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Abstract—This paper describes the design and implementation of control unit of a 16-bit processor that is
implemented in Spartan-II FPGA device. The CPU (Central Processing Unit) is the “brain” of the computer. Its
function is to execute the programs stored in the main memory by fetching their instructions, examining them, and
executing them one after another. The CPU is composed of several distinct parts, like data path, control path and
memory units. For operating the data path CONTROL UNIT is needed to generate the control signals automatically
at each clock cycle. The proposed architecture illustrates behavioral and structural description styles of a 16-bit
control unit.
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I. INTRODUCTION
The control unit inside the processor is a finite state machine. By stepping through a sequence of states, the
control unit controls the operations of the datapath. For each state the output logic that is inside the control unit will
generate all of the appropriate control signals for the datapath to perform one data operation. These data operations are
referred to as register-transfer operations. Each register-transfer operation consists of reading a value from a register,
modifying the value by one or more functional units, and finally, writing the modified value back into the same or in a
different register [1].
Neenu joseph et.al [3] tried to design a technique for power reduction in front end process. They are using
pipelining architecture for designing a 32-bit RISC processor for embedded and portable application. The technique they
are using for power reduction is clock gating. Clock gating is a method where the clock signal is prevented from reaching
the various modules of the processor. The authors in [5] presented a design methodology of a single clock cycle MIPS
RISC Processor using VHDL to ease the description, verification, simulation and hardware realization. The RISC
processor has fixed-length of 32-bit instructions based on three different formats: R-format, I-format and J-format, and
32-bit general-purpose registers with memory word of 32-bit. The MIPS processor is separated into five stages:
instruction fetch, instruction decode, execution, data memory and write back. The control unit controls the operations
performed in these stages. All the modules in the design are coded in VHDL, as it is very useful tool with its concept of
concurrency to cope with the parallelism of digital hardware.
In [6], authors analyzes MIPS instruction format, instruction data path, decoder module function and design
theory based on RISC CPU instruction set. All MIPS instruction is 32-bit specified instruction and instruction address is
word justification. MIPS has three instruction format
(1) Immediate format (I-format)
(2) Register format(R-format)
(3) Jump format (J-format)
Design of a 16-bit teaching microprocessor using the micro programmed control method, which is implemented
on Xilinx xc2s150 FPGA have been presented in [7]. Where both the control memory and micro-instruction registers are
32 bits wide. The control memory capacity is 512 words (512x32 bits). The author in [8], presented a technique for
asynchronous circuit design by using a novel asynchronous control unit. This is composed of transmission gates and
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inverters. The performance of this circuit is reduces because the control of asynchronous circuit is very hard. They also
verify the control unit by designing and implementing an 8x8 multiplier. Similar research work also find in literature [9].
There are various techniques to implement control unit such as: Hardwired implementation and Micro
programmed implementation. The micro programmed control unit is simple to design, but it will be slower in speed than
a hardwired unit. For adding a new machine instruction in hardwired control is found to be very difficult. So here we
proposed an easy method to design a 16-bit processor control unit by using micro programming.
This paper is organized as follows. In section-II, FPGA based design method is discussed. Section-III describes
control unit architecture of a 16-bit processor. The Opcode chart, ALU chart and IR format as for different types of
instructions are shown in section-III. The synthesis and simulation results are illustrated in section-IV. The conclusion is
given in section-V.
II. DESIGN METHOD
The basic architecture of the system is designed, which is coded in a Hardware description Language like
Verilog or VHDL. Design entry of the Control unit is done by using VHDL code i.e. the input to the design is given by
writing the VHDL code for the control unit. Initial synthesis generates an initial circuit, based on data entered during the
design entry stage. Functional simulation issued to verify the functionality of the circuit, based on inputs provided by the
designer. Logic synthesis and use of optimization techniques leads to optimized circuits in the design process. Physical
design determines how to implement the optimized circuit in a FPGA chip. Timing simulation determines the
propagation delays that are expected in the implemented circuit. Chip configuration configures the actual chip to realize
the designed circuit. This VHDL code is written with the help of the VHDL language which is a part of the hardware
description language (HDL) [2], [4].
III. PROPOSED ARCHITECTURE
The control unit generates all the control signals needed to control the coordination among the entire component
of the processor. The control unit for a processor basically cycles through three main steps, usually referred to as the
instruction cycle: 1) Fetch an instruction; 2) Decodes the instruction; and 3) Executes the instruction.
Each step is executed in one state of the finite-state machine. For step 3, each instruction is usually executed in
one clock cycle, although some memory access instructions may require two or more clock cycles to complete, hence
they may require several states for correct timing. For fetching the instruction in step 1, the control unit simply reads the
memory location specified by the Program Counter (PC), and copies the content of that location into the instruction
register (IR). The Program Counter (PC) is then incremented by 1. For decoding the instruction in step 2, the control unit
extracts the opcode bits from the instruction register and determines what the current instruction is by jumping to the
state that is assigned for executing that instruction. Once in that particular state, the control unit performs step 3 by
simply asserting the appropriate control signals for controlling the data path to execute that instruction. Control unit
composed of controller, program counter, instruction register and multiplexer [1].
1) Individual modules of control unit:
1.1 Controller: The controller consists of logic circuits to fetch program instructions. It moves data to, from, and
through the data path according to those instructions. The Controller contains program counter (PC) that holds the
address in memory of the next Program instruction to fetch. The controller also contains instruction register (IR) to hold
the fetched instruction. The controller’s control logic generates the appropriate signals to control the flow of data in the
data path according to these instructions. Such data flows may include inputting two particular registers into the ALU,
storing ALU results into a particular register, or moving data between memory and a register. The next-state logic
determines the next value of the PC. For data transfer, arithmetic and logical instruction, this logic increments the PC.
For a branch instruction, this logic looks at the data path status signals and the IR to determine the appropriate next
address. The control unit generates all the control signals needed to control the coordination among the entire component
of the processor. The input to this unit is the 4-bit operation code field of the instruction word. This unit generates signals
that control all the read and write operations. The control unit of the processor generates timing and control signals for
execution of instructions. It controls fetching and decoding operations. It generates appropriate control signals for
instruction execution and also the signals required to interface memory. The processor support simple set of instructions
with less complex addressing modes. So the speed and performance are comparatively higher. Here in this block (Fig.1)
total 19 ports are used, among which 3 are inputs and 16 are outputs. Among the inputs clock and rst are the same clock
signal and reset signal from the top module. Instruction register 16-bit (IR_word(15:0)) is another input signal which is
output from instruction register and input to controller. All the output signals are control signals, which are input to
different section of processor for performing different operation.
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Fig. 1 Block structure over the controller
1.2 Instruction register: Instruction register is for storing the instruction being fetched from the memory The IR
format has sixteen bits. The first four bits are opcode fields; the next four bits are register address fields, the least
significant eight bits represent either memory address or immediate operand as per addressing modes. In Fig.2 when IRld
is asserted (=1) then the 16-bit IRin becomes IRout and the least significant 8-bit of IRin goes to dir_addr.

Fig.2 Block Structure over the Instruction Register
1.3 Program counter: The program counter holds the address of the memory of the current instruction. After
the instruction is executed, the program counter advances to the next instruction. If there is branch instruction, the
program counter is loaded with the address of the next instruction directly. The control unit copies the program counter
values to the address register, which output the new address in address bus. The block structure of program counter is
shown in the Fig.3 below. Here in this block total 5 ports are used among which 4 are input port and one is output port.
“PCin” is a 16-bit input port and PCout is a 16- bit output port.

Fig.3 Block structure over the Program counter
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1.4 Multiplexer: The multiplexer, allows the selection of one input signal among n signals, where n > 1, and is a
power of two. Select lines connected to the multiplexer determine which input signal is selected and passed to the output
of the multiplexer. In general, an n-to-1 multiplexer has n data input lines, m select lines where m = log2n, i.e. 2m = n,
and one output line. For a 4-to-1 multiplexer, there are two select lines, “option (1:0)”, to select between the four inputs,
Ia, Ib, Ic and Id. The block structure over the multiplexer is shown in Fig.4 below.

Fig.4 Block structure over the Multiplexer
1.5 Memory: Memories or registers are utilized for storage purpose of processor. For long term information
memory is used and register is used for short term information. Basically the information to be stored is of two types,
data information and program information. A sequence of instruction of program information makes the system to
perform the desired function. The input and output values are represented by data information which is transformed by
program. Memories are used for storage of both instructions and data. The process of storing data into memory is called
writing and retrieving data or opcode from the memory is called reading. For reading and writing data, the particular
memory location is identified and then reading or writing is done. Fig.5 shows the top view of memory block. There are
256 number of 16-bit memory locations. It has 8-bit address and 16-bit word.

Fig.5 Top view of memory block
When reset signal is asserted (rst=1) the fetch operation perform and the instruction and data are written into the
memory. When reset is deasserted (rst=0) then memory read or write operation performed.
IV. SYNTHESIS AND SIMULATION RESULTS
The performance of the approach used is determined on XILINX platform using VHDL as hardware description
language. Optimization is achieved in terms of effective resource utilization in terms of LUT’s, no of input-output bonds,
no of registers used etc. In this paper, the synthesis and simulation results of control unit of the 16-bit processor have
been presented.

Fig.6 Synthesis report of control unit
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Fig.7 Timing report of control unit

Fig.8 Simulation results for control unit
V. CONCLUSIONS
The design architecture of a 16-bit processor’s control unit is written in Very High Speed Integrated Circuit
Hardware Description Language (VHDL) code using Xilinx ISE 10.1 tool for synthesis and simulation. From synthesis
estimate, the minimum clock period that can be achieved in this proposed control unit architecture is 6.646 ns, which
translate to a maximum operating frequency of 150.466 MHz & the combinational path delay is 8.549 ns. In this design
the simulation of the model is run using Xilinx ISE version 10.1. Simulation of design is done in a bottom-up fashion to
verify the correctness of design.
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