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6.0 Objective 
After going through this unit, we should be able to : 

 Describe the register organization of the CPU; 
 Define and describe micro-operation; 
 Differentiate among various micro-operations; 
 Discuss an instruction execution using the micro-operations; and 
 Define the concepts of instruction pipelining. 

6.1 Introduction 
 The main task performed by the CPU is the execution of instructions. The most 
important question is how these instructions will be executed by the CPU ? 
 The above question can be answered in two steps : 
 (i) First what are the steps required for the execution of an instruction and 
 (ii) Second how are these steps performed by the CPU ? 
 The answer to the first question lies in the fact that each instruction execution 
consists of several steps which together constitute an instruction cycle. A micro-
operation is the smallest operation performed by the CPU. These operations put 
together execute an instruction. 
 For answering the second question, we must have an understanding of the 
basic structure of a computer. As discussed earlier, the CPU consists of an Arithmetic 
Logic Unit, the control unit and operational registers. We will be discussing the 
register organization in this unit, whereas the arithmetic-logic unit and control unit 
organization are discussed in subsequent units. 
 In this unit we will first discuss the basic CPU structure and the register 
organization in general. This is followed by a discussion on micro-operations and 
their implementation. The discussion on micro-operations will gradually lead us 
towards the discussion of a very simple ALU structure. 
6.2 Basic CPU Structure 
 A computer manipulates data according to the instructions of a stored 
program. Stored program means the program and data are stored in the same 
memory unit. The central processing unit, also referred to as CPU, performs the bulk 
of the data processing operations. It has three main components: 
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 1. A set of registers for holding binary information. 
 2. An Arithmetic and Logic Unit (ALU) for performing data manipulation, 

and 
 3. A control unit that coordinates and controls the various operations and 

initiates the appropriate sequence of micro-operations for each task. 
 Computer instructions are normally stored in consecutive memory locations 
and are executed in sequence one by one. The control unit allows reading of an 
instruction from a specific address in memory and executes it with the help of ALU 
and Register. 
Instruction Execution and Register 
 The basic process of instruction execution is: 
 1. Instruction is fetched from memory to the CPU registers (called 

instruction fetch) under the control unit. 
 2. It is decoded by the control unit and converted into a set of lower 

control signals, which cause the functions specified by that instruction 
to be executed. 

 3. After the completion of execution of the current instruction, the next 
instruction fetched is the next instruction in sequence. 

 This process is repeated for every instruction except for program control 
instruction, like branch, jump or exception instructions. In this case the next 
instruction to be fetched from memory is taken from the part of memory specified 
by the instruction, rather than being the next instruction in sequence. 
 CPU registers are the fastest temporary storage areas. Thus, the instructions 
whose operands are stored in the fast CPU registers can be executed rapidly in 
comparison to the instructions whose operands are in the main memory of a 
computer. Each instruction must designate the registers it will address. Thus, a 
machine requires a large number of registers. But how do the registers help in 
instruction execution ? We will discuss this with the help of Figure 1. 
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Figure 1 : CPU with general register organisation 

Step 1 : Fetch the instruction that is to be executed : 
 Address of the “instruction to be fetched”. Normally Program counter (PC) 

register stores this information. 
 Now this address is converted to physical machine address and put on address 

bus with the help of a buffer register sometimes called Memory Address 
Register (MAR). 

 This, coupled with a request from control unit for reading, fetches the 
instruction on the data bus, and transfers the instruction to Instruction 
Register (IR). 

 On completion of fetch PC is incremented to point to the next instruction. 
In Step 2 : The Instruction Register is decoded : 
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 (let us assume that Instruction Register contains an instruction. ADD Memory 
location B with general purpose register R1 and store result in R1), then control unit 
will first instruct to: 

 Get the data of memory location B to buffer register for data (DR) using buffer 
address register (MAR) by issuing Memory read operation. 

 This data may be stored in a general purpose register, if so needed let us say 
R2 

 Now, ALU will perform addition of R1 & R2 under the command of control unit 
and the result will be put back in R1. The status of ALU operation for example 
result in zero/non zero, overflow/no overflow etc. is recorded in the status 
register. 

 Similarly, the other instructions are fetched and executed using ALU and 
register under the control of the Control Unit. 

 Thus, for describing instruction execution, we must describe the registers 
layout micro-operations, ALU design and finally the control unit organization. We will 
discuss registers and micro-operation in this unit. ALU and Control Unit are described 
in Unit 7 of this Block. 
6.3 Register Organisation 
 The number and the nature of registers is a key factor that differentiates 
among computers. For example, Intel Pentium has about 32 registers. Some of 
these registers are special registers and others are general-purpose registers. Some 
of the basic register in a machine are: 

 All von-Neumann machines have a program counter (PC) (or instruction 
counter IC), which is a register that contains the address of the next 
instruction to be executed. 

 Most computers use special registers to hold the instruction(s) currently being 
executed. They are called instruction register (IR). 

 There are a number of general-purpose registers. With these three kinds of 
registers, a computer will be able to execute programs. 

 Other types of registers. 
 Memory-address register (MAR) holds the address of next memory operation 

(load or store), 
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 Memory-buffer register (MBR) holds the content of memory operation (load or 
store). 

 Processor status bits indicate the current status of the processor. Sometimes it 
is combined with the other processor status bits and is called the Program 
Status Word (PSW). 

A few factors to consider when choosing the number of registers in a CPU are: 
 CPU can access registers faster then it can access main memory. 
 For addressing a register, depending on the number of addressable registers a 

few bit addresses is needed in an instruction. These address bits are definitely 
quite less in comparison to a memory address. For example, for addressing 
256 registers we just need 8 bits, whereas, the common memory size of 1 MB 
requires 20 address bits, a difference of 60%. 

 Compilers tend to use a small number of registers because large numbers of 
registers are very difficult to use effectively. A general good number of 
registers is 32 in a general machine. 

 Registers are more expensive than memory but far less in number. 
 From a user’s point of view the register set can be classified under two basic 
categories. 
 Programmer Visible Registers: These registers can be used by machine or 
assembly language programmers to minimize the references to main memory. 
 Status Control and Register: These registers cannot be used by the 
programmers but are used to control the CPU or the execution of a program. 
 Different vendors have used some of these register interchangeably; 
therefore, we should not stick to these definitions rigidly. Yet this categorization will 
help in better understanding of register sets of machine. Therefore, let us discuss 
more about these categories. 
6.3.1 Programmer Visible Register 
 These registers can be accessed using machine language. In genral we 
encounter four types of programmer visible registers. 

 General Purpose Registers 
 Data Registers 
 Address Registers 
 Condition Codes Registers 
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 The general-purpose registers as the name suggests can be used for various 
functions. For example, they may contain operands or can be used for calculation of 
address of operand etc. However, in order to simplify the task of programmers and 
computers dedicated registers can be used. For example, registers may be dedicated 
to floating point operations. One such common dedication may be the data and 
address registers. 
 The data registers are used only for storing intermediate results or data and 
not for operand address calculation. 
Some dedicated address registers are: 
 Segment Pointer : Used to point out a segment of memory. 
 Index Register : These are used for index addressing scheme. 
 Stack Pointer : Points to top of the stack when programmer visible stack 
addressing is used. 
 One of the basic issues with register design is the number of general-purpose 
registers or data and address registers to be provided in a microprocessor. The 
number of registers also affects the instruction design as the number of registers 
determines the number of bits needed in an instruction to specify a register 
reference. In general, it has been found that the optimum number of registers in a 
CPU is in the range 16 to 32. In case registers fall below the range then more 
memory reference per instruction on an average will be needed, as some of the 
intermediate results then have to be stored in the memory. On the other hand, if the 
number of registers goes above 32, then there is no appreciable reduction in 
memory references. However, in some computers hundreds of registers are used. 
These systems have special characteristics. These are called Reduced Instruction Set 
Computers (RISC) and they exhibit this property. RISC computers are discussed later 
in this unit. 
 What is the importance of having less memory references ? As the time 
required for memory reference is more than that of a register reference, therefore 
the increased number of memory references results in slower execution of a 
program. 
 Register Length : An important characteristic related to registers is the 
length of a register. Normally, the length of a register is dependent on its use. For 
example, a register, which is used to calculate address, must be long enough to hold 
the maximum possible addresses. If the size of memory is 1 MB then a minimum of 
20 bits are required to store an instruction address. Therefore, the length of data 
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register should be long enough to hold the data type it is supposed to hold. In 
certain cases two consecutive registers may be used to hold data whose length is 
double of the register length. 
6.3.2 Status and Control Registers 
 For control of various operations several registers are used. These registers 
cannot be used in data manipulation. However, the content of some of these 
registers can be used by the programmer. One of the control registers for a von-
Neumann machine is the Program Counter (PC). 
 Almost all the CPUs, as discussed earlier, have a status register, a part of 
which may be programmer visible. A register which may be formed by condition 
codes is called condition code register. Some of the commonly used flags or 
condition codes in such a register may be: 

Symbol Flag Comments 
SF Sign Flag Indicates whether the sign of the previous arithmetic 

operation was positive (0) or negative (1). 
ZF Zero Flag The flag bit is set if the result of the last arithmetic 

operation was zero. 
CF Carry Flag This flag is set, if a carry results from the addition of 

the highest order bits or borrow is taken on 
subtraction of highest order bit. 

TF Trap Flag  
OF Overflow Flag This flag is used to indicate the condition of 

arithmetic overflow. 
IF Interrupt Flag This flag is used for enabling or disabling interrupts. 

Enable/disable flag. 
PF Parity Flag This flag is set to 1 by the instruction for even parity 

and 0 for odd parity. 
 These flags are set by the CPU hardware while performing an operation. For 
example, an addition operation may set the overflow flag or on a division by 0 the 
overflow flag can be set etc. These codes may be tested by a program for a typical 
conditional branch operation. The condition codes are collected in one or more 
registers. RISC machines have several sets of conditional code bits. In these 
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machines an instruction specifies the set of condition codes which is to be used. 
Independent sets of condition code enable the provisions of having parallelism 
within the instruction execution unit. 
 The flag register is often known as Program Status Word (PSW). It contains 
condition code plus other status information. There can be several other status and 
control registers such as interrupt vector register in the machines using vectored 
interrupt, stack pointer if a stack is used to implement subroutine calls, etc. 
6.4 General Registers in a Processor 
 We will provide very brief details of registers of the 8086 processor which are 
16-bits and can be used as operands in most of the instruction. The GPRs are used 
as the source and destination registers during the transfer data and computations as 
pointer to memory and as counters. Each of the GPRs can store 16-bit values, can 
be loaded with or written to the memory or used in arithmetic and logical 
operations. The table given below shows 8086 GPRs: 

General 
Register 

Descriptions 

AX Accumulator uncovered in multiplication and division.  
BX Base Register used to point memory location 
CX Count Register used as loop and repeat 
DX Data register used as I/O address pointer 
SI Source Index Register 
DI Destination Index Register 
BP Base pointer Register 
SP Stack pointer Register 
IP Instruction pointer Register 
CS Code Segment Register 
DS Data Segment Register used to store the data set 
ES Extra segment register used for making an additional block of memory 

available 
SS Stack segment register. Point to the start of the memory. 



Registers, Micro-operations and Instruction Execution  
 

[   148   ]  

6.5 Micro-operation Concepts 
 We have discussed the general architecture and register set of 8086 
processor. Our next task is to look at the functionality of ALU, the control unit and 
how an instruction is executed. In this section, we will define a micro-operation 
concept, which is the key concept to describe instruction execution. 
 The operations performed on data stored in registers are called micro-
operations. It is an elementary operation performed normally during one clock pulse, 
on the information stored in one or more registers. The result of the operation may 
replace the previous content of a register or is transferred to a new register or a 
memory location. 
 A digital system performs a sequence of micro-operations on data stored in 
registers or memory. The specific sequence of micro-operations performed is 
predetermined for an instruction. Thus, an instruction is binary code specifying a 
definite sequence of micro-operations to perform a specific function. 
 For example, a C program instruction sum = sum + 10, will first be converted 
to equivalent assembly program: 

 Move data from memory location “sum” to register R1 (LOAD R1, sum) 
 Add an immediate operand to register (R1) and store the results in R1 (ADD 

R1, 10) 
 Store data from register R1 to memory location “sum” (Store sum, R1). 

 Thus, several machine instructions may be needed (this will vary from machine 
to machine) to execute a simple C statement. Micro-operations required to execute 
each steps are : 
Fetch the instruction : 

 Pass the address of Program Counter (PC) to Memory Address Register (MAR). 
 Issue the memory read operation to fetch instruction in the Buffer Register for 

data, such as M (BR). 
 Increment Program Counter to refer to next instruction in sequence and bring 

instruction to Instruction Register (IR). 
Execute the instruction : 

 Decode the instruction to ascertain operation. 
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 As one of the operands is already available in R1 register and the second 
operand is an immediate operand so fetch operand step is not required. The 
immediate operand is available in the address part of the instruction. 

 Perform the ALU based addition with R1 and buffer register, store the result in 
R1. 

 Thus, we may have to execute the instruction in several steps. Each 
instructions is constituted of micro-operations. Let us assume that each micro-
operation can be completed in one clock cycle. But sometimes micro-operation 
requires more time for memory read and write. 
 Before going to the detail of micro-operation, we will first discuss the type of 
micro-operations. 
 The most common micro-operations performed in a digital computer can be 
classified into four categories: 
 (i) Register transfer or inter-register transfer micro-operations : 

simply transfer binary information from one register to another. 
 (ii) Arithmetic micro-operations : perform simple arithmetic operations 

on numeric data stored in registers. 
 (iii) Logic micro-operations : perform bit manipulation (logic) operations 

on non-numeric data stored in registers. 
 (iv) Shift micro-operations registers : perform shift operations on data 

stored in registers. 
6.5.1 Register Transfer Micro-operations 
 These micro-operations transfer information from one register to another. The 
information does not change during these micro-operation. A register transfer micro-
operation may be designed as : 
  R1R2 
symbol implies that the contents of register R2 are transferred to register R1. R2 
here is a source register while R1 is a destination register. We will use this notation 
throughout this section. 
 The following important points about register transfer micro-operations are: 

 For a register transfer micro-operation there must be a path for data transfer 
from the output of the source register to the input of destination register. 

 In addition, the destination register should have a parallel load capability, as 
we expect the register transfer to occur in a predetermined control condition. 
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 A common path for connecting various registers is through a common internal 
data bus of the processor. In general the size of this data bus should be equal 
to the number of bits in a general register. 

The convention used to represent the micro-operations is : 
1. Computer register names are designated by capital letters (sometimes 

followed by numerals) to denote its function. For example, R1, R2 (General 
Purpose Registers), AR (Address Register), IR (Instruction Register) etc. 

2.  The individual bits within a register are numbered from 0 (rightmost bit) to 
n-1 (leftmost bit) as shown in Figure 2b). Common ways of drawing the block 
diagram of a computer register are shown below. The name of the 16-bit 
register is IR (Instruction Register) which is partitioned into two subfields in 
Figure 2d). Bits 0 through 7 are assigned the symbol L (for low byte) and bits 
8 through 15 are assigned the symbol H (for high byte). The symbol PC (L) 
refers to the low-order byte and PC (H) refers to high-order byte. 

                                 R0                                         15  14 ……. 2  1  0 
    (a) Register          (b) Individual bits 
 
      15      0      15        8  7     0 
          R1                                           PC (H)   PC (L) 
     (c) Numbering of bits    (d) Subfields 

Figure 2 : Register Formats 
3. Information transfer from one register to another is designated in symbolic 

notation by a replacement operator. For example, the statement R2 R1 
denotes a transfer of all bits from the source register R1 to the destination 
register R2 during one clock pulse and the destination register has a parallel 
load capacity. However, the contents of register R1 remain unchanged after 
the register transfer micro-operation. More than one transfer can be shown 
using a comma operator. 

4. If the transfer is to occur only under a predetermined control condition, then 
this condition can be specified as a control function. For example, if P is a 
control function then P is a Boolean variable that can have a value of 0 or 1. It 
is terminated by a colon (:) and placed in front of the actual transfer 
statement. The operation specified in the statement takes place only when 

 P = 1. Consider the statements : 
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  If (P = 1) then (R2 R1) 
  P : R2 R1, 
 Where P is a control function that can be either 0 or 1. 

5.  All micro-operations written on a single line are to be executed at the same 
time provided the statements or a group of statements to be implemented 
together are free of conflict. A conflict occurs if two different contents are 
being transferred to a single register at the same time. For example, the 
statement : new line X : R1 R2, R1  R3 represents a conflict because both 
R2 and R3 are trying to transfer their contents to R1 at the same time. 

6. A clock is not included explicitly in any statements discussed above. However, 
it is assumed that all transfers occur during the clock edge transition 
immediately following the period when the control function is 1. All statements 
imply a hardware construction for implementing the micro-operation statement 
as shown below : 

Implementation of controlled data transfer from R2 to R1 only when T = 1 
 T : R1 R2 
Bus and Memory Transfers 
 Quite often a digital computer has many registers, and rather than connecting 
wires between all registers to transfer information between them, a common bus is 
used. Bus is a path (consists of a group of wires) one for each bit of a register, over 
which  information is transferred, from any of several sources to any of several 
destinations. 
 From a register to Bus : BUS R. The transfer from bus to register can be 
expressed symbolically as : 
  R1  BUS, 
 The content of the selected register is placed on the BUS, and the content of 
the bus is loaded into register R1 by activating its load control input. 
Memory Transfer 
 The transfer of information from memory to outside environment i.e., I/O 
Interface is called a read operation. The transfer of new information to be stored in 
memory is called a write operation. These kinds of transfers are achieved via a 
system bus. It is necessary to supply the address of the memory location for 
memory transfer operations. 
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Memory Read 
 The memory unit receives the address from a register, called the memory 
address register designated by MAR. The data is transferred to another register, 
called the data register designated by DR. The read operation can be stated as : 
  Read: DR  [MAR] 
Memory Write 
 The memory write operation transfers the content of a data register to a 
memory word M selected by the address. Assume that the data of register R1 is to 
be written to the memory at the address provided in MAR. The write operation can 
be stated as : 
  Write : [MAR]  R1 
 Please note, it means that the location pointed by MAR will be written. 

Memory

D  R
MAR

Read
Write

 
Figure 3 : Memory Transfer 

6.5.2 Arithmetic Micro-operation 
 These micro-operation perform simple arithmetic operations on numeric data 
stored in registers. The basic arithmetic micro-operations are addition, 
subtraction, increment, decrement, and shift. Addition micro-operation is specified 
as : 
  R3  R1 + R2 
 It means that the contents of register R1 are added to the contents of register 
R2 and the sum is transferred to register R3. This operation requires three registers 
to hold data along with the Binary Adder circuit in the ALU. Binary adder is a digital 
circuit that generates the arithmetic sum of two binary numbers of any lengths and 
is constructed with full-adder circuits connected in cascade. An n-bit binary adder 
requires n full-adders. Add micro-operation, in accumulator machine, can be 
performed as : 
  AC  AC + DR 
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 Subtraction is most often implemented in machines through complement and 
adds operation. It is specified as : 
 R3  R1 – R2 
 R3  R1 + (2’s complement of R2) 
 R3  R1 – (1’s complement of R2 + 1) 
 R3  R1 + R2 + 1 (The bar on top of R2 implies 1’s complement of R2 which 
is bitwise complement) 
 Adding 1 to the 1’s complement produces the 2’s complement. Adding the 
contents of R1 to the 2’s complement of R2 is equivalent to subtracting the content 
of R2 from R1 and storing the result in R3. We will describe the basic circuit required 
for these micro-operation in the next unit. 
 The increment micro-operation adds one to a number in a register. This 
operation is designated as : 
  R1  R1 + 1 
 This can be implemented in hardware by using a binary-up counter. 
 The decrement micro-operation subtracts one from a number in a register. 
This operation is designated as : 
  R1  R1 – 1 
 This can be implemented using binary-down counter. 
 What about the multiply and division operations ? Are not they micro-
operation ? In most of the older computers multiply and divisions were implemented 
using add/subtract and shift micro-operation. If a digital system has implemented 
division and multiplication by means of combinational circuits, then we can call these 
as the micro-operations for that system. 
6.5.3 Logic Micro-operations 
 Logic operations are basically binary operations, which are performed on the 
string of bits stored in the registers. For a logic micro-operation each it of a register 
is treated as a variable. A logic micro-operation : 
 R1  R1.R2 specifies AND operation to be performed on the contents of R1 
and R2 and store the results in R1. For example, if R1 and R2 are 8 bits registers 
and : 
 R1 contains 10010011 AND 
 R2 contains 01010101 
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 Then R1 will contain 00010001 after AND operation. 
 Some of the common logic micro-operations are AND, OR, NOT or 
Complement, Exclusive OR, NOR, and NAND. In many computers only four : AND, 
OR, XOR (exclusive OR) and complement micro-operations are implemented. 
 Let us now discuss how these four micro-operations can be used in 
implementing some of the important applications of manipulation of bits of a word, 
such as, changing some bit values or deleting a group of bits. We are assuming that 
the result of logic micro-operations go back to Register R1 and R2 contains the 
second operand. 
 Let us select 1100 as 4 bit data for register R1, and 1001 data for register R2. 
If we see the bit combinations of R2, and R1, they represent the truth table entries 
(read from right to left and bottom to top) 00, 01, 10 and 11. Thus, the resultant of 
the logical operation on them will indicate which logic micro-operation is needed to 
be performed for that data manipulation. The following table gives details on some 
of these operations : 
 R1 1100 
 R2 1001 

Operation name Operation Example and Explanation 
Selective Set Sets bits of R1 R1 = 1100 

R2 = 1001 
        1101 

Selective Clear Clear bits in R1 R1 = 1100 
R2 = 1001 
        0100 

Selective Complement Complement bits in 
R1 

R1 = 1100 
R2 = 1001 
        0001 

Mask Operation Clear bit in R1 R1 = 1100 
R2 = 1001 
        1000 

6.5.4 Shift Mirco-operation 
 Shift is a useful operation, which can be used for serial transfer of data. Shift 
operations can also be used along with other (arithmetic, logic, etc.) operations. For 
example, for implementing a multiply operation arithmetic micro-operation (addition) 
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can be used along with shift operation. The shift operation may result in shifting the 
contents of a register to the left or right. In a shift left operation a bit of data is 
input at the right most flip-flop while in shift right a bit of data is input at the left 
most flip-flop. In both the cases a bit of data enters the shift register. Depending on 
what bit enters the register and where the shift out bit goes, the shifts are classified 
in three types. These are : 

 Logical 
 Arithmetic and 
 circular 

 In logical shift the data entering by serial input to left most or flip-flop 
(depending on right or left shift operations respectively) is a 0. 
 If we connect the serial output of a shift register to its serial input then we 
encounter a circular shift. In circular shift left or circular shift right information is not 
lost, but is circulated. 
 In arithmetic shift a signed binary number is shifted to the left or to the right. 
Thus, an arithmetic shift-left causes a number to be multiplied by 2, on the other 
hand a shift-right causes a division by 2. But as in division or multiplication by 2 the 
sign of a number should not be changed, therefore, arithmetic shift must leave the 
sign bit unchanged. We have already discussed about shift operations in the Unit 1. 
 Let us summarize micro-operations using the following table : 

Micro-operations Examples 
Register transfer R1 R2 

[MAR] R1 (Register to memory) 
Arithmetic micro-operation ADD R1 R1 + R2; Subtract R1 R1 + R2; 
Logical micro-operation AND; OR; NOT; XOR; COMPLEMENT. 
Shift micro-operations Left or Right Shift Logical; Arithmetic, 

Circular. 
 
6.6 Instruction Executions and Micro-operations 

 We will now discuss instruction execution using the micro-operation. A simple 
instruction may require : 
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 Instruction fetch : fetching the instruction from the memory. 
 Instruction decode : decode the instruction. 
 Operand address calculation : find out the effective address of the operands. 
 Execution : execute the instruction. 
 Interrupt Acknowledge : perform an interrupt acknowledge cycle if an 

interrupt request is pending. 
 Let us explain how these steps of instruction execution can be broken down to 
micro-operations. For simplifying the discussion, let us assume that the machine has 
the structure as shown in Figure 1. In addition, let us also assume that the 
instruction set of the machine has only two addressing modes direct and indirect 
memory addresses and a memory access take same time as that of a register access 
that is one clock cycle. 
The digital circuits, which we use now-a-days, are constructed with NAND or NOR 
gate instead of AND-OR-NOT gates. NAND and NOR gates are called universal gates 
and can be used to implement any digital circuit (already discussed in earlier 
sections). 
 Instruction Fetch : In this phase the instruction is brought from the address 
pointed by PC to instruction register. The steps required are : 

Step Micro-operations Example 
1 Transfer the address of PC to MAR. (Register Transfer) MAR PC 
2 MAR puts its contents on the address bus for main 

memory location selection, the control unit instructs the 
MAR to do so and also uses a memory read signal. The 
word so read is placed on the data bus where it is 
accepted by the Data register (Memory-read using 
bus). This micro-operation can be carried out in parallel 
to the micro-operation above. 

DR  (MAR), 
PC PC + 1; 

3 The instruction so obtained is transferred from data 
register to the Instruction register for further 
processing. (Register Transfer) 

IR DR 

 Instruction Decode : This phase is performed under the control of the 
Control Unit of the computer. The Control Unit determines the operation that is to be 
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performed and the addressing mode of the data. In our example, the addressing 
modes can be direct or indirect. 
 Operand Address Calculation : In actual machines the effective address 
may be a memory address, register or I/O port address. The register reference 
instructions such as complement R1, clear R2 etc., normally do not require any 
memory reference (assuming register indirect addressing is not being used) and can 
directly go to the execute cycle. However, the memory reference instruction can use 
several addressing modes. Depending on the type of addressing the effective 
address (EA) of operands in the memory is calculated. The calculation of effective 
address may require more memory fetches (for example in the case of indirect 
addressing), thus in this step we may calculate the effective address as : 

Type of 
Addressing Micro-operation Examples 

Direct Address  Transfer the address portion of 
instruction is the direct address so 
no further calculation is needed 

IR (Address) and DR 
(Address) contain the 
Effective address. 

Indirect Address  Transfer the address bits of 
instruction to the MAR. This transfer 
can be achieved using DR, ad DR 
and IR at this point of time contain 
the same value. (Register Transfer) 

 Perform a memory read operation 
as done in fetch cycle and the 
desired address of the operand is 
obtained in the DR. (Memory Read) 

 Transfer the address part so 
obtained in DR as the address part 
of instruction. (Register Transfer) 
Thus, the indirect address is now 
converted to direct address or 
effective address.  

MAR  DR (Address) 
 
DR (MAR) 
 
IR (Address) DR 
(Address) 

 Thus, the address portion of IR now contains the effective address, which is 
the direct address of the operand. 
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 Execution : Now the instruction is ready for execution. A different opcode will 
require different sequence of steps for the execution. Therefore, let us discuss a few 
examples of execution of some simple instructions for the purpose of identifying 
some of the steps needed during instruction execution. Let us start the discussions 
with a simple case of addition instruction. Suppose, we have an instruction : Add R1, 
A which adds the content of memory location A to R1 register storing the result in 
R1. This instruction will be executed in the following steps : 

Micro-operations Examples 
Transfer the address portion of the instruction to the MAR. 
(Register transfer) 

MAR IR 

Read the memory location A and bring the operand in the 
DR. (Memory read) 

DR  (MAR) 

Add the DR with R1 using ALU and bring the results back to 
R1. (Add micro-operations) 

R1 R1 + DR 

 Interrupt Processing : On completion of the execution of an instruction, the 
machine checks whether there is any pending interrupt request for the interrupts 
that are enabled. If an enabled interrupt has occurred then that Interrupt may be 
processed. The nature of interrupt varies from machine to machine. However, let us 
discuss one simple illustration of interrupt processing events. A simple sequence of 
steps followed in interrupt phase is : 

Micro-operations Examples 
Transfer the contents of PC to DR, as this is the return address 
after the interrupt service program has been executed. This 
address must be saved. 

DR PC 

Place the address of location, where the return address is to be 
saved, into MAR. Please note that this address is normally 
predetermined in computers. 

MAR Address 
of location for 
saving address 

Store the contents of PC in the memory using DR and MAR. 
(Memory write) 
Transfer the address of the first instruction of interrupt 
servicing routine to the PC. This micro-operation can be 
performed in parallel to the above micro-operation. 

(MAR) DR 
PC address of 
Instruction ISP. 

 After completing the above interrupt processing, CPU will fetch the next 
instruction that may be interrupt service program instruction. Thus, during this time 
CPU might be doing the interrupt processing or executing the user program. Please 
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note each instruction of interrupt service program is executed as an instruction in an 
instruction cycle. 
6.7 Instruction Pipelining 

 An instruction pipeline is a technique used in the design of computer to 
increase their instruction throughput (the number of instructions that can be 
executed in a unit of time). The basic instruction cycle is broken up into a series 
called a pipeline. Rather than processing each instruction sequentially (one at a 
time, finishing one instruction before starting the next), each instruction is split up 
into a  sequence of steps so different steps can be executed concurrently (at the 
same time) and in parallel (by different circuitry). 
 Pipelining increases instruction throughput by performing multiple operations 
at the same time (concurrently), but does not reduce instruction latency (the time to 
complete a single instruction from start to finish) as it still must go through all steps. 
 The number of dependent steps varies with the machine architecture. For 
example : 

 The IBM Stretch project proposed the terms Fetch, Decode, and Execute 
that have become common. 

 The classic RISC pipeline comprises : 
 1. Instruction fetch 
 2. Instruction decode and register fetch 
 3. Execute 
 4. Memory access 
 For example let us assume five-stage pipeline in a RISC machine which can be 
given as follows : 
  IF = Instruction Fetch, 
  ID = Instruction Decode, 
  EX = Execute, 
  MEM = Memory access, 
  WB = Register write back. 
 The pipeline allows overlapped execution of instructions. Thus during the 
course of execution of an instruction the following pipeline may be obtained as given 
in the figure below : 
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Instr. No. Pipeline Stage 

1 IF ID EX MEM WB   
2  IF ID EX MEM WB  
3   IF ID EX MEM WE 
4    IF ID EX MEM 
5     IF ID EX 

 

Clock Cycle 1 2 3 4 5 6  
Figure : Instruction Pipeline 

 In the fourth clock cycle (the dark column), the earliest instruction is in MEM 
stage, and the latest instruction has not yet entered the pipeline. 
 A processor is said to be fully pipelined if it can fetch an instruction on every 
cycle. Thus, if some instructions or conditions require delays that inhibit fetching 
new instructions, the processor is not fully pipelined. 
Pipeline Hazards 
 The model of sequential execution assumes that each instruction completes 
before the next one begins. This assumption is not true on a pipelined processor. A 
situation where the expected result is problematic is known as a hazard. Pipeline 
hazards are situations that prevent the next instruction in the instruction stream 
from executing during its designated clock cycle. The instruction is said to be 
stalled. When an instruction is stalled, all instructions later in the pipeline than the 
stalled instruction are also stalled. Instructions earlier than the stalled one can 
continue. No new instructions are fetched during the stall. 
 Three classes of hazards are : 
 (i) Structural : Hardware cannot support this combination of instructions-

two instructions need the same resource. 
 (ii) Data : Instruction depends on result of prior instruction still in the 

pipeline. 
 (iii) Control : Pipelining of branches and other instruction that change the 

PC. 
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Several approaches have been taken for reducing branch penalties such as : 
 (a) Stall– stop loading instruction until result is available 
 (b) Predict– assume an outcome and continue fetching (undo if prediction 

is wrong) or lose cycles only on mis-prediction 
 (c) Delayed branch–specify in architecture that the instruction 

immediately following branch is always executed 
Example : Let as assume the following two register instructions to a hypothetical 
RISC processor : 
 1 : add 1 to R5 
 2 : copy R5 to R6 
 If the processor has the 5 steps listed in the initial illustration, instruction 1 
will be fetched at time t1 and its execution will be complete at t5. Instruction 2 will 
be fetched at t2 and will be complete at t6. The first instruction might store the 
incremented number into R5 as its fifth step (register write back) at t5. But the 
second instruction may get the number from R5 (to copy to R6) in its second step 
(instruction decode and register fetch) at time t3 which will invokes a hazard as the 
first instruction has not incremented the value by then. 
 Writing computer programs in a compiled language does not raise these 
concerns, as the compiler are being designed to generate machine code that will 
avoid hazards. 
6.8 Summary 
 In this unit, we have discussed in detail the register organization including 
General Purpose Registers (GPRs), Status and control register, Programmer visible 
registers, and a simple structure of the CPU. After this we have discussed in details 
the micro-operations and their implementation in hardware using simple logical 
circuits. While discussing micro-operations our main emphasis was on simple 
arithmetic, logic and shift micro-operations, in addition to register transfer and 
memory transfer. The knowledge acquired about register sets and conditional codes, 
helps us in giving an idea that conditional micro-operations can be implemented by 
simply checking flags and conditional codes. We have completed the discussions on 
this unit, with providing a simple approach of instruction execution with micro-
operations. We have also defined the concepts of Instructions Pipeline. You can 
refer to suggested readings for more register organization examples and for more 
details on micro-operations and instruction execution. 
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6.9 Questions 
 1. Describe the basic structure of CPU. 
 2. What are the factors considered for choosing the number of register in 

a CPU ? 
 3. Describe some general purpose Register. 
 4. What is the advantage of having independent set of conditional codes ? 
 5. Describe some status and control Registers. 
 6. What are different types of micro-operations ? 
 7. What are the differences between circular and logical shift micro-

operations ? 
 8. What is Instruction Pipelining ? Explain. 
6.10  Suggested Readings 
 1. Computer Architecture and Organisation by John P. Hayes. 

  


