvantage of direct addressing. This scheme is very simple to implement and each 

area of the display is under constant control, which are the largest advantages. [1]  

                                             
 
 
 
 
 

Fig. 4.7 Three eight-segments displays. 
Typical case for direct addressing. 

Fig. 4.6 One direct addressed 
eight segments display.  
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4.4 Plasma addressing 
In large area displays the active matrix addressing can have some problems. There are 

problems to manufacturing so many TFT’s defect-free and that these transistors has a great 

uniformity over this large area. In the past the solution of this was to use plasma addressing. 

Nowadays it is possible to produce large TFT displays. In plasma addressing common liquid 

crystal pixels are used but they are separated from the plasma channels with a micro sheet. 

The channels are filled with gas under a pressure of 10 000 Pa, over this gas is then a 350 V 

pulse applied for 1µs. In the channels there are also anodes and cathodes. The anode and the 

cathode are in each edge of the channel. 

 

In the front plate of the LC there is a colour filter and orthogonal to the plasma channels ITO 

electrodes. In the ITO electrodes the video signals are coming. 

 

After the ignition of the plasma the channel will be filled of charge carriers. These carriers 

make the resistance in the channel low. When the resistance in the channel is low the 

resistance between anode and cathode is low and also between the micro sheet and the 

cathode. When the cathode is grounded also the surface of the micro sheet is nearly that. The 

video pulse in the ITO is then applying a voltage over pixel electrode and the grounded sheet. 

This voltage must be quite high because there will be a drop of voltage between the separation 

sheet and ground. 

 

The anode and cathode is not totally transparent towards light so some of the backlight that is 

fed into a polarizer and into the plasma channel will disappear there. Plasma addressed LCD 

and plasma display panel is competing about what solution is the best in the large panel area. 

[1] 
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5 DC-DC converters 
This chapter describes work that has been done in the DC-DC converters area. The articles 

are from IEEE. 

5.1 Basic knowledge 
DC-DC converters are used when a DC voltage level is needed on-chip other than the 

available DC level on-chip. There are some different ways to solve this problem. One way is 

to use voltage doublers. In the voltage doubler the output voltage will ideally have the double 

level compared to the input level. It exist some different kinds of voltage doublers and voltage 

multipliers. [19] 

 

Another circuit that raise the voltage level is the charge pumps. Charge pumps are used in 

electronic systems when a high voltage is needed. The principle of the charge pump is that 

charges are loaded in capacitive loads. It is not involving any amplifiers or regulated 

transformers. Charge pumps are often used by the semiconductor industry because it is 

possible to have other applications on the same chip [19]. Examples on these electronic 

systems that need higher voltage are non-volatile memories like flash memories or EEPROM. 

These memories need a high voltage to write to the memory. Other examples on electronic 

systems that needs charge pumps are LCD screens, MEMS applications, analog switched 

capacitor circuits and continuous time filters [19].  

 

5.2 Dickson Charge pump 
Dickson charge pump is using a method of charging and discharging of capacitors. This is a 

switch capacitor based circuit [19]. Two non-inverted clocks are used to charge these 

capacitors. The largest sources of power losses are the leakage current through substrate and 

the parasitic capacitances that becomes charged. The output voltage can be calculated with 

formula (5.1). [25] 
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Cc is the capacitance that is connected between the clock and circuit and Cs is the parasitic 

capacitances. The original Dickson charge pumps were built up by ideal diodes. The formula 

 
 
(5.1) 
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Dickson used for describing his circuit was a little bit different from the formula describing 

common discharging and charging capacitor circuits. This is due to voltage losses over all the 

diodes. This voltage over the diodes is named Vd. [25] 

 

The voltage gain of each stage is named VG and the number of stages are N. CLKV̂ is the peak 

voltage of the clock which is driving the charge pump. To get an effective charge pump, 

without having enormous capacitances the operation frequency must be rather high. Then the 

leakage current will be smaller and the charge pump becomes more effective. Another way of 

making the charge pump more effective is to use a regulated frequency. The regulated 

frequency should be depending on the output power requirements. If less current of the output 

voltage is needed, the frequency can be lower than if it needs a lot of output current. This will 

save a lot of energy, because a high frequency clock will consume a lot of power. [19]   
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The voltage gain must be larger than zero otherwise the voltage will not increase in each 

stage. [25] 

 

If the leakage and output currents are neglectable small, and the parasitic capacitances are 

much smaller than the capacitances in the charge pump, the formula (5.2) can be modified.  

ddCLKOUT VVVNVDDV −−⋅+= )ˆ(        (5.4) 

Ideal diodes are impossible to implement on a chip, so the diodes in the Dickson charge pump 

are made by diode connected MOS transistors. When CMOS transistors are used instead of 

ideal diodes the voltage drop over these diodes will be the same as the threshold voltage. This 

is not good because the effective threshold voltage will change according to the source bulk 

voltage. When the threshold voltage increase the gain of each stage will decrease. Higher 

source voltage makes the threshold voltage higher. If the voltage is sufficient high the 

threshold voltage will be so large that there will be gain, after that it is impossible to increase 

the voltage any further. The output voltage will not be described by formula (5.4) especially 

good. Instead a formula that takes the threshold voltage into account, this is used in formula 

(5.5).  [25] 

(5.2) 

(5.3) 
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If high gain is necessary and the Dickson charge pump is used, it will need a lot of stages. 

These stages will need a lot of silicon area and will not be very effective. The boosted energy 

will grow cubic with the voltage gain. When the gain grows much it will consume a lot of 

energy. Dickson is not especially good for high gain applications. [19] 

 
 

5.3 Charge pump with floating well and charge transfer switches 
A charge pump with floating well and charge transfer switches will have an increased 

efficiency compared with the Dickson charge pump. To create this higher efficiency it has 

two different circuits. One circuit is a charge transfer switch (CTS) and one is to cut-off the 

reversed current. The PMOS transistors in circuit that are used to cut-off reverse current have 

a floating well. This is to prevent body effect. This circuit holds the source body voltage at a 

fixed value. Even the parasitic capacitances will be less. The total circuit even gets an 

increasing gain. This solution is easy to design and implement on chip.  

The charge transfer switches can be turned off and on. The switches are constructed by a 

NMOS and PMOS pair. They are dynamically controlled charge transfer switches. When the 

inverted clk (clkb figure 5.2) are high and clk are low node one has the voltage V1 +∆V 

because of coupling effects in capacitor C1. If V1 +∆V – VDD > VTM (5.8) the transistor 

MN2 turns on and the gate of M2 will reach VDD voltage. But if V1 +∆V – VDD > VTP (5.9) 

node 0 makes transistor M2 to turn on and charges are transferred through M2. The voltage at 

node 2 will be lowered to V2 according to coupling effects in capacitor C2. Then if V3 +∆V – 

V2 > VTP (5.10) the voltage at node 2 will turn on transistor M3. MP3 will transfer V3 + ∆V 

to the gate of M3. M3 will then turn off because the Vgs = 0V to avoid reversed currents. Then 

Fig. 5.1 Dickson charge pump constructed by diode connected MOS transistors 

 
(5.5) 

(5.6) 
(5.7) 
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when clk turns into high and inverted clk becomes low M2 turns off and M3 turns on. 

Because of this charges will just be transferred in one direction. 

 

Charge transfer switches and floating wells decrease PMOS gate voltage and increase the 

transmission voltage. It will reduce the threshold voltage changing and body effects. The 

results of all these effects are that the output voltage will be higher. [21] 

 

 
 

5.4 Low voltage charge pump  
The low voltage operation CMOS charge pump is using cross-coupled NMOS transistor. 

Voltage doublers are used as the pumping stage. Between these stages a pair of PMOS acts as 

serial switches. The well of the PMOS transistor is always connected to the higher voltage 

side of the transistor. This is to get the charge pump to operate properly. A two-phase clock is 

used. To get the best result the two phases shall be non-overlapping. The maximum output 

voltage will be decided by well-substrate breakdown in the NMOS transistors. If low input 

voltages are used the output voltage will be limited by the driving capacitance of the NMOS 

due to body effect in the transistors. 

 

 

 

Fig 5.2 A CMOS charge pump for sub 2.0 V operation. The charge transfer transistors 
have a floating well. [21] 
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To eliminate these problems one modified charge pump are constructed. It is just an 

improvement of version one. PMOS transistors are inserted parallel to the cross-coupled 

NMOS transistors. These PMOS transistors are only inserted in the stages, where the NMOS 

transistors are the limitation due to body effect. A pair of NMOS and PMOS transistors using 

the voltages Vn, nV  to control each PMOS transistor. The voltages 11 , −− nn VV  control the stage 

before. This voltage turns the PMOS transistors totally off so there will not be any charge 

shared. All the PMOS transistors substrates are connected to Vsub. [27] 

 

 
 

Fig 5.3 A CMOS low voltage charge pump. [27] 

Fig. 5.4 A improved CMOS low voltage charge pump. [27] 
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5.5 Two Phase Voltage Doublers (TPVD) 
The two-phase voltage doubler is a switch capacitor based circuit. The functionality of the 

circuit will be split into two phases. In the first phase the voltage across transistor C1 will be 

change to VDD. Capacitance CL is supposed to not have any charges from the beginning. In 

the second phase the charges that are in capacitor C1 will be shared between C1 and CL. In 

the next phase the circuit going back to phase one and C1 is loaded with new charges and gets 

the voltage VDD. When the circuit is going back to phase two, CL will get a higher voltage 

because of the charges saved in CL. In C1 there is equal number of charges as before. The 

output voltage will then rise until it reaches two times VDD. The boosted energy will increase 

quadratic with the voltage gain. Because of that the circuit will consume a lot of power if the 

voltage gain should be high. [19] 

 

 

 
 

 

5.6 Makowski  
Makowski is a switch capacitor circuit based on a voltage multiplier. It has a theoretically 

limit based on Fibonacci numbers. The circuit is using 2n capacitors and (3n -1) switches. The 

voltage gain will be 2nth Fibonacci number. This is higher than the cascade voltage doublers. 

The output level will be compatible with the binary systems. The output gain will grow 

logarithmically with the number of stages. [19]   

 

 
 
 

Fig. 5.6 Makowski charge pump. A voltage multiplier. 

Fig. 5.5 A Two phase voltage doubler. Will switch between one and two, which means that 
clock is on or off. [19] 
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5.7 Multi Phase Voltage Doublers (MPVD) 
The original of this circuit require n+1 capacitors and 3n+1 switches. It also needs 2n 

different clocks. The total number of stages will be n. The circuit will operate better if it is 

using 4n switches and the switches capacitances are much smaller then the capacitors so it 

will just have neglectable on the size of the circuit. A frequency divider easy creates the 

different clock signals. In figure 6.7 eight different clock states are showed. That circuit will 

have a gain of eight times. The output capacitance CL is in this circuit used to accumulate 

charges. [19] 

 
 
 

5.8 The adaptive charge pump 
Power consumption is nowadays the main issue for circuit designers. Charge pumps waste a 

non-negligible power. If the number of stages in the charge pump can be change adaptive, the 

power consumption can be decreased. The adaptive change must be based on required output 

voltage and available input voltage. The efficiency can be calculated. 

 

 

 

The number of stages needed to reach maximize efficiency can then be calculated from the 

efficiency expression in. Derivate the expression depending on N and set that expression to 

zero. Then the expression for maximize power efficiency can be red out from formula (5.15). 

Fig. 5.7 An eight phase voltage doubler. [19] 
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This charge pump can use an adaptive number of stages to maximize efficiency. For all 

different number of stages, the same total amount of capacitances is used. It becomes an 

advantage such as less ripple and an increased driving capability when the circuit are 

switching from a higher number of stages to a lower number. All stages are connected 

together in an ad-hoc net of diodes or switches. The different number of stages will then be 

created by different clock signals. It is possible to use a one-stage, a two-stage or a three-stage 

charge pump with this adaptive charge pump. Each capacitor is connected through the diodes 

to both power supply and output node. It is also often diodes that are connected to the couple 

capacitors. When a single stage charge pump is used, all capacitances are connected in 

parallel to create one big capacitance. All capacitances are in this configuration driven by the 

same clock phase. When a three-stage pump is created two three-stage pumps are created. In 

figure 6.8 the capacitors F1, F3, F4 and F6 are driven by same clock phase and F2 and F5 are 

driven by an inverted clock phase. [22] 

 
 

5.9 Power efficient charge pump 
Power efficient charge pump is one approach that is using a high operating frequency and 

small capacitors. The output resistance will be decreased if the operating frequency increases. 

It is important to use a low threshold voltage process for this charge pump because the 

transistor switches faster if they are low threshold voltage transistors. Smaller transistors also 

have smaller parasitic capacitances and the voltage drop across the transistors will be smaller. 

One advantage is that it is possible to use a two-phase clocking scheme. 

 

Fig. 5.8 An adaptive charge pump that increasing the order when the circuit need a 
higher output current. [22] 
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First cycle when clock is high and the inverted clock is low transistor M0 and M3 will be 

turned on and transistors M1 and M2 will be turned off. The voltage across capacitance C1 is 

then changes into Vlow and Vhigh is charge to be the value that is in C0 plus VDD. In the next 

half of the cycle when clk is low and inverted clk is high. Transistor M0 and M3 is turned off 

and M1 and M2 is turned on. C0 is then charged into Vlow and Vhigh is charge into the voltage 

of Vlow + VDD. A voltage gain is then reached, ideally the voltage gain will be VDD but 

parasitic capacitances and output current will decrease this gain.. 

10
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Cpar is the parasitic capacitances in the internal node. Rswitch are the on resistance in the switch 

transistors. 

VnVDDVout ∆⋅+=        (5.18) 

n in formula (5.18) is the number of charge pump stages.[23]  

 
 

 

 

 

Fig. 5.9 A power efficient charge pump. It uses small capacitors and high frequency.  

 
(5.16) 

 
(5.17)
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5.10  Charge pump without degradation in threshold voltage due to 
body effect  

The charge pump without degradation in threshold value due to body effect has a controllable 

body-body voltage. Because of the control of the body-voltage the back bios effect in the 

transistor is removed. The threshold voltage will be kept constant. Two auxiliary MOSFET 

controls this voltage. The charge pump get the same functionality as an ideal diode charge 

pump. The body is not often used as an active terminal, because large body capacitances can 

be inherited from the well substrate capacitances. In specific approaches the circuit can be 

made more efficient by using the body terminal as an active terminal. In this case it is possible 

to stop the threshold voltage degradation in the Dickson charge pump. The threshold voltage 

loss is a problem that has been solved in other way by either complex timing schemes or 

backward control. Having the bulk floating without any connection to any terminal solves the 

problem. There is a risk for generation of substrate current by this elements.  

 

It is possible to reach a higher pumping voltage if the body terminal is controlled. It has been 

experimental proven. The circuit is using two auxiliary transistors to each charge transfer 

transistor in the Dickson charge pump. The source side auxiliary transistor shares source and 

gate with the charge transfer transistor. The drain side auxiliary transistor shares drain with 

the charge transfer transistor. The two auxiliary transistors and the charge transfer transistor 

shares body with each other. These bodies are isolated from the other transistors body. If the 

pump is constructed to pump up a positive voltage it will only contain PMOS transistors. It 

will then be a compact circuit and the possibility of latch-up is small. When the charge 

transfer MOSFET is on, the source side auxiliary MOSFET is on. The source and body of the 

charge transfer PMOS is connected through the source side MOSFET. There will be no 

reverse current between source and body of the charge transfer transistor. This is to prevent an 

increasing threshold voltage. When the charge transfer transistor is off, the drain side 

auxiliary transistor turns on. The drain and body of the charge transfer is then connected to 

prevent the body from being floating. When clk goes high, ith charge transfer transistor turns 

on and (i-1)th charge transfer transistor turns off. When the charge transfer transistors turns 

on the source side auxiliary transistor will get the same voltage as the source and body on the 

charge transfer transistor. [20] 
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Fig. 5.10 A charge pump without degradation in threshold voltage due to body 
effect. a) in the figure is the CTB in figure b). 
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6 Level shifters (LS) 
This chapter describes work that has been done in the level shifter area. The articles are from 

IEEE. 

6.1 Basic knowledge 
Level shifter is a circuit that translates a low voltage signal VDDL to a high voltage signal 

VDDH. When the signal is high in the low voltage part (it has the voltage VDDL) the level 

shifter sets the output voltage to VDDH. The higher voltage VDDH must be available on the 

chip. A simple level shifter usually has static power consumption. When it is used in a mobile 

battery powered system, the static power consumption must be stopped. Otherwise the battery 

will lose its power to fast. It will have too high power dissipation. When the switching rate is 

low most power will be spent on static leakage current. That is not acceptable for portable 

battery powered systems. The major design issue is to remove the static power dissipation. 

Another big source of power dissipation is a high short circuit when the circuit is switching 

from one state to another. This short circuit current will be present in all level shifters. It is a 

question of minimizing it. Work has been done to decrease the switching time, but that is not 

the worst bottleneck in portable LCD systems. In these systems the switching rate is low. 

 

Level shifters are widely used in cholesteric liquid crystal displays (driving voltage around 

50V), in organic light emitting diodes, OLED (driving voltage around 10-20V) and in twisted 

nematic LCD’s (driving voltage 5-7V). Cholesteric LCD’s is very suitable in portable systems 

because it has two different stable states, see chapter 3.2. When a voltage has been applied 

and the pixel has got the correct colour no more voltage has to be applied until the pixel shall 

change colour because the two different states are stable. [30] 

6.2 Conventional level shifter 
Cross -coupled PMOS transistors are used in conventional level shifters. These are called 

MP1 and MP2. This circuit will translate the low voltage VDDL to higher voltage VDDH 

signal. The pull down NMOS transistor must overcome the PMOS latch action before the 

output state will change. Because of this the voltage across the loading PMOS transistors 

experiences the full swing voltage from VDDH to ground level. This will produce a quite 

large short-circuits current, which consume too much power to be a good solution. [29] 
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6.3 Bootstrap technique low power CMOS Level Shifter 
In this design the power dissipation reduces because the swing in the different transistors 

becomes less. The pull up PMOS and the pull down NMOS are driven with separated voltage 

swings. Because the voltage swings become smaller the power dissipation will decrease. The 

pull down NMOS transistors will have a swing between 0 and VDDL and the pull up PMOS 

transistors will have a swing between (VDDH - VDDL) to VDDH. It is the bootstrapping 

capacitors that are making the voltage shift between the different voltage swings. MN3 is 

controlled by low voltage VDDL. MP3 is controlled by high voltage (VDDH) from bootstrap 

voltage. MP1 and MP2 is a cross couple latch. 

 

When the input to the level shifter is low MP2 is on, When MP2 is on Cboot1 will get the 

voltage VDDH through this transistor. Cboot1 will get the voltage (VDDH – 2 Vdiode). MN3 will be 

turned on because it is the inverted input signal that is controlling the gate of MN3. When 

MN3 is turn on the output will be connected to ground. MP3 will be turned off. When the 

level shifter input shifts from ground level to VDDL, Cboot1 will change to (VDDH-2Vdiode 

+VDDL) and Cboot2 to (VDDH – VDDL). MP3 will be turned on and MN3 will turn to off. The 

output will be connected to VDDH. Subsequently Cboot1 will shift to VDDH through MP1 and 

Cboot2 will switch into (VDDH – 2 Vdiode). 

 

The swing of MP3 gate voltage will be (VDDH - VDDL) to VDDH. This will decrease the 

switching time and when the switching time becomes minimized the short circuit current will 

be minimized. When the circuit is switching from low to high a part of the charges will go 

back to MP3 from the capacitor Cboot2 and when the circuit is switching back charges will go 

back. In this way charges will be conserved when it is alternating between the gate on the 

Fig. 6.1 A conventional level shifter. [29] 
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PMOS transistors and the capacitors. A small part of the charges will go back to VDDH when 

high state of the circuit is appearing. This is to ensure the correct behaviour of the circuit. 

 

It is possible to find out the size of the bootstrap capacitors with some easy calculations with 

formula (6.1) – (6.4).  

)(11 DDLDDHAbootboot VVVCQ +−=∆      (6.1)  

)(22 ADDHgg VVCQ −=∆        (6.2) 

21 gboot QQ ∆>∆        (6.3) 
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As formula (6.3) shows the result in formula (6.4) has to be larger then 2gQ∆  to ensure the 

proper functionality of the circuit. Otherwise the voltage swing will be decreased around the 

capacitor. It is when the circuit is changing from low to high state the problem will occur. The 

current through MN3 will be quite stable and will not be affected by the size of the capacitors. 

It is only the current through MP3 that will be affected, because the voltage on the gate of the 

transistor can have the wrong voltage level. 

 

This circuit will consume much less power then a conventional level shifter, but it will have a 

larger area then the conventional level shifter. The area will be larger because of the extra 

capacitors and the extra transistors. It will be around three times larger than a conventional 

level shifter but it can save as much power as 70%. [29] 

 

Cboot1 Cboot2

Fig. 6.2 A bootstrap level shifter. This level shifter has very low power consumption. [29] 
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6.4 Level shifter with current mirror 
Standard level shifters are built up by a complementary output stage. The control of gate 

voltage of T1 and T2 is independent. The gate control of the PMOS output transistor T2 is not 

really correct, the gate will never be entirely discharged. Giving an input voltage of 0V the 

output level will never be lower than around 0.5V. This error will lead to that a current is 

floating directly to ground from VDDH because both the output transistors are leading at the 

same time.  

 

Inserting a current mirror so Vgs becomes totally discharged can solve this problem. When 

Vgs is totally discharged then the gate voltage gets the correct value of ground level. That will 

stop the current floating from VDDH directly to ground because the PMOS transistor T2 will 

be totally turned off. A problem with this better level shifter and different variants of this kind 

is a current that is floating through the current mirror. This current can be stopped at some 

variants of the level shifter, but it will always float in at least one state of the “0” state or the 

“1” state. This is not good in battery-powered systems. [30] 

 
 

6.5 Dynamically controlled level shifters 
A totally different kind of level shifter is the dynamic control level shifter. In this kind of 

level shifter the gate capacitance in the PMOS output devices are used as storage of charges. 

One new signal Vpass is used. The circuit will only consume static current when Vpass is high. 

When this strobe signal pulse is very short the consumed power will be small.  

 

Fig. 6.3 A level shifter that has low power consumption. It will have a static leakage 
through the current mirror. [30] 
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When Vpass is low transistor T3 and T5 will be turned off and when Vpass is high either T3 or 

T5 will be turned on depending on the input value. When the input is high the voltage drop 

over T6 will pull down the gate potential on transistor T2 through transistor T8. When the 

signal switches to low the voltage drop over transistor T4 will turn on T7. This will discharge 

T2 completely. When Vpass is low, transistor T2 is electrically isolated from the rest of the 

circuit because either T8 is polarized inversely or transistor T7 is turned off. When T2 is 

electrically isolated, the output will be unchanged until the next strobe pulse arrives. This 

circuit will have a small disadvantage, the transistor T7 is not enough deep in the cut-off 

region. When the transistor is not longer into the cut-off region, a sub-threshold current will 

be occurring. This small current will slowly discharge the T2 output transistor. If the strobe 

pulse does not occur regulate the circuit will not operate properly.  

 

 
 

 

 

The circuit must be improved so the strobe signal can be low for long times. The circuit in 

figure 7.5 will improve the level shifter. When T12 and T13 are in series it will be a larger 

negative voltage across T14 and T15. Due to that, the voltage drop across the active loads of 

T4 and T6 will be totally discharged. This will lead transistor T7 far into the cut-off region 

and the leakage current will be so small that it is possible to ignore. With this circuit only a 

few Vpass pulses each second are needed.  [30] 

 

 

 

Fig. 6.4 A dynamically controlled level shifter. . It will only float a current when 
Vpass is high otherwise the level shifter will not be ready to change state. The 
circuit has very low power consumption. There will be problems with the leakage 
current through transistor T7.  [30] 
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Fig. 6.5  A level shifter without any continuously floating leakage current. It will only 
float a current when Vpass is high otherwise the level shifter will not be ready to change 
state. This circuit will have very low power consumption.  There will not be any 
problems with leakage through transistor T7. [30] 
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7 Sleep-mode circuits 
This chapter describes work that has been done in the sleep-mode circuit area. The articles 

are from IEEE. 

In low power applications such as mobile battery powered system it is important that the 

circuit consume very little power and if the application should have a long lifetime it is 

important that only the parts that must be used are active. The other parts of the design have 

to “sleep”. The “sleeping” circuit must then be easy to start up. This start up must be soft, 

which means that no short circuit current is allowed to float through the circuit.  

 

There are three main sources of leakage current that the designer wants to minimize. They are 

source/drain junction leakage current, gate tunnelling leakage and sub-threshold leakage 

through the channel of an OFF transistor. The source/drain junction leakage occurs from the 

drain or the source to the substrate. It creates a reversed biased diode when the transistor is 

off. The size of this current will depend on the size of the diffusion area of the transistor. This 

diffusion area is depending of the process technology. The gate tunnelling current float 

through the gate oxide into the substrate and will increase exponential when the gate oxide 

becomes thinner and also with the increase of supply voltage. It is important to control the 

high-K gate dielectric leakage current if the low power device is in sleep mode. The sub-

threshold leakage current is a leakage current from drain to source. It is a diffusion current 

that is built up by minority carriers in the channel of the MOS device. The MOS transistor is 

operating in a weak inversion mode (sub-threshold mode). When the input signal is turned off 

to an inverter, the NMOS transistor in the inverter will turn off. This will force the output 

signal to switch into high level. Even in this case when the Vgs voltage is equal to 0V it will 

float a current due to the fact that Vds has VDD potential. This sub-threshold current will be 

depending on temperature, supply voltage, process parameters and the size of the device. Of 

these parameters the most important parameter is the threshold voltage.[15] 

 

The sub-threshold current is the dominant leakage current in modern technologies. It is 

possible to calculate the current with formula (7.1). 
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K and n are functions of manufacturing process and η is the drain barrier-induced lowering 

coefficient.[15] 

 

From the formula (7.1) it is possible to see that the leakage current will increase exponential 

depending of the threshold voltage. If the threshold voltage decreases with 100 mV the sub-

threshold leakage current will increase with a factor of ten. The leakage current will also be 

depending of the length and width of the transistor. If the transistor becomes longer it will 

have a smaller leakage current and if the device is wider the leakage current will be increased.    

[15] 

The leakage current will, unlikely from the dynamic power consumption, not depend of the 

switching activity. It will depend of the on-chip number of transistors. The input pattern will 

also have a very important rule of the leakage current. Because of this input pattern 

dependence it can be hard to find out exactly how large the leakage current becomes. It has an 

important role to find the minimal leakage input pattern to minimize the leakage current. It is 

possible to significant reduce the current by using the minimal leakage input pattern.[15] 

 

Sleep mode circuits are used to turn off some parts of a circuit. This is used to save power. 

When a section of the design is not used any more it has to be turned off in a fast and simple 

way. When this part is started there should be no large leakage current. The part that is in 

sleep mode must have a very small leakage current. If this leakage current is very small the 

sleep mode is effective and consumes almost no power. The most critical part of the sleep 

mode design is to find a solution that transfers the sleeping part into this mode without 

affecting any other parts of the design. The sub-threshold currents must be minimized. 

 

When the circuit is in active mode, this sub-threshold current will not be especially important, 

because the most current is spent dynamical in the circuit.   

7.1 Multi-threshold CMOS 
With multi threshold CMOS technology it is meant that there exist transistors with different 

threshold values. Commonly used processes are double (low and high) or triple (low normal 

and high) multi threshold values. A low threshold value transistor is very fast but it has quite 

large sub-threshold leakage currents. This sub-threshold leakage current will be a very 

important problem when a sleep-mode circuit is constructed. If the sleep-mode should be 

effective this static leakage current must be as small as possible. So if higher threshold value 
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transistors are used to gate ground and also maybe the power supply (VDD), the lower 

threshold value transistors are used to perform the circuit function. The higher threshold value 

transistors will then reduce the sub-threshold leakage current dramatically, but the circuit will 

then continue to have the same performance as before. These high threshold value transistors 

are on while the circuit is in active mode and off when the circuit is in sleep mode. The 

transistors are needed to be so wide so the current consumption in the active mode will be 

satisfied. Otherwise the performance of the circuit will be degraded [12] because of the 

resistance in the transistor. When the transistor becomes wider not only the area will be 

increased, also the leakage current will increase. [13] 

 

By scaling down the threshold voltage it is possible to reach a quadratic reducing of switching 

power dissipation. In the same time the sub-threshold leakage currents will increase 

exponential. Today it is the power dissipation caused by sub-threshold leakage currents that is 

the most severe problem in low power circuits. This is particular true in circuits that stand in 

sleep mode long times without any switching activities.[13] 

 

It is not trivial to size the transistors which are stopping the current in sleep mode. This will 

be a trade-off between the performance of the functional circuits and the leakage current from 

the stopping transistors. One method that will generate a very large area overhead is to 

dedicate one stopping transistor for each functional gate. Then it is rather easy to determine 

the size of the current stopping transistor. One other method is to find gates that do not 

operate at the same time and give them the same current stopping transistor. Also in this case 

it is rather easy to find the optimal size. The problem in this case will be to find the operating 

gates and pick them into groups. Another method is Average current method. This method is 

using the approach that a design that has the same power consumption will have the same 

ground bounce. This makes it easy for the designer to find the optimum size of the stopping 

transistors without any degradation of the performance. [13] 

 

It is possible to optimize the numbers of sleep transistors, so the maximum current floating 

through these sleep-mode transistors not is larger then a decided value. By knowing this 

maximum current, there is no problem of sizing the transistors. To find this optimum solution 

the current consumption of all gates has to be simulated, and the timing schedule is needed. 

By having these facts it is possible to create an integer linear problem. To solve that problem 

there is existing software available. The problem will be described by formula (7.2). [16] 
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In formula (7.2) z is the number of sleep transistors, yi is the same as the availability of the 

sleep-transistor and in formula (7.3) xij is ‘1’ if current IEQj is assigned to bin i. IEQj is the 

current floating through of gate j. Bins are in this case the same as the sleep transistors. This 

way of solving the problem is most efficient for small circuits with an unbalanced structure. It 

does not take the physical position on the chip into account and when the circuit is large it can 

mean a lot of overhead. [16] 

 

To solve these problems the position of the chip must be taken into account. So after “place 

and route” are done with the original circuit all the different gates get a cost function, 

depending on where on the chip they are. The cost function will look like formula (7.7). [16] 

)()( 2211 jjj cwcwc ⋅+⋅=       (7.7) 

In formula (7.8) cj1 describes the difference between the maximum cluster capacity and the 

sum of all currents in a cluster. In formula (7.9) cj2 will describe the distance function, the 

rectilinear distance between cluster and gates. To weight these two properties the weight 

functions w1 and w2 are used.  

∑−= currenttransistorSleepc currentmaj _1 _ i∀     (7.8) 

∑= uvj dc 2 in a group Sj       (7.9) 

duv  in formula (7.9) is the distance between gate Gu and Gv. The gates must be set into 

clusters before the optimization begins. This will be done under heuristic forms and the 

problem will be an integer linear problem and can be described by formula (7.10). 

 
(7.2) 

(7.6) 
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A in formula (7.11) means that the jth subset is formed into a group and B means otherwise. 

By this method there will more likely be more leakage transistors, but they will be better 

arranged on the chip. The transistors will be clumped together into subsets where the 

transistors in one subset are located close to each other.  

 

When the physical design of the MTCMOS circuits is done it is important to think of the large 

current floating through the current stopping transistors in active mode, so the electro-

migration in vias and wires is taken into account. Also the channel width is important due to 

large current. [13] 

 

There is a trade-off between local and global sleep device. The bottle-neck with local stop 

devices is that there will be a large area overhead due to the fact that there will be a lot of 

extra transistors. When the sleep transistors are placed local the possibility of sneak leakage 

currents will be larger. The sizing of the transistor is much easier when the sleeping 

transistors are local devices by each gate. When large sleeping devices are used global there is 

a risk for decreased performance. Exhaustive testing can also be complicated with global 

sleep transistors. Because when the global devices are placed the circuit can have another 

performance. It is not sure that it is possible to find the worst case of current floating through 

the sleep transistor into the circuit and the circuit will not receive sufficient of current and the 

functionality of the circuit can not be guaranteed. The testing time can be reduced 

dramatically if local gate sleep transistors are used. In this case every small gate can be tested 

before the large implementation and than it is well known that these leakage transistors will 

work and the correctly max current will be passed through the device. Also the noise margin 

will be increased by using gate sleeping transistors. [17] 

 

The sneak leakage path is any current path that a relative high current is going through 

compared with cut-off path when the circuit are in sleep mode. This path can have two 
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different states, the first is a path with on transistors and the second is a path of off transistors. 

The off transistor path is only containing low threshold voltage transistors. Because this only 

contains low threshold voltage transistors the leakage in this path will be much higher then 

the leakage in other parts of the circuit. Only a few of these leakage sneaks can dominate the 

whole leakage current in the design, because the current in these paths can be one magnitude 

higher then in other paths.  

 

It can be very hard to find these paths even in a well-designed circuit they can easily occur. If 

several blocks of the design are involved in the path, the designer can do the mistake to only 

tie them together on the top level without taking any notice to the circuit level problems. The 

sneak currents usually occur where it is possible to by pass the sleeping transistors. The 

sleeping transistors are as mention before, usually only grinding the ground rail. A very 

conservative thought of stopping these sneak paths would be to use both polarities of the 

sleeping device. This will create a large area overhead. This is not either necessary in the most 

MTCMOS circuits it will be enough with one polarity sleeping transistors. The problem 

occurs when a MTCMOS output has a low impedance path to the power rail. The problem 

can be whenever the MTCMOS circuit is electrical connected through a low threshold voltage 

transmission gates or pass gates to the power rail. If the problems are notified it is possible to 

correct them with a minimal area overhead. There are four different rules to take into account 

when MTCMOS circuits are designed. 

 

Any MTCMOS gate that shares an output with a CMOS gate or a power rail will need both 

the polarities sleep transistors. 

An MTCMOS gate that shares output with other MTCMOS gates all will need the same 

polarity sleep transistors. 

Any MTCMOS gate that shares the sleep transistors with a gate that uses both polarity sleep 

transistors must also have both polarity sleep transistors. 

Do not share sleep transistors if the shared lines creates a connection between different 

CMOS gates.   

The most of these paths will occur through low threshold voltage transistors. [18] 
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This MTCMOS approach is easy on combinatorial nets but can be a more trickier on 

sequential circuits, because if the power supply is turned off all the information that are stored 

in the circuit will be lost and it will be no possibility to re-create it. [12] This is the main 

problem for MTCMOS circuits. Either complex timing scheme or extra circuits has to be 

added. Because of these added items the performance of the circuit will be degraded. It will 

also get a larger area and higher power losses.[13] 

 

Another big problem in MTCMOS circuits is when IP cores, as memories or CPU, are used 

that is not implemented by the MTCMOS approach. When the MTCMOS circuits change 

mode into sleep mode, the output of the circuit will be floating and maybe have the same 

Fig. 7.1 The four different design rules to eliminate sneak paths are illustrated. The 
arrows illustrate the sneak leakage paths.  [18] 

With sneak path Sneak path elimination 
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value as the virtual ground line. When the floating input is coming to the IP core the input 

circuit may cause short circuit and a quite large current will float. The IP core will always be 

awake, there are no possibility to switch into sleep mode. It can be several micro amperes or 

even worse milli amperes. This will decrease the lifetime of the battery dramatically. It is 

possible to remove this floating input to the IP cores by implement a data holder on the output 

of the MTCMOS circuits. A tri-state buffer and a level holder can make this data holder. 

When the MTCMOS circuit turns into sleep mode a signal will switch the tri-state buffer into 

high impedance state and the level holder will hold the value at the input of the IP core. This 

will prevent floating input on the IP core and the short circuit current will be stopped. [13]  

 

 
 

 

One way to solve this problem, but with remaining small leakage current is to combine high 

and low threshold values transistors to create a new kind of “Master-side” flip-flop. Is this 

flip-flop used, the high performance will still be there and it will have a very low leakage, 

current around 1nA. It will still operate as a perfect flip-flop. This solution has a small area 

overhead because only the necessary parts of the flip-flop have become grinded. The circuit 

has an inverting outer feedback, but only on the master side. Because of that the master latch 

will get also the complementary value as output. When the switches are turning off the circuit 

will be in active mode and when the switches are on the circuit will be in sleep mode. The 

clock needs to be low under the whole sleep phase otherwise the value stored in the flip-flop 

will be destroyed. [12] 

 
 

Fig. 7.2 A floating prevent circuit to prevent short circuit current to float in IP core 
because of floating input voltage. 
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Layout implementation can be a severe problem for MTCMOS circuits. It is the power 

architecture that is the main problem. Because the place and route programs want to add a 

ground line and a virtual ground line for each cell. This will give a large area overhead. There 

are programs that can modify the design so it will be good with some minor modification 

steps. Most of the MTCMOS cells can be created with some straightforward modification of 

the existing cells in generic libraries.  

7.2 Variable threshold CMOS (VTCMOS) 
In some MTCMOS circuits where the leakage current is not suppressed enough, VTCMOS 

can be a better alternative to use, but there are other problems with VTCMOS. The problems 

with MTCMOS circuits appear when an auto-back gate control-CMOS circuit is used. This 

circuit is used to avoid the extra overhead of area and circuits in sequential circuits. VTCMOS 

circuits do not need any extra circuit to hold the data into latches. Instead of having transistors 

with different threshold values to minimize leakage currents in sleep mode this circuit 

controls the threshold voltage by change the back-gate bias. [13] This is controlled by making 

the substrate voltage lower than ground (NMOS transistors) or higher than VDD (PMOS 

transistors) [15]. VTCMOS circuits have an overhead in form of complex structure and triple-

well structure and also substrate bias voltage generator. The current leakage in form of 

junction leakage and gate tunnelling will be larger then in normal case because of the 

substrate bias. [13] The support for the switching between low and high threshold value can 

be done either in software or hardware. This switching take a long time and this will create a 

Fig 7.3 “Master-side” MTCMOS outer feedback flip-flop. The S signal is the sleep 
signal. The inv_S signal is the inverted sleeping signal. VGND is virtual ground and 
VVDD is virtual VDD. The thicker inverters are low threshold inverters. The transistors 
near ground and VDD are high threshold voltage transistors. 

a) The circuit in sleeping mode 
b) The circuit in active mode  
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large overhead for this kind of circuits. There are also noise immunity problems when the 

circuit is switching.[15]   

7.3 Lowering supply voltage 
One other method is to reduce the supply voltage as fast as the design go into sleep mode. In 

this case it is not possible to turn off only small pieces of the design because the supply 

voltage is common for the whole chip. To change this supply voltage it takes quite long time 

and overhead. The gate tunnelling leakage will decrease much with this method.  [14] 

7.4 Input vector control 
Many people have tried to estimate the minimal and also the maximal power consumption of 

a sleep-mode circuit [15]. This has for example been done by greedy heuristic. This job has 

been done because the leakage current of a circuit can be minimized when the input vector is 

changed due to stacking effect of transistors. By looking at different input combinations in a 

sleep mode NAND gate it is easy to see that it differ by a factor of 10. This can be seen in 

table 8.1. The best solution will be to find the maximum number of off transistors in all stacks 

in the circuit. In that case the leakage current will be smallest. When this vector is found it is 

possible to apply that on a circuit directly when it switches into sleep mode. 

 
state Leakage [A] 
000 121021.3 −⋅  
001 121062.4 −⋅  
010 121067.4 −⋅  
011 111013.3 −⋅  
100 121047.6 −⋅  
101 111021.3 −⋅  
110 111067.3 −⋅  
111 111023.3 −⋅  

 
 
 
One method of finding the best vector is to do an exhaustive testing on the circuit level to find 

out which combination that is the best combination. This is not possible for large circuits but 

can be a good alternative if the circuit is relatively small.  

 

The two main sources of leakage are the sub-threshold current and the gate tunnelling, so if 

the optimum solution should be found, both these leakage currents must be taken into 

Table 7.1 The leakage current in a three-input NAND gate in 0.18µm process. [15] 
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account. It is necessary to have a power management unit so the circuit knows when to apply 

the sleep vector to the circuit. One way of finding a minimum leakage current is to summarise 

the minimum leakage of all gates in the design, but it is not sure that this solution is reachable. 

That is because maybe one vector that creates the minimum leakage current for one circuit 

might create a bad input vector for another gate. This a large leakage current for all the other 

gate gets. 

 
Finding a good vector 

This method is used to find a good vector for a combinational network. First of all a Boolean 

network is created, this network is used to calculate the total leakage of the circuit. This 

circuit is called leakage computing network (LCN). From this LCN a set of Boolean clauses 

are written to capture the leakage from the circuit. When this is done a highly efficient SAT 

solver finds a vector that has a lower leakage current than a given number C. On this solution 

a linear search is computed to find the input vector that produces the lowest leakage current. 

To shift this solution in to the circuit in sleep mode a number of multiplexes are added to the 

inputs. This LCN network is only used to do the computation on. The only real hardware 

circuits are the starting circuit and the final circuit with multiplexes. 

 

The method is working as follow. The principle of the method is that the input vector can 

control the leakage current. The leakage(Xj) will be the leakage of gate j with the immediate 

vector Xj. jiX  is the Boolean variable. The leakage(Xj) can be summarized as 2n terms. For a 

two-port NAND gate the leakage function will be look as in formula (7.12). 

1101010110010001)( LXXLXXLXXLXXXleakage jjjjjjjjj ⋅⋅+⋅⋅+⋅⋅+⋅⋅=    (7.12) 

Lpq is the leakage when Xj1 = p and Xj0 = q. Lpq is a fixed length vector representing the actual 

leakage. This leakage current is multiplied with a large constant number to create an integer 

number. To create the optimum vector the formula (7.13) has to be minimized. 

∑
j

jXleakage )(        (7.13) 

It is possible to implement this function into a LCN network using adders and multiplexes. 

This network will need a lot of adders, but it is possible to decrease this number. If two gates 

have the same cost function it is possible to add them before the multiplication with the cost 

function. In example(7.1) two NAND gate cost functions are added together. 
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This method will give a lower number of adders. There will be one leakage decoder for each 

row. The two–port NAND will then get four different leakage values and this will give a 2-4 

decoder. If there in one circuit are 50 two-input NAND gates and 20 gates have the input 11, 

15 gates have input 10, 10 gates have input 01 and 5 gates have input 00. This will give the 

total leakage of the circuit 20L11+15L10+10L01+5L00. This example notifies that if a leakage 

for a gate with the same input combination and leakage as another gate is equal it is possible 

to share the logic structure of these gates. The circuit for these calculations can be seen in 

figure (7.5). When all the LTk are summarized the leakage for the whole circuit is calculated. 

It is very good if a given vector with the leakage l is found. This leakage is quantized to C, 

which is an integer number. If the upper bound leakage is given by UB and the lower bound is 

given by LB and we want to compare the leakage of this circuit depending on C and l. Then 

will C be given by  LBnUBLBlC −−= / . n is the desired number of quantized levels. In 

figure (7.5) this is done by a circuit realization.  
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Fig. 7.4 A LCN circuit for calculations of circuit k total leakage current. [15] 
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An example based on n=2, LT1 = [a1a0], LT2=[b1b0] and the sum of these two vectors will be 

Ltotal=[s2s1s0]. Then the Boolean combination between a0, b0 and s0 is s0=XOR(a0,b0). This 

expression is also possible to write in clauses four different clauses. These four clauses are as 

follow. 
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++=
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By these clauses in formula (7.14) it is possible to create a linear search between the upper 

and lower bound leakage. This is done in that ways that the program is searching after a 

solution that are better then the C value.  

 

When the minimal leakage vector is found, this vector should be used as fast as the circuit 

turns into sleep mode. Using a multiplexer that switches the input signal to the circuit solves 

this. [15] 

7.5 Leakage control by adding control pins 
This way of decreasing the leakage voltage is in large pieces the same as vector input control, 

but in this method the inner states of the circuit are controlled. These signals can be controlled 

in two ways, either by multiplexing the signals or by modifying the gates. The multiplexing 

method is controlled by a sleep signal that is deciding the state of the multiplexer. When the 

sleep signal is off the circuit operate as normal and when the sleep signal is on a fixed value is 

set as input signal. This input value makes the circuit to have the lowest leakage current. 

Because this value is fixed, it is possible to use either an OR gate or an AND gate. These 

gates will consume dynamic power when the circuit is in active mode. If the sleep mode 

periods are sufficient long this extra dynamic power consumption will be negligible. There 

 
(7.14) 
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Fig. 7.5 Comparing circuit leakage with C. [15] 
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will also be extra leakage current in the added gates. A solution that takes the extra leakage 

power into account and finds the optimum solution must be used. By using this method the 

leakage power can be significantly reduced.  [15] 

 

Another method is to modify the existing gates. By this method the extra hardware that the 

multiplexers consume can be skipped. Especially if the number of multiplexes is large the 

overhead area and leakage of these will be large. When a high value is wanted in sleep-mode, 

the existing gate will be replaced by OR(sleep, g(in)) and when a low value is wanted the 

existing gate will be replaced by AND(NOT(sleep), g(in)). The transistors will be added in 

series into the existing gates N or P network, which is not the same as adding a new circuit. 

By adding a new transistor, to the gate with possibly another threshold value or size, can give 

serious problems in the circuit due to delay and a large leakage current when the sleep circuit 

is turned on and off. In this case of sleep circuit, the circuit operate almost as normal when the 

sleep signal is off. The circuit will be a little bit slower and there will of course be some area 

overhead. With careful sizing of the transistors it is possible to reach only some percentage of 

extra area and delay. It is possible to extend the LCN network from an input vector control 

part so it covers this part also. In this analyse it is possible to find the minimal leakage current 

and also the maximum delay in the circuit. The maximum delay is the maximum arrival time 

to the primary output. If an optimization algorithm is programmed to solve this problem, it 

has not only to account to find the minimal leakage it also has to find a solution with small 

delay. The leakage current will be minimized due to stack effect. After the gates are modified 

there can exist many combination of input signals that have a higher power consumption than 

before the change of the gates, but the leakage current will be much smaller so if the sleep 

mode is long enough the power consumption will be reduced dramatically. The leakage power 

consumption has in some tests been decreased with about 70%. With this power saving the 

added delay was about 15%. When higher degradation of the performance is allowed, the 

power savings can be much larger.[15] 

7.6 Using scan chain for leakage current reduction 
Scan chains are used in nearly all electrical circuit. It is used to increase the possibility to test 

inner states of the circuit. The controllability will increase and also the possibility to observe. 

These scan chains can also be used to reduce the leakage current also. It is possible to reduce 

the leakage current in sequential circuits. The minimal leakage vector will be applied to 

control the input values on the sequential circuits. The simplest way on applying this minimal 
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leakage vector is to read it from a memory and shift it in by the scan chain. The sleep signal 

must then be combined with a test-enable signal. After the vector is shifted in the clock signal 

can fall in sleep mode to save power. [15] 

 

The previous state will be destroyed in this solution and when the circuit returns into active 

mode the functionality of the circuit is changed. There are circuits where the previous state is 

not important to remember. Such a circuit are a floating-point unit. After one instruction are 

finished the next one do not need the result from the calculation before. There are also circuits 

where the state before the sleep mode entrance is needed after the wake-up. To save the 

original state of the flip-flop it is possible to use an extra shift register where the original 

values are stored in. It is possible that this unit is the same as where the minimal leakage 

vector is stored. There is no penalty using this method when the circuit is in active mode, 

because the scan chains already where used for testing purpose. The only bottleneck of the 

method is the delay of shifting between sleep mode and active mode. This delay is due to the 

fact that the input bits are shifted in. It is possible to reduce this delay by applying multiplexes 

by every flip-flop. By choosing the input it is possible to minimize the leakage current. Even 

in this case the test signal must be set to one when the circuit entrance sleep-mode. It is 

possible to save the state before even by this method, but if this is wanted every multiplexer 

needs an extra flip-flop to be added in front of the multiplexer. This flip-flop get the output 

signal from the original flip-flop and saves the signal until the circuit will awake again. To get 

the correct signal the clock signal must be waken one extra clock-cycle after the circuit has 

fallen into sleep-mode. Even one extra clock-cycle before the circuit wake-up must be done. 

This is to shift in the correct value again. [15] 

 

It is also possible to do to state recoveries in other ways, for example by adding more flip-

flops and using more complex timing schemes. One other way is to add more multiplexes and 

only one extra flip-flop to each original flip-flop. This will need less area and will consume 

less power.  [15] 

 

In tests with this technique there has been a large improvement of the leakage power 

consumption. In some circuit it is possible to reach 39% power saving in some circuits with 

an added delay of about 2%. [15] 
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7.7 Clock delayed sleep mode domino logic 
Wide fan-in domino gates are often used in VLSI circuits such as microcontrollers. If the 

robustness shall be kept in the dynamic node at a good level a wide fan domino circuit using a 

small PMOS transistor as a keeper. If the numbers of inputs are getting very large, the PMOS 

transistor becomes too large and the current that are floating from the NMOS pull down the 

network and this PMOS transistor becomes rather significant. This increases the power 

consumption in the active mode and also degrades the performance. Add to this increasing 

current in active mode also an increased current in sleep mode due to a decreasing of the 

threshold voltage. It is possible to implement a clock delay and because if this clock delay the 

current between the PMOS keeper and the NMOS pull down network will be minimized in 

the beginning of the evaluation phase. This makes it possible to have a large PMOS keeper 

without any larger performance degradation or higher leakage current. This also increases the 

noise margin. The area and power overhead of the clock delay circuit will still be there.  

 

Another approach is the HS-domino logic, this has a different clock delay keeper control 

scheme. This scheme will minimize the leakage current in the dynamic node. The 

disadvantage of this circuit is if all the input values are low the dynamic node can have an 

intermediate value when the circuit enters sleep mode. This will create a leakage current in 

the next gate because of a short circuit current is floating. The HS-domino logic has a high 

sleep mode entrance power. This entrance power can be defined as the power that becomes 

discharged in the dynamic node when the circuit switches in sleep mode together with the 

short circuit current in the output inverter during the discharging of the dynamical node.  

 

The PMOS inverter must be sized according to the noise margin in the system. If the noise 

margin is 10% of VDD then the PMOS keeper width can be sized to 10% of the worst case 

pull down width. 

 

This can be solved by another approach, which is called clock delayed sleep mode (CDSM) 

domino logic (see figure (7.6)). This approach has a simple keeper control and because of this 

simplicity the circuit will consume less power than the other solutions. This approach can also 

switch into sleep mode with very small leakage currents. It looks much as the HS-domino 

logic approach but the structure of the sleep control and the structure of the clock delay are 

simplified. The clock delay chain is an odd number. [17] 
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Fig. 7.6 A wide fan-in CDSM domino OR-gate. [17] 
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8 Analyses 
Analysis is based on the theoretical fact in chapter three to seven. This fact was add together 

and was compared with the demands for the specific ASIC for the smartcard application.  

8.1 Cholesteric LC in smartcard display  
 
Cholesteric molecules seem first to be perfect for this kind of displays, because it is bistable 

and will remember the picture until a new picture is loaded to the display. This will save 

power because the whole circuit can go to sleep-mode when one picture is displayed and then 

wake up when a button on the smartcard is pressed. This will save power because the charge 

pump will consume much power and every second it can be turned off is important. The 

display does not need any polarizer and can be made thinner and cheaper. These are the 

largest advantages with cholesteric molecules in portable systems. Another interesting feature 

is that by using different pitch of the cholesteric molecules it is possible to create different 

colours on the display. So a customer can get red or green text without problems.   

 

The largest disadvantages with the cholesteric molecules are the high voltages that are needed 

to change texture. A voltage of 50V is needed and this will cost a lot of extra power. This is 

because the charge pump in this case will need a very high gain. The power consumption will 

at least be the gain to the power of two. When the picture is applied on the display it can 

easily be destroyed because the cholesteric molecules are very sensitive towards pressure and 

temperature. This also means the display will change colour depending on the temperature. So 

a bankcard that will be used both outdoors and indoors will get a very strange operation, 

which is not to preferable. Because of these large disadvantages cholesteric molecules are not 

feasible to use in smartcard applications even if the bistable operation is to prefer. Maybe 

another bistable molecule that can be applied on plastic substrate can be feasible to use, but 

cholesteric needs to high driving voltage and the molecule are too unstable to be a good 

choice.  
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8.2 Charge pumps 
The charge pump that is needed to use in the smartcard application must be as efficient as 

possible. To create a really efficient charge pump the capacitances in the charge pump must 

be rather large. The area is also a limitation on the smartcard because the chip area is small. 

Also a high frequency makes the efficiency higher. It cost a lot of power to have a high 

frequency clock running and because of that this is not allowed on the chip. In other words it 

is very important that the structure of the charge pump becomes efficient, even if the 

frequency is low and the capacitances are small. The charge pump becomes one of the most 

important parts on a smartcard chip to design. The chip is battery driven and the voltage of the 

battery will not be constant so the output voltage must be regulated so the correct output 

voltage is reached. Otherwise the lifetime of the card will be strongly decreased. The charge 

pump in this application does not need to have especially high gain so a special solution to 

create a high gain is not necessary. By that reason the Dickson charge pump is possible to use, 

but it is better if another more power efficient charge pump is used. The clock to the charge 

pump will be rather low and that will decrease the capability to create a highly efficient 

charge pump. This is because a leakage of charges out from the capacitances and if the 

frequency is low this leaking will cause problems. Using a floating bulk in this application 

could give problems, due to the risk of reversed current, which can be large.  

 

8.3 Level shifter 
In the interface between the low voltage digital part and the high voltage LCD driver part of 

the smartcard, it is necessary to have efficient level shifters. Because level shifters have static 

power consumption, it is important that this static power consumption becomes minimized. In 

the final version of the level shifter that is presented in this report, the circuit just consume 

static current under the time Vpass is on. This Vpass must be high with small intervals, but this 

will dramatically decrease the waste of power. It is also important to minimize the numbers of 

level shifters in the implementation. This is because the power consumption in this circuit will 

be high and if the level shifter should be efficient, it will grow in size and be rather large. This 

final circuit is also very good because the charges will be recycled in the level shifter. The 

charges will alternate between the gate of one transistor and one of the capacitances. This will 

make the power losses even smaller. One of the original level shifters will be much smaller 

than this improved one, but it will consume so much more power that it is not to preferable to 

use. 
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8.4 Sleep circuit 
In smartcard chip, the sleep-mode current must be extremely small. This is because the card 

will only be used for approximately ten minutes each day. Otherwise the circuit will be in 

sleep mode. The processor will spend even more time in sleep mode. So if the lifetime of the 

card shall be at least two years there will be very long time in sleep mode. Due to this it is 

even more important that the leakage currents are minimized. This is the most important 

design task on the smartcard chip. There are different approaches to reach this minimization 

and all of them have some drawbacks.   

 

The main task of this report is to identify good sleep-mode solutions of the Swecard 

smartcard. There has not been any possibility to test this solution, because one other project in 

this work has been to identify a process technology to use in the simulations and even 

manufacture the chip in. The sleep approaches that are available are split into a few different 

groups. One of the approaches that seem to be very good is to use different threshold voltages 

of the transistors. This is because if a low voltage is wanted the threshold voltage must be 

low. When the threshold voltage becomes lower the sub-threshold voltages will increase 

exponentially. The leakage current will be a product of the sub-threshold current and also the 

gate tunnelling. The gate tunnelling currents will increase when the gate dielectric becomes 

thinner. When transistors with different threshold voltages are used the meaning is that the 

lower threshold voltage transistors should take care of the functional part of the design. This 

is because the lower threshold voltage transistors will consume lower dynamically power 

when the circuit is in used. This power consumption must also be minimized. The higher 

threshold voltage transistors are used to gate the power rail or the ground rail. There can also 

be cases when both the power and ground rail must be gated. There will be some problems 

with the current floating through these gated transistors. If the transistors are made larger the 

maximum current floating through the transistor can be higher but the leakage current will 

also increase. One other problem is if the transistor should be global or local. When the 

transistors are global the whole power/ground rail are gated and it can be difficult to find the 

correct size of the transistor. That is because the maximum current can be hard to identify, 

with which input pattern the maximum current appear. If the necessary current cannot float 

through the sleep transistors the performance of the circuit will be degraded or even worse it 

could malfunction. The disadvantage with the local transistors is that it can be uncontrolled 
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leakage paths, so called sneak paths. These leakage paths can be hard to identify even when 

the circuit is carefully designed. The advantage is that it is easy to choose the optimum size of 

the gating transistors. This method can reduce the sub-threshold leakage current under 

sleeping mode dramatically. But for this a special multi-threshold voltage process is needed. 

There are some different approaches to find the optimum size and placement under the 

theoretical part of the report. 

 

It is important to control the output from a MTCMOS controlled block. If the output is going 

to an IP block that is not controlled by MTCMOS, this virtual lines can have strange voltages 

that creates short circuit currents in the IP block, giving very high leakage currents. 

 

Another method of minimizing the leakage currents is to introduce a sleep vector. This vector 

shall be applied on the input ports of the chosen circuit directly when the circuit switches into 

sleep mode. There is quite difficult to find the best vector because even if the smallest leakage 

current is known, it is not sure that this small current is reachable. To reach a lower leakage 

current it is possible to add controllable ports, also inside the design and more states are in 

this way reached. This will increase the area overhead. The area overhead is mostly caused of 

the extra multiplexers that are needed to find when the sleep vector should be applied on the 

circuit. If scan chains are used in the design they can effectively be used to scan the input 

vector. This will take some extra clock-cycles, but that is not very important in the smartcard 

chip design. That is mostly because the circuit will be sleeping under a long time so a couple 

of clock-cycles do not matter at all. It is more important that the states can be careful 

controlled to minimize the leakage current. Even small savings of the power consumption can 

heavily effect the lifetime of the card. It is a very hard work to get the input vector method to 

operate perfectly. If the optimum solution is wanted the design phase will take a very long 

time. This method does not need any extra features of process technology. It is possible to 

create a good solution with a common CMOS mixed-signal process. This is one of the main 

advantages with this input vector method. The other methods of controlling internal pin and 

using scan-chain is using the same approach, but with a little bit other hardware and they will 

also have this advantage. 

 

This input vector method must be used in circuits for which it is not possible to turn off the 

applied voltage. The processor unit is one part of the design that will have a large number of 

transistors and will not be able to make in VLSI. By this reason, it is preferable to design this 
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part by using the minimal leakage vector. There will be very many different states in the 

processor so there will be an extensive hard work to find the best vector.    

8.5 LCD driver for smartcard application 
The drivers design must be done with the great care. They will be turned on much and can 

consume a large dynamic power. This dissipation must be minimized if the smartcard battery 

should have a long lifetime. Also the static power consumption must be minimized by an 

advanced sleeping feature. The number of transistors will be rather large in this feature and 

the latches can cause major leakage problems if they are not perfectly designed. The 

multiplexers will not cause any leakage problem because the voltage that reaches them will be 

cut-off and this will not give any leakage currents in these devices. A very good thing is that 

the information in the latches of the LCD driver can be erased when the smartcard is in sleep 

mode. Because of this all design effort and area can be concentrated to do a low power latch.              

 

This driver must be a very effective driver, because this is a high voltage part of the design 

and it will consume a lot of dynamic power. It can mostly be composed of latches, but there 

will be very many latches and these must have low power consumption. The driver also must 

be controlled with the CPU in sleep-mode, otherwise the power consumption will be too 

large. This is a passive matrix addressed display so there must be a choice of some different 

voltage levels that can be applied on the display. To remove the problem to use negative 

polarity voltages the addressing scheme that uses this is not used. This will give a problem 

because the other addressing scheme requires more hardware due to the fact that it is 

necessary to use larger number of different voltage levels. This will give a large overhead in 

form of extra multiplexers. These multiplexers should conduct an analogue voltage level and 

can then easily be done by pass transistor gates. One of these multiplexers must be added to 

each row of the driver. Because there are many rows, the design will occupy a large area. 

Also in the column driver that select which row that should be used, one multiplexer to 

control each column must be used. There is not so much extra hardware needed in the column 

driver, because there are not so many columns in the design. The columns that should be used 

can be selected by an simple shift register that is shifting through the columns and when all 

the columns are chosen it is starting from the first column again.  

 

In all of these parts with high voltage the switching must be minimized. This can be done by 

having the lowest possible updating rate of the display. Let the clock became a high voltage 
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clock as late as possible in the design. Let the clock control be as small part of the driver as 

possible.  

 

This entire driver scheme is a rather straight forward proposition. It uses standard solutions. 

The different voltage levels can easily be created by a standard circuit. The number of rows is 

much larger than the number of columns. This gives that the design of the row driver is more 

important then the design of the column driver. When the row driver is created much effort 

should be out into finding the latch with the lowest power consumption. The latch must also 

be rather small, but the power consumption is more important. The LCD driver will be on 

during a longer time then the CPU, because the LCD driver must be used under the whole 

time that any picture are displayed on the display. If a bistable molecule had been used this 

had not been necessary. More about the properties of bistable molecule can be read in chapter 

8.1. 

8.6 Foundry request letter 

8.6.1 Letter with specification 
The idea with the letter to the foundries was to find out their possibility to manufacture the 

ASIC for the smartcard application. In the specification the most important parameters for the 

smartcard chip were included. The features that were especially wanted were low leakage 

currents and low power non-volatile memories.  

8.6.2  Answer 
Of the X different foundries the specification were sent to a number of companies that 

thought they have a good process technology to manufacture the smartcard ASIC answers the 

letter.  
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9 Assembler project 
The microcontroller M68HC908JL3 from Motorola was programmed to control the LCD 

segment driver SSD1815. To program the microcontroller the board M68ICS08 was used. 

This chapter will present the hardware and software that was used in assembler project. The 

information is taken from the documentation about the LCD segment driver [5] [6] and the 

Motorola In-Circuit Manual [3] [4]. 

9.1 Hardware 
LCD module WD-J12069-6GEWa by Wintek Corp was used. In the module there is a LCD 

segment driver SSD1815B that is saving the data to be displayed in a Random Access 

Memory (RAM). This memory is called Graphic Display Data Ram (GDDRAM). The size of 

the RAM is 132*65 = 8580bits. Because the LCD that is used in this application, only has 

128*64 = 8192bits, the whole GDDRAM is not used. The segment driver has not only a serial 

input mode, it also has two different parallel modes. To minimize the number of input pins on 

the LCD module only the serial mode is possible to use. To reduce the input pins even more, 

other pins has been set to a specific value inside the module. For example the second chip 

select (‘CS2) is grounded. So instead of 36 pins on the segment driver, the LCD module has 8 

pins. 

 

To get the LCD segment driver to work properly with the LCD module there are some 

initializations needed. This is because the segment driver is possible to use with many 

different kinds of modules and different modules have different number of pixels or other 

specific property. Then it is necessary to change the multiplexing rate. The multiplexing rate 

is the number of lines that should be addressed at the same time when using passive matrix 

addressing together with multiple line access.  

 

If the multiplexing rate is changed the bias ratio has to be change, otherwise the contrast on 

the display can become decreased. Depending of the bias level, the different voltage levels 

that are needed to control the LCD is changed. To get this to function properly, the output 

operation amplifier has to turn on. Turning the internal voltage booster on creates a large 

negative voltage that is necessary to control the LCD. If this voltage booster is not turned on a 

negative power supply is needed. From this negative voltage, the internal regulator is used to 
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create the LCD driving voltage. 64 different contrast levels controls the contrast. Updating the 

contrast control register can change between these different levels. 

 

To handle temperature differences the temperature coefficient (TC) has to be changed. This is 

needed to satisfy different temperature changes.  

 
Arrangement of the GDDRAM 
The Graphic Display Data Random Access Memory is a bit mapped static RAM. In the RAM 

the bit pattern that should be displayed are stored. It has 132 different columns. In each 

column there are seven pages and each page has 8 bits. There is also an extra page that only 

has one bit in each column. These bits are called icons bits. It is possible to send in commands 

into the driver that points out a specific column and a specific page. To update one specific bit 

in a column all the eight bits in that page has to be updated. When this bits are updated the 

GDDRAM automatically increase the column one step and these data can be updated. When 

the GDDRAM has come to the last column it will not wrap around to zero again, so then it is 

necessary to read in commands to set the column to zero again.  

9.2 Memory 
Embedded in the M68HC908JL3 there is one 4kB flash memory and one 128byte RAM. 

There is also 48byte of user define vectors and 960 bytes of monitor ROM. The flash memory 

is located from memory address $EC00 up to address $FBFF. It is possible to erase, read and 

program the flash memory from a single external supply. The erase and program feature is 

possible because there is an internal charge pump embedded. It needs higher voltage to handle 

these features. It is possible to erase 64 bits at the same time and to program 32 bits (one row) 

in one cycle. 

 

The RAM is on the addresses located from $0080 up to $00FF. The 16 bits stack pointer must 

point on some place in the RAM addressing region. When a subroutine is called the stack 

pointer decrement with two and when an interrupt is called the stack pointer decrement with 

five. It is important to not use to nestled subroutines, because then data in the RAM can be 

overwritten. It is fast access in the RAM and because of that it is very feasible to store 

frequently used global variables in the zero page RAM.  
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9.3 CPU 
Features 

• Internal bus can be driven in 8MHz. 
• It is possible to choose between 5V and 3V VDD. 
• When the processor has static operation wait and stops mode, these give it low power 

consumption. 
• 16 addressing modes 
• 16 bits index registers 
• 16 bits stack pointer 
• Memory to memory move without using the accumulator 

 

9.4 Registers 
The CPU contains three different 16 bits register. They are called stack pointer (SP), index 

register (H:X) and program counter (PC). It also contains two 8 bits register, which are called 

accumulator and conditional code registers (CCR). In the accumulator the results from 

arithmetic and logic operations are hold, also operands can be hold in the accumulator. It is a 

general purpose register.  
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9.5 Pins 
M68HC908JL3 has 28 pins. The pins can be used as this. To use PTA, PTB and PTD it is 

necessary to choose if the pins should be output or input pins. The direction is decided in the 

data direction registers DDRA, DDRB and DDRD. In these positions there is a high value 

placed in the direction register it will be used as an input port in respectively port. 

 
Pin Description In/out Voltage level 

VDD Power supply In VDD 
Vss Power supply ground Out 0V 
RTS  Active low reset In VDD 

1IRQ  Active low interrupt In VDD to VDD + 
Vhi 

OSC1 X-tal or RC oscillator input In Analog 
X-tal option: X-tal oscillator output, 
inverted OSC1  Out Analog OSC2 
RC options: Default is RCCLK output In/Out VDD 
7 bit general purpose I/O In/Out VDD 
Each pin has programmable internal 
pull-up device In VDD PTA[0:6] 

Shared with seven keyboard interrupt In VDD 
8-bit general purpose I/O In/Out VDD PTB[0:7] Shared with 8 ADC input ADC[0:7] In Analog 
8-bit general purpose I/O In/Out VDD 
PTD[0:3] Shared with 4 ADC input 
ADC[8:11] In Analog 

PTD[4:5] shared with timer channels. In/Out VDD PTD[0:7] 

PTD[6:7] can be used as 25mA open 
drain output device In/Out VDD 

 

9.6 Monitor mode 
Introduction 
The Monitor ROM is used to program and erase the flash memory of the MCU. It is also 

possible to do complete testing of the program through a single-wire interface to a computer. 

 
Features 

• Execution of code in flash memory or RAM 
• Communicate with the host computer with not-return-to-zero (NRZ) standard. 
• Flash programming interface 
• 960 bytes of monitor ROM 

 
Function description 
All communication between the host computer and the microprocessor is on pin0B so all the 

other pins can be used as usual. It is needed multiplexing and level-shifting interface between 
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the host computer and the MCU. The monitor ROM receives and executes commands from 

the host computer.  

9.7 M68ICS board 
This was used for all programming and debugging. It has different possibilities of VDD to the 

MCU chip and it is easy to connect the LCD module to the output pins on the board. The 

MCU does not have to be removed from the programming spot when it is debugged. It is 

connected to a PC through a serial port. Through this serial port the processor is programmed.   

9.8 Programming environment 
To write and compile the assembler, the program WinIDE from P&E Microcomputer Systems 

was used. It was also possible to program the microcontroller and debug it in this environment 

with this program. It is not necessary to write the hexadecimal code, it is enough to write the 

commandos and then the program compiles the code into hexadecimal code and then it is only 

to program the microcontroller. Before the programming phase, it is possible to simulate the 

code on the computer, giving a code with the same functionality as the programmers are 

meaning. When the functionality seems to be correct, the microcontroller’s flash memory can 

be programmed. The programming is handled by the processors monitor mode (mon08). It is 

also possible to verify that the code in the memory is correct programmed. When the code is 

stored in the flash memory it is interesting to step through the code and see that the outputs 

are correct and to easily find errors. This is possible in the debugging environment. It is also 

possible to run the code with the correct clock frequency and add breakpoints in the code. 

When the breakpoint stops the processor, it is easy to read the contents in the memory and the 

status of the conditional flags. It is always possible to change the breakpoint after one stop 

and debug a little bit longer or starting to step through the code after the breakpoint. If no 

breakpoint is added to the code there is no possibility to stop the processor without resetting 

it.  

9.9 Assembler programming projects  
The task of this project was to get the LCD module WD-J12069-6GEWa to work properly 

together with the microprocessor M68HC908JL3. To program the microprocessor the 

program WinIDE and board M68ICS08JLJK was used. These tools were also used to debug 

the circuits and the programs. This project should improve testing of LCD’s to get a fast way 

to test if they are working properly. Another project task was to write program that displays 
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information on the display. Because of that the project was split into four different small 

projects. Each project has different specific goals. 

9.9.1 Project to contact the MCU board 
The task of contact to the MCU board project was to make contact between the LCD module 

and the MCU board. The output signals from the microprocessor were no problem to find. 

These signals were specified in the manual of the board. Because this display was only for 

testing purposes to get the microcontroller to work properly together with the LCD circuit, it 

should be easy to change display circuit. Any solving should not be necessary to change LCD 

circuit. Because of that one new small and easy circuit was constructed. This circuit’s only 

task was to create a good connection between the LCD module and the MCU board. With this 

extra circuit it is easy to change LCD module.  

 

When ground and VDD from the MCU board was connected to the LCD module some 

strange voltages appear on other pins. That was because the manufacturer of the LCD module 

had switched the input pins. When the correct pin was grounded and the correct pin was set to 

VDD the voltages of the other pins seems to be correct.  

9.9.2  The black display project 
The purpose of the black display project was to get the display to become totally black. The 

program should be written in assembler and then transmitted into flash memory of the MCU. 

The MCU will then program the LCD module with necessary instructions. To do get a black 

pixel it must be a high value on that position in the GDDRAM. When a value is written to the 

GDDRAM the chip select signal must be low and the reset signal must be high. To see that all 

connections were connected in a correct way, first the commando “The entire display on” was 

tested.  Then the entire display become black and all connections seemed to be in order.  

 

When all connections were correct, data should be sent into Graphic Data Display RAM. 

Because it was only high values that should be loaded into the memory a loop was made that 

just count so the correct number of bits were transmitted into the GDDRAM. All the values 

were sent in serial. When a new value occurs at the serial input data port, the serial clock shall 

toggle to high value. Otherwise will the LCD module not understand that new values have 

arrived. After a delay of more than 100ns the serial input clock can toggle down to low again. 

The input bits shall come in serial packets of 1 byte, which means 8 bits. All the 8192 bits in 
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the GDDRAM were filled with high values. After the GDDRAM was filled with high values 

the display turned into black state. 

 

The same test was tested, but this time low values were transmitted into the GDDRAM. Then 

the entire display turned into blank state. 

 

9.9.3  Display a picture  
The purpose of the display a picture project was to get the display to show a well-defined 

picture. The picture must be in the size of 128*64 bits large and only have two colours, 

because there is only one bit in the memory to represent the colour of each pixel. The picture 

has to be described as bits and these bits have to be transmitted into the GDDRAM.   

 
Creating the picture 
To create the hexadecimal file that shall be programmed in the flash programmer the software 

MATLAB was used. A script to convert a picture into hexadecimal code was generated and 

tested. To get a working file for the flash programmer one file that WinIDE has generated was 

studied. In this “.s19” file that the flash programmer uses to address the picture, the bits must 

be stored. Because the assembler program starts in the middle of flash memory, it was very 

good to store the picture data first in the flash memory starting at address $EC00. To make it 

easier to program the flash memory after the script was completed, the address was also added 

together with the data in the m-file.  

 

One picture will occupy 1024 bytes, which is equal to 25% of the entire flash memory. It shall 

be possible to store three full size pictures and also including the assembler program. 

 

One big issue after the hexadecimal code of the picture was created was to write this into the 

“s19” file. MATLAB has well defined functions to read from a textfile and to write binary 

files. It is also possible to write one big matrix into a textfile, but to write several of strings no 

specific function was found. Instead of writing the code directly to a “s19” file the 

hexadecimal code was written in the MATLAB work screen and then pasted into a “s19” file. 

The “s19” file is the same as a common textfile but with the suffix .s19. This method work 

perfect, even if it had been nicer and better to write directly from the script to the file.  To see 

m-file and the contains of the “s19” file see Appendix A. 
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Write file to CPU flash 
The programming of the program that sends in the data from the flash memory of the MCU 

using the serial interface into the GDDRAM in the LCD module was a complicated. Because 

the data was stored in parallel form in the MCU and should be sent into the LCD module in 

serial format. Loading eight bits from the picture into the accumulator solves this problem. 

Then the eight bits was shifted out one by one. After every shifting the out-shifted bit will be 

placed in the carry flag register. This carry flag can then be used to select if a high or low 

value shall be sent into the GDDRAM. When all bits where loaded into the GDDRAM the 

picture occurs on the LCD display. 

 

It is possible in the flash programmer to program the flash with two different files with data. It 

was better to store the picture file first, because that files took longer time. That was because 

it was larger than the program file and in some cases the verification phase indicates some 

errors in the flash memory. 

9.9.4 The bouncing ball project 
In the bouncing ball project the mention was to create an animation without loading any 

picture into the flash memory. That was because there is only possible to store three full size 

pictures in the flash memory and that will not be any satisfying animation. Instead of storing 

pictures in the MCU flash memory the idea was to let some pixels moving across the display.  

 

The idea that became implemented was that a “ball” should bounce between the borders of the 

display. The ball was built up by four pixels in a square. This ball has a given direction and 

every pixel has an own position. This position and direction are stored in the flash memory of 

the MCU. They are still placed in a square, but to handle different directions and bounces in 

the borders of the LCD display all four pixels have their own placement. The stored data for 

the position is split into column number, page number and bit position. The bit position is 

how the bits are placed in the page they are in. If the two pixels that are in the same column 

are in the same page, both these two pixels will be marked as a high value in the bit position 

in both theirs bit-position data.  This bit-position data describes the absolute pixel position in 

the eight bits of the page. For example if the ball is placed in the two first bits in the same 

page they will have the bit-position data 11000000. If the ball then moves up the bit position 

will be shift so the bit position data will have the value 01100000. These eight bits are then 

shifted out to the carry bit and sent in serial form into the GDDRAM in the same way as are 

done with the picture in project three.  
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The direction data decide in what direction the ball is moving in for the moment. In the same 

moment the ball bounce into the border of the display the direction is change and the ball 

bounce back like a real ball. 

 

 

Before the next ball is printed at the screen the ball position before will be erased so the ball is 

not leaving any white traces after it has passed. This application was made to have a nice 

demo view of something moving in the display and if necessary it is possible to make it 

better. Because the LCD display is a little bit to slow to change into transparent phase it looks 

a little bit like a comet when the ball is moving across the LCD. 

 
 

Fig. 9.1 Shows six different pictures how the ball is moving across the display. 
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10 Abbreviations 
MTCMOS - Multi Threshold CMOS 

VTCMOS - Variable Threshold CMOS 

LCD - Liquid Crystal Display 

LS - Level Shifter 

RGB - Red Green Blue 

ITO - Indium Thin Oxide 

TFT - Thin Film Transistor 

PMOS - P-channel Metal On Semiconductor transistor 

NMOS - N-channel Metal On Semiconductor transistor 

CMOS - Complementary MOS transistor 

MP - A P-channel transistor in a picture  

MN - A N-channel transistor in a picture 

CPU - Central Processor Unit 

TPVD – Two Phase Voltage Doubler 

MPVD – Multi Phase Voltage Doubler 

MEMS – Microelectro-mechanical devices and system 

GDDRAM - Graphic Display Data Random Access Memory 

MCU - Micro Controller Unit 

RMS - Root-Mean-Square 

LCN – Leakage computing network 
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12 Appendix A 
 
In section 9.9.3 there was a m-file for matlab used. This m-file is presented in Appendix A. 
Also the output from the m-file is presented in Appendix A. 
 
function [b,c]= pic2mem(picture) 
bild = imread(picture); 
csvwrite('kolla.txt',bild) 
 
for i=1:8 
    d = (i-1)*8; 
    for j=1:8 
        for k=1:128 
            bild_matris(j,k+d*16) = bild(j+d,k); 
        end 
    end 
end 
c =bild 
 
nr = 1; 
for j=1:1024 
    ord1 = ['']; 
    for i=1:4 
        if bild_matris(i,j) == 0 
            ord1 =[ord1 '0']; 
        else 
            ord1 =[ord1 '1']; 
        end 
    end 
    hexmatris(1,nr) = dec2hex(bin2dec(ord1)); 
    nr = nr + 1; 
    ord1 = ['']; 
    for i=5:8 
        if bild_matris(i,j) == 0 
            ord1 =[ord1 '0']; 
        else 
            ord1 =[ord1 '1']; 
        end 
    end 
     
    hexmatris(1,nr) = dec2hex(bin2dec(ord1)); 
    nr = nr + 1; 
end 
 
adress = 60416; 
b= hexmatris; 
for j=1:64 
    d=(j-1)*32; 
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     in(j,1:40)=['S113' dec2hex(adress) hexmatris((d+1):((d+32)))]; 
    adress = adress + 16;     
end 
b = in; 
 
 
Output from m-file 
S113F6009C4F5F6E3F046E80006E140012006E10FB 
S113F6100012006E140012006E100012006E14002E 
S113F62012006E140012006E140012006E14001208 
S113F630006E1800CDF688A600B781AE006E009467 
S113F6406E0095CDF80C6E0082C7FFFF6E089055D2 
S113F65094D6EC004425066E5100CCF6606E55003D 
S113F66012003A9026EE3C9526023C946E5900A670 
S113F67001BB82B782A18026D3A601BB81B781A139 
S113F6800826C0C7FFFF20FB6E140012006E100096 
S113F69012006E140012006E100012006E1400129C 
S113F6A0006E100012006E100012006E10001200A6 
S113F6B06E18006E500012006E500012006E54005E 
S113F6C012006E540012006E540012006E540012A8 
S113F6D0006E540012006E500012006E58006E54FA 
S113F6E00012006E500012006E540012006E5000A2 
S113F6F012006E540012006E500012006E50001280 
S113F700006E540012006E58006E540012006E50C9 
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