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CHAPTER 1 

INTRODUCTION 

1 • 1 Historical Perspectives of Integrated Circuits 

A circuit made using microelectronic technologies is termed an integrated circuit 

(IC) or a chip, and the entire circuit is constmcted on one substrate. The comerstone of 

the integrated circuit is the transistor, which was invented by Bell Laboratories in 1947. 

Integration density and performance of integrated circuits have gone through an 

astounding revolution in the last few decades. 

In the 1950's, a few transistors and other components combined to form AND. OR 

and NOR gates. Gate level discrete devices were designed. In the mid-1960's, SSI 

(Small-Scale Integration) logic was implemented. A few gates (NAND, NOR, OR, 

AND, XOR, NOT, and INVERTER) were available as a means of improving the design. 

In the early 1970's, MSI (Medium-Scale Integrafion) logic was implemented where up to 

200 gates, registers, decoders, multiplexers, counters, etc., were packed together in a 

single chip. Since larger blocks could be applied, MSI logic allowed more modular 

designs and speeded up the design process. In the late 1970's, LSI (Large-Scale 

Integration) logic was implemented, where several hundred gates were used. During this 

time. Arithmetic Logic Units (ALUs) with on-board registers, microprogrammable 

sequencers and intermpt controllers in a bit-slice format became available. Memory 

chips (ROM, PROM, RAM) in increasing size became readily available. LSI culminated 

in the one-chip processors. In the early 1980's, VLSI (Very Large-Scale Integrafion) and 

VHSLI (Very High Speed Large-Scale Integration) logics were introduced. Up to 20,000 



or more gates were used to build larger funcfional blocks and their related circuitr\' in low 

power, faster chips. CPUs (Central Processing Units) and some complex functional 

blocks became available in this fime frame. LSI and VLSI further increased the modular 

block size, reduced design time, space and power considerations and increased reliability. 

In the late 1980's, up to 30,000 gates were used for ASIC (Application Specific 

Integrated Circuit) designs. In the early 1990's, up to 100,000 gates and with increasing 

speed up to 1.4 GHz were used for ASIC designs. Now, more than one million 

transistors may be used on a single chip using ULSI (Ultra Large-Scale Integration) 

techniques. 

Today's integrated circuit designers are striving to obtain the highest possible 

performance at the least possible cost in the shortest design time. In the meantime, 

design engineers are facing basic choices in design and implementation methods, some of 

which are hardwired logic, microprogrammable or bit-slice architecture and ASIC design 

[1]. Architecture, size, word length, instmction set and speed are major factors in 

choosing the best design method. 

1.2 Present Trend in Integrated Circuit Design 

The electronics industry demands ever more powerftil, portable, and cheaper 

products. As a result, chip design methodology used in industry has been constanfiy 

changing. With aid of more and more powerful design tools developed and provided by 

electronic design automafion (EDA) companies, the current trend is toward designing at 

higher levels of abstraction: from transistor level and gate level in the past years, to 

register transfer level today, and to system level in the future [3]. 



Applicafion-specific ICs (ASIC) with a few reused circuit blocks are the most 

common design at the present time. Processors with ASIC designs are optimized for their 

intended applications, often achieving orders of magnitude improvement in performance 

compared to general purpose processors, because general purpose processors like Intel's 

80x86, sacrifice performance in order to achieve flexibility and generality. ASIC 

processors have wide applications in signal processing and Ccin be made to exactly match 

requirements of the application. However, the cost of such design is higher than general-

purpose processors, as each design is uniquely made for a specific application. Further, 

for many applications, it is difficult to give a clear specification at the beginning of the 

design. Many evaluations can only be done when the chip is integrated into the system, 

when some changes are necessary. 

In order to overcome some of these problems of ASIC design, another kind of 

design called Application Specific Programmable Processor (ASPP) emerged. ASPPs are 

designed for applications in a specific domain, such as digital filtering. ASPPs offers 

some flexibility, yet still meet high performance requirement at reasonable cost. ASPPs 

can also be used as processor cores to speed up complex designs and open the doors for 

design reuse. Design reuse is using previous designs for new applications. 

With the advent of submicron geometries has come the opportunity for designers 

to build all of the circuitry needed for complete electronic systems, such as cameras, 

radios, or PCs, on a single chip. This coming design paradigm is called system-on-a-

chip. EDA companies are pushing new design methods that will usher system-on-a-chip 

products into the mainstream. System-on-a-chip design is the only way to develop huge 

systems on a single silicon substrate in a short design time. System-on-a-chip design 



begins at the system level through planned reuse of functional components, including 

programmable processors, mixed-signal functions and software. The first step is to 

identify and acquire building blocks that perform the needed functions and are commonly 

referred to as intellectual property, or IP. IP blocks can be traded and integrated into 

chips much as chips are used today for board level integrafion. Nevertheless, designing a 

component for reuse in a variety of systems is an as-yet-unmet requirement of successful 

system-on-a-chip practice. A component designed for reuse needs to be easily 

incorporated into many designs and portable to various process technologies. Designing 

a block for reuse takes longer than designing a block for use in only one design. 

However, competition between business units seldom allows any one group to spend 

extra money and effort to create reusable blocks for someone else [3]. 

In fact, few companies today have the time or resources to design all the 

components they need from scratch. As a result, designing building blocks for reuse is 

essential to reduce cost and shorten design time in both ASIC and system-on-a chip 

design paradigms. 

1.3 Building Blocks for Integrated Circuit Design 

The motivations of large-scale digital design are lower cost, higher speed, higher 

reliability, shorter design time and flexibility. Basic building blocks can meet all the 

above objectives in most applications. Building blocks can be designed using existing 

computer-aided design tools and are basically LSI blocks where several hundred gates 

may be used. As complexity is not a big issue in designing building blocks, required 

design time and cost can be kept low [5]. 



Building blocks solve any potential pin-out problem. There is an upper limit of 

number of pins on the package holding the chip to keep the die size small and the cost 

low. For example, if the upper limit of the pins on a chip is 60, then it is not feasible to 

constmct a 32 word by 32 bit register file chip, since such a device will require over 60 

pins. As building blocks are made units of smaller bits and can be cascaded to make 

higher bit units that do not have any pin-out problem. 

Basic building blocks provide flexibility in designing complicated systems by 

solving the "part proliferation" problem of VLSI design [4]. In producing a VLSI device, 

the design cost is extremely high, but the production cost per unit is extremely low. 

Hence, the economics of VLSI are very attractive when a large number of each type can 

be used. This leads to a problem. The large number of circuits on a VLSI device could 

easily imply that such devices are specialized toward a particular system and unusable in 

other designs [4]. For example, suppose that a computer company was developing a 

family of processors each with distinct cost and performance objectives. If one could 

design several chips for use in processor A, it is unlikely that they could be used in 

processor B, because the processors are likely to have dissimilar intemal designs 

(different data path widths, different ALU functions, different degrees of intemal 

parallelism). This puts a restriction on the volume in which a chip can be manufactured. 

The road to a solution is the realizafion that, in VLSI design, one should not be 

pre-occupied with minimizing the number of elementary components or gates in a 

system, but rather with minimizing the number of chip types [4]. So, some universal chip 

types are needed. Rather than containing stafic functions, the functions of these devices 

should be capable of being controlled externally (i.e., by logic external to the device). To 



serve as building blocks in a large number of systems these devices should be capable of 

performing a large number of functions, many of which might not be used in a particular 

design. At the same time these universal devices should place few, if any. restrictions on 

the design in which they might be used (e.g., restrictions on the data path size) [4]. 

Designing basic building blocks is an answer to these requirements. 

By designing fundamental building blocks, engineers will be provided with some 

powerful, fast, expandable and flexible building blocks to be tied together to meet the 

requirements in an ASIC design or in general purpose application. Even though some of 

the present integrated circuit layout tools have libraries with building blocks, they are 

frequently primitive gates (AND, OR, XOR, INVERTER, etc.) only. It takes a long time 

and significant labor to design complicated circuits from these gates. To obtain the 

advantages of modular based design, tool libraries must have building blocks at the MSI 

or LSI level [5]. 

1.4 Thesis Objectives 

From the above discussion, the building block-based design is one of the top 

choices in present integrated circuit design world. By using basic building blocks, large-

scale digital design can achieve lower cost, higher speed, higher reliability, shorter design 

time and flexibility. Currently, to invesfigate the nature and advantages of building block 

design, a tool library with various functional building blocks in layout form is being 

designed in our research group. In addition, in the near future, some microprocessors 

will be built up by connecting those powerful, fast, expandable and flexible functional 

building blocks together as design examples of the building block-based design method. 



A basic microprocessor has a timing and control unit for sequencing, an 

arithmetic logic unit (ALU) for processing instmctions, an instmction decoder, and 

register banks for temporary storage during arithmetic operation. Figure 1.1 [2] shows a 

diagram of a basic microprocessor. 

Data Address 

U 
ALU 

^ w 

Timing and 
Control Unit 

Registers 

^̂  

Instmction 
Decoder 

Figure 1.1 Diagram of a basic microprocessor 

The ALU and some of control unit have been addressed by other students. The 

objective of this thesis is to design register building blocks to serve the research project. 

These register building blocks should be generic and connectable to other functional 

building blocks. Especially, when they are used for any further hierarchical design later, 

they should be easily expanded to any bit size. This is called bit-slice technology. Two 

building blocks are designed, laid out and simulated in this thesis. They are a general-

purpose register (4 by 4 register file) building block and a special purpose register (for 



pipeline register and instmction register) building block. The focus of these designs is 

fimctional performance, expansion capability, timing analysis and layout area reduction. 

1.5 Thesis Organization 

This thesis is organized in the following fashion. Chapter 2 describes the register 

file design in a datapath context. The register design as a control unit is discussed in the 

Chapter 3. Chapter 4 details the layout procedure of the several proposed building 

blocks. Chapter 5 presents the simulation results and Chapter 6 describes the 

conclusions. 



CHAPTER 2 

A MODULAR REGISTER FILE DESIGN 

2.1 Register File in Microcomputer Design 

The core of the microcomputer system is the microprocessor. It is also called the 

central processing unit (CPU). A microprocessor may be on a single semiconductor chip, 

or on several interconnecting chips. The functional blocks include an arithmetic logic unit 

(ALU) for processing instmctions, an instmction decoder, register bank for temporary 

storage during arithmetic operation, and timing and control circuits such as clock 

oscillators, frequency dividers, and counters for sequencing. 

The registers play a very important role in microcomputers. The majorit\ of 

operations inside the microcomputer are transfers of data from one register to another, 

sometimes between registers of different types. Registers have different purposes. Some 

microprocessors allow the programmer to assign different functions to registers. 

Common registers include: program counter, instmction register, accumulator, 

index register, condition code storage, stack pointer, and general-purpose registers [2]. 

A register file is a collection of general-purpose registers. The reason it is called a 

'•file'' is that it is a group of registers or a bank of registers. The register file can have a 

variety of functions. They can serve as temporary storage for data or addresses. The 

programmer may be able to assign one of the registers as an accumulator or even as a 

program counter. Also, they can be assigned as memory address registers (MAR) to hold 

the addresses of data in memory [2]. 



When the CPU has a large number of registers, programs do not require as many 

transfers of data to and from the memory. This reduces the number of memory accesses 

and increases the speed of the system. Modem microprocessors have dozens of registers. 

However, chip size limits the number of registers in a microprocessor. 

Today's basic microprocessor consists of two essential components: a data path 

and a control unit. The data path sometimes called the execution unit is the place where 

the microprocessor executes operations such as addition, subtraction, shift, rotation and 

Boolean logical ftinctions on data. The register file is a major part of data path. Figure 

2.1 [6] is block diagram of a simple RISC computer. 

CPU 

Control Unit ADD.wait. . 

— I — I — I 

Control signal out 
• • • 

Z • Z 
Control unit inputs 

31 
131...01 

RO 

R31 

32 32-bil 
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_ purpose 
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32 

• 

ALU 
C 

31 

M P PC 

Data Path 

IR 

MA 

To memory subsystem 

< • 
MD < • 

Main 
Memory 

Input/Output 

Memory bus 

Figure 2.1 Block diagram of a simple RISC computer 
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The design of the data path involves decisions at two levels [6]. The highest level 

is about the microarchitecture, where the basic registers and interconnections of an 

implementation are laid out. Those decisions affect the register transfers that can be 

performed and how many of them can be performed simultaneously. There are also 

design decisions about the type of flip-flop used to implement registers and the type of 

interconnecting bus to use. Those decisions affect the speed at which each register 

transfer can be done, and also the overall clock rate of the machine. 

2.2 Register Transfer Notation 

The importance of moving data among registers and memory cells in a computer, 

sometimes transforming that data in the process, makes notation schemes known as 

register transfer languages a good method for incorporating the right level of precision 

into a computer specification [8]. A generic register transfer notation has been 

developed, which is used to specify the behavior of computers and describes the 

hardware to implement that behavior. It is based on the ISP (Instmction Set Processor) 

language developed by Gordon Bell and Alan Newell [6]. It is similar to the Register 

Transfer Language in current use. For example, RTN describes an addition operation 

using two ways: Abstract RTN and Concrete RTN. Figure 2.2 shows registers and 

arithmetic units connected by one bus. 

Abstract RTN describes the register transfer in terms of its effects. In other words, 

it describes what the transfer accomplishes: 

R [3]<-R [1]+R [2]. 

11 



Concrete RTN describes how the transfer happens in a particular hardware 

implementation: 

Y<-R [2]; Z<-R [1] + Y; R [3]<-Z. 

In addition, the control sequence translates the concrete RTN to the sequence of 

control signals needed to accomplish the concrete RTN: 

K. L2Jout» i in; R [IJoutj Zin; Zoutj R[3]in. 

R[0]in -

R[l]in -

R[n-1L - > 

Figure 2.2 Registers and arithmetic units [6] 
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2.3 Register File Implementation 

To show the implementation of a register file, the instmction add is chosen as an 

example. Two simple block diagrams. Figures 2.3 and 2.4 [6], show the register file and 

its connections with other related components. An assumption is made that the register 

file contains 32 words (32 registers). Input signals to the register file come from the 

instmction register (IR). The fields ra, rb, re in the IR specify source and destination 

registers. There are control signals, Gra, Grb, Grc, that gate one of the three register fields 

in the 5-32 decoder, that decodes the register field to 1 of 32 select lines. The decoder 

outputs can be used to either strobe or gate the bus into or out of the selected register, 

when they are asserted along with control signals Rin and Rout, respectively. 

Implementation of the instmction add [4]: 

Abstract RTN: (IR<- M [PC]: PC<- PC + 4 instmcfion_execufion); 

Instmction_execution: = (... 

add(: = op = 12) ^ R [ra] <- R [rb] + R [re]. 

This abstract RTN specification says that the instmction pointed to by PC is 

fetched into the instmction register, IR; the PC is incremented by 4, so it points to the 

next instmction, which is 4 bytes away; and the instmction is executed. After the 

execution of the instmction add, register ra contains the sum of registers rb and re. 

13 
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Figure 2.4 Simple block diagram of the register file 
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This operation takes six steps. 

1. Copy the PC into the MA register, increment the PC, and store the result in 

register C. 

2. Read from memory into MD register the value stored in the address pointed to 

by MA, and copy C into the PC. 

3. Copy the contents of MD into the IR. 

4. Copy register rb out onto the bus and store into register A. 

5. Copy register re out onto the bus, and into the B input of the ALU, perform an 

Add, and store the result into register C. 

6. Copy the contents of register C onto the bus and store into register ra. 

Concrete RTN and Control Sequence for the add instmcfion is shown in Table 2.1 

below. 

Table 2.1 Concrete RTN and Control Sequence for the add instmction 

Step 

TO 

Tl 

T2 

T3 

T4 

T5 

RTN 

MA<-PC:C<-PC + 4; 

MD <-M[MA]: PC <-C; 

IR <-MD; 

A <-R[rb]; 

C < - A + R[rc]; 

R[ra] <-C; 

Control Sequence 

PCout, MA.n, I N C 4 , Cin 

Cout, PC in. Read, Wait 

MDout, IRin 

^xhi tV)ut5 Ajn 

Grc, Rout, A D D , Cin 

Cout̂ Gra, Rin, End 
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2.4 A Modular 4-word by 4-bit Register File Design 

2.4.1 Hardware Circuit 

The 4 by 4 register file module consists of a memory cell array, a write/read 

address decoder and output circuit, as shown in Figure 2.5. Like a static RAM, the stored 

information remains valid as long as power is applied to the register file. 

In Figure 2.4, each square in the 4 x 4 array is a memory cell. Each row indicates 

one word. Each column indicates one bit. So, there are 4 words and each word has 4 

bits. For each word, there is a select signal from the output of the address decoder. 

When the enable signal is low, a "write" operation is active and the content of the input 

data is written into the selected word of the register file. When the enable signal is high, 

a "read" operation is active and the content of the selected word goes to the data bus 

through the output circuit. The whole block works when the chip select is low. 

2.4.1.1 Memory Cell Array 

The entire cell array is built up with 16 cells and corresponding bit and word 

directions. The bit cell is implemented with a D-Latch as shown in Figure 2.6. 

16 



D3-D0 

Address 

AO-Al 

Output Circuit 

c 

ii 

4 b 

i 

y4 
^ay 

L 

r 

iL 

W/R Enable chip Select Preset, Clear 

Bus 

Preset 

Clear 

Data3-0 

Chip Select 

4 

+ 
4 

+ 
+ 

Address 1-0 —f-

W/R Enable 

4 by 4 
Register file 

building 
block 

-t 
Data outputs-0 

Figure 2.5 Block diagram of the 4x4 register file module 
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Figure 2.6 D-latch cell 

The characteristic equation of the D Latch is: 

Q^ = DC + CQ 

Where Q* is the output of the next state; Q is the present state; D is the excitation 

input; C is the enable input. When C = 0, Q* = Q,it holds the last value of D that was 

entered. When C = 7, ^ * = D, the excitation input D is gated directly to output Q. 

The operation of the D Latch is illustrated in the timing diagram of Figure 2.7 [8]. 

In addition, there are setup time tsu, hold fime th and pulse-width constraints for 

the D Latch. As shown in Figure 2.8 [8], to guarantee correct operation, the excitation 

input should not change (be stable) within the time period [T - tsu, T + th], and the enable 

pulse must have sufficient width. 
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Figure 2.8 Setup time tsu, hold time th and pulse-width constraints for D latch 
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2.4.1.2 Write/Read Address Decoder and Input Control Signals 

The write/read address decoder is implemented with NAND gates and inverters. 

The tmth table is shown in Table 2.2. 

Table 2.2 Tmth table of the address decoder 

W/Rl 

0 

0 

1 

1 

W/RO 

0 

1 

0 

1 

Q3 

1 

1 

1 

0 

Q2 

1 

1 

0 

1 

Qi 

1 

0 

1 

1 

QO 

0 

1 

1 

1 

W/R 1-0: 2-bit address of the selected word for write or read operation. 

Q3-0: address decoder outputs. 

With other control signals, the tmth table of whole input circuit is shown in Table 

2.3. 

Table 2.3 Tmth table of the input logic circuit 

cs 

0 

0 

0 

0 

W/R 

Enable 

0 

0 

0 

0 

W/Rl 

0 

0 

1 

1 

W/RO 

0 

1 

0 

1 

SW3 

0 

0 

0 

1 

SW2 

0 

0 

1 

0 

SWl 

0 

1 

0 

0 

swo 

1 

0 

0 

0 

CS: chip select line is active low. 

W/R Enable: "write" operation is active low. "Read" operation is active high. 

W/R 1-0: 2 bit address of the selected word for write or read operation. 
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SW3-0: word select line. 

The detailed logic schematic is shown in Figure 2.9. 

cs tH'^ 
W/E EnjLblt 

t>^^o 

W/P.O 

W/El 

M 
{>-^ 

> 

To out-pijt. t r i -

> 

> 

> 

01 

Qi 

> ^ 

J ? l e e : 'i}i 

e l e c t M̂  
I 

s e l e c t - "xvl 

s e l e c t wO 
1 

Figure 2.9 Write/Read address decoder and input control signals 

2.4.1.3 Data Output Circuit 

The data output circuit is implemented with NOR gates, NAND gates, inverters 

and tri-state buffers. The tri-state buffers are used here to control the output data for the 

"read" operation. The logic circuit schematic is shown in Figure 2.10. 
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Figure 2.10 Schematic of data output circuit 

2.4.2 PSpice Simulation and Verification 

Figure 2.11 shows a PSpice simulation circuit for the 4 by 4 register file. The 

Register File input signals stimuli are shown in Figure 2.12. The Register File simulation 

output results are shown in Figure 2.13. The logical performance of the design is verified 

and it fimctions correctiy. As shown in the figures, after clear signals, contents of four 

words are "0"s. When "W/R" is low which means "write in", input data "1111" are 

written into word 00, and input data "0011" is written into word 10 sequentially, while 

the output shown at output port is a high impedance. When the "W/R" signal becomes 

" 1 " which means "read out", output port shows the content of word 10 which is "00 U". 
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After the address line select word 00, the output port shows the content of word 00 which 

is "1111". When the address line changes to word 10 again, the output port shows the 

content of word 10 which is "0011". When the second write in signal comes, the output 

port shows high impedance. The input data and addresses are random bit sets. The 

accurate timing analysis is performed after layout using L-Edit and is shown in Chapter 

Figure 2.11 Simulation circuit of the 4 by 4 register file 
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2.4.3 Expansion Capability in Future Uses 

The 4 x 4 register file designed is a basic building block. Its expansion capability 

is very important for ftjture uses. This register file can be easily expanded in both word 

direction and bit direction. In other words, both storage size and word length can be 

increased. If increased length of the word is needed, this can be achieve by simply 

connecting all the corresponding input signals of different basic 4 by 4 modules together. 

For example, two 4 x 4 register file modules can build a 4 word x 8 bit register file. 

Module 1 's control lines and module2's control lines are connected. Figure 2.14 shows 

the basic connection. 

8 input data lines 
4 4 

Address 

Chip select 

Read/Write 

Data 

Address 

CS 

RAV 

Data 

Address 

CS 

R/W 

8 output data lines 

Figure 2.14 Register file expansion in bit direction (to 8 bits) 
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For expanding the number of words, an input signal "chip select"(or "module 

select") is used in the basic module. By adding a decoder, a certain number of basic 4 by 

4 modules connected can achieve 8, 16, 32 word register files. When the number of 

words increases, the size of the memory increases. This means that the number of bits for 

the address specifying a selected word is also increased. That is shown in the source and 

destination fields of the instmction register. For example, a SPARC machine has 32 

general-purpose registers (words), the source and destination fields of the instmction 

register should have 5 bits to specify a register (word) in the register file. In this case. 3 

bits can be used for addressing a certain basic module, and 2 bits can be used for 

addressing a word in the certain module. An extemal 3 to 8 decoder is used here to select 

the individual chips fi^om the additional 3 address bits of the register file. The 3 bit 

address lines are inputs of the 3 to 8 decoder, the 8 CS lines of 8 modules are output of 

the 3 to 8 decoder. The basic connection is shown in Figure 2.15. 
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CHAPTER 3 

DESIGN OF MODULAR INSTRUCTION REGISTER AND 

MODULAR PIPELINE REGISTER 

The computer control unit provides the fiming signals to the rest of the processor. 

It consists of the instmction register, mapping ROM, CCU mulfiplexer, combinational 

incrementer, microprogram counter, microprogram ROM, and pipeline register. Figure 

3.1 [9] shows the computer control unit of the CISCO 1 microprocessor. The instmction 

register and pipeline register are shown in Figure 3.1. 
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Figure 3.1 CISC 01 computer control unit. 
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3.1 Instmction Register in Control Unit 

The purpose of the Instmction Register is to store the macroinstmction operation 

code (OpCode) during the execution of the instmction. Generally, the contents of the 

instmction register are divided into two fields: the OpCode and the data available to the 

intemal data bus. The number of the bits in the OpCode field corresponds to the number 

of instmctions. For example, if there are five bits in the OpCode, the processor will be 

able to execute 32 different instmctions. 

The instmction register will be loaded with a macroinstmction OpCode 

immediately following a memory read of that OpCode. 

3.2 Pipeline Register in Control Unit 

The purpose of the pipeline register is to hold the microprogram word in a stable 

state during the period of time it is controlling the state machine. It can be divided into 

two fields. The first field is used to control the state machine. The bits in the first field 

are connected to those points within the circuit as defined. The second field is to control 

the computer control unit (CCU). The bits in the second field are fed back to the CCU in 

order to adjust the CCU mulfiplexer, preparing the data path through the CCU for the 

next clock cycle. 

As shown in Figure 3.2 [9], at a negative-edge of the clock, the pipeline register is 

loaded with the microprogram word. After a propagation delay through the pipeline 

register, the output of pipeline register is valid. 
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Figure 3.2 Computer control unit timing cycle 

3.3 Modular Instmction Register and Pipeline Register Design 

After comparing various designs such as CISC 01,CISC 02, CISC 03. CISC04 

proposed by John W. Carter in book Microprocessor Architecture and 

Microprogramming, A State Machine Approach, the author proposes an 8-bit modular 

building block in this study. The number of bits in the instmction registers and the 

pipeline registers of several microprocessors are shown in Table 3.1. Since the stmcture 

of an instmction register and a pipeline register are very similar, both of them can be 

implemented with negafive-edge trigged D flip-flops. Therefore, this basic block can be 

used to constmct an instmction register or a pipeline register. 
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Table3.1 Number of bits in instmcfion registers and in pipeline registers 

Instmction 

Register 

Pipeline 

Register 

CISC 01 

8 bits 

23 bits 

CISC 02 

8 bits 

44 bits 

CISC 03 

16 bits 

64 bits 

CISC 04 

16 bits 

70 bits 

3.3.1 Hardware Circuits 

The building block consists of 8 negative-edge trigged D flip-flops as shown in 

Figure 3.3. Each negative-edge trigged D flip-flop (DFF) consists of six NAND gates and 

one inverter. Figure 3.4 is the logic diagram of the DFF. The timing diagram is shown in 

Figure 3.5. 
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3.3.2 PSpice Simulafion and Verification 

Figure 3.6 shows PSpice simulation circuit of the modular instmcfion register or 

pipeline register. 

The input signal stimuli are shown in Figure 3.7. After a "clear" signal, at the 

first negative edge of clock, the input data is "01010101". At the second negafive edge of 

the clock, the input data is "00001 111". The input data is a random bit set. 

The simulation output results are shown in Figure 3.8. The logical performance 

of the design is verified and it functions correctly. As shown in Figures 3.8, after a clear 

signal, all 8 bit outputs of the register block are "0". Following the first negative edge of 

clock, the output of the register block becomes "01010101". Following the second 

negative edge of clock, the output of the register block becomes "00001 111". 

An accurate timing analysis is performed after layout using L-Edit and is shown 

in Chapter 5. 
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3.3.3 Expansion Capability in Fumre Uses 

This special purpose module can be easily expanded by connecting the control 

pins with same function of several modules together. For instance, two modules can be 

used for a 16 bit instmction register or pipeline register, four modules can be used for a 

32-bit instruction register or pipeline register and so on. For example, the CISC 03 has 

16-bits in the instmction register, two modules can be used as shown in Figure 3.9. 
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Figure 3.9. The 16-bit instmcfion register of the CISC 03 
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CHAPTER 4 

LAYOUT OF CMOS REGISTER FILE AND REGISTER MODULES 

4.1 Overview of Physical Design of CMOS Integrated Circuits 

An integrated circuit represents the physical realization of a digital logic system. 

When implementing the design, logic gates consisting of transistors form the most basic 

level. The next level of design uses these gates to create logic functions and subsystems. 

Placing the system together into a single chip finalizes the design process. Physical 

design of integrated circuits is to realize a circuit on the surface of a semiconductor 

wafer. Computer layout tools are used to translate the circuit schematic into a set of 

patterned layers that form the integrated stmcture in a silicon substrate. After the layout 

drawings are completed, the information can be used to fabricate the masks needed for 

the process. 

CMOS standard cells are used in this study. CMOS (complementary metal oxide 

silicon) is recognized as a leading technology for existing and future VLSI systems. 

CMOS technology provides high speed, low power dissipation and high density. 

4.2 Considerafions in Chip Layout 

4.2.1 Floorplan 

Floorplanning is the exercise of arranging blocks of layout within a chip to 

minimize area or maximize speed. 

The floorplan of the chip presents the placement and area consumption of the 

major logic fimcfions in the finished chip. Floorplan design is performed at the 
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architectural level. All major operafion groups are identified and the requirements of 

interconnect are studied. Since the large-scale system performance is directly affected, 

the placement of the cell is not arbitrary. 

The main idea of the floorplan is illustrated in Figure 4.1 [10]. The blocks labeled 

Unit A, Unit B, Unit C, etc., represent distinct cells, each with a specific logic function. 

Input and output lines are specified by port locafions on the blocks. In addition, power 

supply and ground connections must be included. Interconnections among units must be 

routed within the limits imposed by the layout design mles. The lines may go around 

functional units, or may pass through or over them. 

Vdd 

Figure 4.1 Layout concepts 
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The floorplan is important to designers at all levels. At the system level, the 

distance between fimctional blocks can limit the data transmission speed and the chip 

performance. 

4.2.2 Interconnection 

In high-density system design, the limifing factor is the interconnect routing and 

connections. One reason for this situation is the existence of basic layout mles such as 

• The minimum width and spacing mles for wires on the same layer. 

• Surround design mles that are required for contacts and vias. 

These automatically limit the density of the wiring. Since each later is 

intrinsically two-dimensional, wires on the same layer cannot cross without creating an 

electrical short circuit. Routing must be implemented using cross-overs and cross-

unders, and the problem can become very complex [10]. 

Interconnect routing is complicated by parasitic electrical coupling among lines 

that are physically close to each other. This is called crosstalk, and can cause data 

transmission errors. Crosstalk problems can be difficult to isolate, particularly in high-

density layouts. It is therefore best to avoid it in the original design. By obeying all 

design mle spacings, avoiding long lengths of parallel lines, and purposely introducing 

"kinks" into the lines to disturb the coupling, the effects can be minimized. 

4.2.3 Padframe 

The logic circuit is placed inside a padframe. The padframe is composed of a ring 

of individual pads. A pad is a link between a pin on the chip packaging and the logic 
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circuit. Pads have specific functions (i.e., input, output, and power supply), and usually 

contain circuitry to protect the chip, as well as to perform their function. 

In the padframe, logic signals and power lines are connected from the circuit to 

the pads. This is called pad routing. Usually, these signal routes are arranged in such wa\ 

that no two signals are crossing each other. 

4.2.4 Power Distribution 

All integrated circuits require power distribution bus lines to supply current to the 

gates. In CMOS, usually a positive VDD and a ground VSS voltage are routed across the 

die. It is important to use a regular geometrical stmcture that accommodates the shapes 

of the logic cells. Power distribution lines must be capable of handling relatively large 

current levels. In general, since low resistance lines are essential, wide metal lines are 

used for power lines. Figure 4.2 shows a simple example of power supply and ground 

distribution. It provides Vdd and Gnd rails with space in between for the placement of 

circuits. 

VDD 

ij;<k!ms4i^iiis>:^Mdmi,!:,m>;m,!i,ss^^ 

«:.iisi^.imiim«i>nvM!S-x-i-«!fxmif 

GND 

Figure 4.2 Power supply and ground distribution 
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4.3 Physical Layout of CMOS Register File and Register Modules 

Two chips are laid out in this study. One chip is a register file, and another chip is 

a pipeline register or a instmction register. They are laid out by using L-Edit CMOS 

layout tool (version 6.5), an integrated circuit layout editor from Tanner Research, Inc. 

with 1.2|.im SCN (Scalable CMOS N-well) technology. 

4.3.1 Floorplan and Layout of Register File Module 

Figure 4.3 presents the floorplan and pin arrangements of the 4 x 4 register file 

chip. 

To make the chip compact and interconnection short, standard cells were placed 

horizontally to constmct memory cell array, address decoder, and output circuit blocks. 

The standard cells fit together like bricks in a wall. Then these blocks were stacked 

vertically and connected with the power supply, ground, control, input, and output lines. 

All design mles (minimum length, width, space, etc.) were followed to make a correct 

layout. The power supply and the ground distribution were routed in a manner similar to 

Figure 4.2. Because low resistance lines are essential, wide metal lines are used for power 

lines. The control signals were routed both vertically and horizontally to connect 

fimctional circuit blocks. Figure 4.4 shows the actual layout of the 4 x 4 register file 

building block. 

A standard 40-pin tiny-frame in the L-Edit tool library is used. The 4 x 4 register 

file building block requires 22 pins. Four pins are for 4-bit input data (D3 - Do), 4 pins 

are for 4-bit output data (Outs -Outo). CS (chip select), W/RE (write/read enable). 
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Ai(address bit 1), and Ao (address bit 0) are control lines. In addifion, there are 8 pins 

(PrS's and Clr's) for preset and clear control signals. There are 2 pins for power supply 

(Vdd) and the ground (Gnd). Figure 4.5 shows the actual physical layout of the 4 x 4 

register file with tiny-frame. 
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Figure 4.4 Layout of 4 x 4 register file 
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Figure 4.5 Physical layout of the 4 x 4 register file chip 
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4.3.2 Floorplan and Layout of Instmction Register 

and Pipeline Register Module 

Figure 4.6 presents the floorplan and pins arrangements of the instmction register 

and pipeline register module. 
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Figure 4.6 Floorplan and pin arrangement of the instmcfion register and pipeline register 
module 
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Like the layout for register file, the standard 40-pin tiny-frame in the L-Edit tool 

library is used. The 8 bit instmction register and pipeline register building blocks require 

11 pins. Eight pins are for 8-bit input data (Dy - Do), 8 pins are for 8-bit output data (Q; 

-Qo). There are 3 pins, Clk, PrS and Clr, for clock, preset and clear control signals. In 

addition, there are 2 pins for power supply (Vdd) and the ground (Gnd). 

To make the chip compact and interconnection short, standard cells were placed 

horizontally. By using the DRC (design mle check) in L-Edit, All design mles 

(minimum length, width, space, etc.) were followed. Figure 4.7 presents the layout of 1 

bit section of the instmction register/pipeline register building block. Placing 8 negative-

edge triggered D flip-flops side by side forms 8-bit register module. Figure 4.8 shows the 

layout of 8-bit register module. Figure 4.9 shows the actual physical layout of the 

instmction/pipeline register module with 40 pin tiny-frame. 
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Figure 4.7 Layout of 1 bit section of the instmction / pipeline register module 
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Figure 4.9 Physical layout of the instmction/pipeline register module 
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CHAPTER 5 

LAYOUT POST SIMULATION RESULTS 

5.1 Register File Simulation Results 

The layout of the 4 x 4 register file has been extracted, and simulated by using 

PSpice (Version 8.0) simulation tool. The extracted file from L-Edit is used as the input 

file for the simulation. Successful simulations were been mn on PSpice. The pads were 

not included for the simulation. Figure 5.1 shows the PSpice post simulafion schematic. 
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Figure 5.2(a), 5.2(b), 5.4(a), and 5.4(b) present the simulation results for two test 

cases with different combinations of "write" operations, "read' operations and input data. 

Figure 5.3 and Figure 5.5 show the timing characteristics. 

For the first simulation case, the operafion sequence is: 

• Phase 1: Write data "0001" into word 0 (address is 00), then read out the 

content of word 0. 

• Phase 2: Write data "0011" into word 1 (address is 01), then read out the 

content of word 1. 

• Phase 3: Write data "0111" into word 2 (address is 10), then read out the 

content of word 2. 

• Phase 4: Write data "1111" into word 3 (address is 11), then read out the 

content of word 3. 

The output data of phase 1 should be "0001". The output data of phase 2 should 

be "0011". The output data of phase 3 should be "0111". The output data of phase 4 

should be "1111". The output should be a high impedance condition during "write" 

operations. As shown in the Figure 5.2(a) and 5.2(b), the simulafion results confirm the 

expected results. V (29) presents output bitO, V (8) presents output bitl, V (58) presents 

output bit2, V (80) presents output bit3. The last curve in the Figure 5.2(b) includes V 

(29), V (8), V (58), and V (80). 

For a certain word, the operation circle from "write in" to "read out" requires 3ns. 

while a control signal "write" lasts 2ns, and a control signal "read' lasts 2ns. This is 

shown in Figure 5.3. The operafion "write in" starts at the 2nd ns and the data appears at 

output port at the 5th ns. 
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This simulation result shows that correct input data can be written into selected 

words, and can be readied out from selected words. 
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For the second simulation case, the operation sequence is: 

• Phase 1: Write data "0000" into word 0 (address is 00), then write data "0001" 

into word 1 (address is 01). 

• Phase 2: Read out the content of word 1, then read out the content of word 0. 

• Phase 3: Write data "0010" into word 2 (address is 10), then write data "0011" 

into word 3 (address is 11). 

• Phase 4: Read out the content of word 3, then read out the content of word 2. 

The output data of phase 2 should be "0001-> 0000". The output data of phase 4 

should be "0011-> 0010". The output should be a high impedance during "write" 

operations. As shown in the Figure 5.4(a) and 5.4(b), the simulation results confirm the 

expected results. 

Figure 5.5 shows the time delay from operation "read" to output. It is about Ins. 

The operation "read" starts at the 5th ns, the data appears at the output port at the 6th ns. 

In addition, the time delay from a change of address to the output is about 2ns. As shown 

in the Figure 5.6, the change of address occurs at the 7th ns and the data appears at output 

port at the 9th ns. 

This simulation result shows that an operafion on one word does not affect the 

contents of other words. 
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Figure 5.4 Simulation input signals and results 
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Figure 5.6 Timing characterisfic (3) 

5.2 Instmction Register and Pipeline Register Simulation Results 

The layout of the Instmction Register and Pipeline Register has been extracted, 

and simulated by using PSpice (Version 8.0) simulation tool. The extracted file from L-

Edit is used as the input file for the simulation. The pads were not included for the 

simulation. Successful simulations were been mn on PSpice. Figure 5.7 shows the 

PSpice post simulation schematic. Figure 5.8 presents the simulation input signals. Figure 

5.9 shows the simulation results. 

At the first 4 clock cycles, the input data is sequentially given as "00010001 -^ 

00001111-^01010101^ 00000001", when the instmction register or pipeline register 

receives a "load" signal (negative-edge of the clock), after an about Ins delay, the data is 

shows up at the output port. The frequency of the clock is 500MHz for the simulation. 
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Figure 5.7 The PSpice post simulation schematic of register building block 
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CHAPTER 6 

CONCLUSIONS 

A 4 by 4 register file building block and a special purpose register building block 

(pipeline register or instmction register) were designed, laid out and simulated 

successfully in this thesis. Simulation results confirm the expected results. 

The most important advantage of those designs is their flexibility to be modified 

for various configurations of microprocessors. Combined with other building blocks 

such as ALU, control Unit, Adders, Multiplexers, any kind of processor can be 

implemented. 

The register file building block and the special purpose register building block 

were implemented with CMOS 1.2|i SCN technology using the Tanner L-Edit layout 

tool. The register file building block, including about 744 transistors, was laid out on a 

silicon area of 0.442mm". The special purpose register building block, including 413 

transistors, was laid out on a silicon area of 0.1 Imm^. The frequency of the extemal 

clock was set at 500 MHz for simulation of the special purpose register building block. 

Twenty-two pins were employed for the register file building block chip. The 

special purpose register building block chip needed 11 pins. Since a standard 40-pin 

tiny-frame in the L-Edit tool library is used, there is no potenfial pin-out problem. Those 

building blocks can be cascaded for higher number of bits. The storage size (number of 

words) of the register file building block can also be easily expanded. 

Both building blocks are developed as cells and saved in a custom library of L-

Edit for ftirther hierarchical developments. Since simplicity is one of important criteria 
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of standard cell, logical design, floor-plan and layout of the building blocks ha\'e been 

made as simple as possible. The layout has been carried out maintaining the minimum 

size mle. Data signal lines, control signal lines, interconnections, power supply and 

ground connections have been done efficiently to minimize the area of silicon used, 

hence the cost is minimized. 

The design and implementation of both building blocks were performed at gate 

level. In the fiiture, they could be designed and implemented at transistor level. The 

execution time of two building blocks would be much faster, and the layout areas would 

be also reduced. 

In addition, to serve various microprocessor designs, multiport register files could 

be designed with various combinations of different bit-size, word-size, different 

processing technologies. 
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