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1 Assignment Introduction
I have been asked for this assignment the design and implementation of a 16 bit CPU.
In order to develop the final product, I had to make use of:
 VHDL code;
 Xilinx Vivado Software;
 Digilent Basys3 board with a Xilinx Artix 7 FPGA.
The purpose of such assignment was to improve my capabilities related on VHDL
language, and especially to have the occasion to design and develop a digital system.[1]

1.1 Recommendations
With the purpose of a better final product, it was strongly suggested to make use of
the SVN Tortoise software repository; by doing this, would have been easier to check
my development progress and, especially, to restore my software code in case the evolution of the code would have led to a bad implementation.
Furthermore, I was encouraged to use a modular coding style with the aim to improve
the following aspects:
 greater flexibility;
 maintainability;
 modularity;
 reusability.

1.2 Limitations
Some of the VHDL non-standard packages was forbidden in this project; to name a
few:
 STD_LOGIC_ARITH;
 STD_LOGIC_UNSIGNED;
 STD_LOGIC_SIGNED;
Especially the first aforementioned package, seems to be an unsupported package file;
it appears, in fact, that such a package was created by Synopsis before the
STD_NUMERIC_STD which is, conversely, a standard package that allows almost
the same mathematical operations. By doing this, Synopsis group let people perform
these operations without considering some of the critical issues noticeable during the
development of the VHDL code. [2]
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In addition, BUFFER ports was not allowed, while the use of INOUT ports is authorized only if strictly necessary.
With the purpose of show the performance of the CPU, I was allowed to use:
 Eight switches of the Basys3 to input a value;
 The central button as a reset;
 Two of the four digits of the LCD to show the input and the other two to show
the output in hexadecimal representation.

1.3 Design Specifications
The main task of this assignment was to implement a 16 bit CPU. I was provided of a
general structure of the CPU as a guideline; however some constraints should have
been respected as follows:
 Arithmetic/Logic instruction datapath comprehensive of:
o Accumulator (16 bit);
o RAM (16x16);
o ALU;
o Buffer Tri-state, to avoid that two or more devices were connected directly to the same bus;
o MUX selector, to pick the input of the Accumulator entity;
o Flip Flop, to store a particular value generated by the ALU mainly
used for Jump operations.
 Program Sequencing/Control Flow instruction datapath including:
o Istruction Register (8 bit);
o Program Counter (5 bit);
o ROM (32x8)
o MUX selector, to choose the right increment for the Program Counter.
 An opcode table for the instructions that the CPU would have implemented:
INSTRUCTION
LDA nnnnnn
JNZ aaaaa
JMP aaaaa
LDA Rrrrr
STA Rrrrr
AND A, Rrrrr
OR A, Rrrrr
ADD A, Rrrrr
SUB A, Rrrrr
LT A, Rrrrr
NOT
INC
DEC
INC
OUT
HALT

ENCODING
00nnnnnn
010aaaaa
011aaaaa
1000rrrr
1001rrrr
1010rrrr
1011rrrr
1100rrrr
1101rrrr
1110rrrr
11110000
11110010
11110011
11111100
11111101
11111111

OPERATION
A <-- nnnnnn (load into the 6 LSBs of A)
Jump to aaaaa if Z status flag is unset (i.e. is 0)
Jump to aaaaa
A <-- Rrrrr
Rrrrr <-- A
A <-- A AND Rrrrr (bitwise)
A <-- A OR Rrrrr (bitwise)
A <-- A + Rrrrr
A <-- A − Rrrrr
Set Z to 0 if A < Rrrrr, to 1 otherwise
A <-- NOT A (bitwise)
A <-- A + 1
A <-- A − 1
A <-- Input
Output --> A
Halt
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1.4 Evaluation
In order to evaluate the correctness of the final implementation, I have been asked to
develop three Assembly programs with their respectively machine language. The programs was structured as follows:
Given a number N as input, output the result of the following calculations:
1.
;
2.
;
3.

1.5 Planning
With the purpose to develop my software with incremental difficulty, I decided to implement the CPU by using the following structure:
1. Implement the Arithmetic Logic Datapath;
2. Test the Arithmetic Logic Datapath (AL) with simple calculations;
3. Implement the Program Sequencing/Control Flow Datapath (PS);
4. Combine AL datapath with PS datapath;
5. Implement the Control Unit (CU) entity;
6. Combine CU with the datapaths;
7. Test the entire CPU.
In order to use a top-down approach, the report will highlight now the main structure
of the final CPU followed by the steps that brought the release of my final product.

2 Implementation
2.1 CPU entity
The final structure of my CPU consists of a top level entity which includes:
 An entity dedicated to the clock divider;
 An entity implementing the Control Unit;
 An entity for the LCD’s four digits.
2.2.1 Clock Divider
To begin with, a clock divider was used to show correctly input and output on the four
digits of the LCD. In particular a clock frequency rate of 500 Hz is generated; to do
so, the entity takes as input the master clock at a frequency rate of 100 MHz and, at
every rising edge of the master clock, a variable increment by one its counter up to a
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value of 200000. In fact, by having a master clock of 100 MHz, after 200000 clock
cycles elapses a period of
seconds, which is enough to illuminate in turn
every digit of the LCD in order to give at human eyes the perception of the display being illuminated continuously.
The four digits entity includes, therefore, the entity which I called “hexa_digit” which
is capable of decoding a set of 4 bits into a series of segment patterns for representing
hexadecimal numbers. A binary representation number can be, in fact, converted into
hexadecimal representation in group of 4 bits, from the value “0000” representing the
hexadecimal number “0” up to the value “1111” representing the hexadecimal value
“F”.
Furthermore, this entity output an extra clock frequency of 1 Hz; this signal will be
used as debugging mode, well explained later on.
2.2.2 Control Unit
The CPU top level entity incorporates then the Control Unit entity, namely the one responsible of controlling all of the operations of the datapath as well as the entire microprocessor.
It takes as input from the CPU entity, a clock, the central button signal used as reset
for the program counter, and three of the switches, sw(8), sw(9) and sw(15) which
provide a mechanism for debugging and to pick one of the three programs stored inside the ROM.
2.2.3 LCD Manager
This entity was introduced when I had the idea to implement a Debug Mode. It takes
as input:
 Three different clocks:
o Master clock: frequency rate 100 MHz;
o Clk_500Hz: frequency rate 500 Hz;
o Clk_1Hz: frequency rate 1 Hz.
 The switches number 15;
 The Led number 15;
 Input, given by the switches from 0 to 7;
 Output, given by the output generated by the CU;
 PC, which is the Program Counter current position.
Basically, it checks the assertion of the switches number 15; in case it is asserted, the
user wants to go in Debug Mode; therefore:
 It will show the output generated by the CU in the 2 right most hand digits
(D0, D1), the Program Counter current position in the third digit (D2), and the
input in the remained digit (D3);
 It will turn on the Led number 15 to let the user see he is in debugging mode;
 All the CPU will be made work with a frequency rate of 1 Hz;
Conversely, in case the switch number 15 is not asserted:
 It will show the output generated by the CU in the 2 right most hand digits
(D0, D1) and the input in the 2 left most hand digits (D2, D3);
 It will turn off the Led number 15;
 The CPU will be made work with the frequency rate of the master clock (100
MHz);
–4–

2.2 Control Unit entity
The Control Unit (CU) entity is responsible of the entire management of all the signals IN/OUT between Control Flow entity and Arithmetic Logic entity.
It is implemented basically as a State Machine where the output of each state is determined by both its current state and current inputs, namely what it is called “Mealy
Machine”.
A process, named “state_machine_engine” acts as a movement generator between the
states at every rising edge of the clock, while the “state_machine_map” indicates the
next state to be followed. The machine is endowed of 5 states where the operations
are depicted in the following diagram:

More in detail, the states can be described as follows:
1. START: it is a start state where all the signals are equals 0, therefore no particular operation is performed; however, it is used as next state when it is decoded one of the two Jump instructions in order to give the Instruction Register an extra clock cycle to store the new instruction;
2. FETCH: In this state a new instruction is loaded from the ROM to the Instruction Register, which will be available in the next clock cycle;
3. DECODE: here is where the instruction is ready to be decoded; in fact, according to the operation to perform, the next state will be set as
a. START, in case it is a jump operation;
b. STOP, in case it is a halt operation;
c. EXECUTE, in case some operation needs the Arithmetic Logic
Datapath to be executed.
4. EXECUTE: the operation is performed with some signal from/to the Arithmetic Logic Datapath.
5. STOP: in case during the decode state a halt operation in met, the CPU essentially will not execute any other operation and will keep this state forever.
According to which operation will be executed, a set of signals wire this entity with
the Arithmetic Logic Datapath entity; moreover, with the purpose to fetch and decode
the instructions from the ROM, the same entity is also linked to the Program Sequencing entity.
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2.3 Program Sequencing entity
This is a fully combinatorial entity which comprises the following structures:
 An 8 bit Istruction Register (IR);
 A 5 bit Program Counter (PC);
 A Multiplexer for selecting the input of the PC;
 A set of 3 ROM 32x8 bits each one;
 A multiplexer for selecting what ROM is required to be used.
The Program Sequencing entity, thus, manages the signals that come from the CU and
addressed to the diverse single entities. Moreover, it is responsible of incrementing
the PC instruction number by one.
2.3.1 Instruction Register
It is a simple register endowed of a 7 bit input and 7 bit output; its output value, however, is synchronized by the clock from the CPU top level entity. It will output a new
value only if the IRload signal is asserted.
2.3.2 Program Counter
It keeps track of the current position of the program. It is a register capable of store
the input value at every rising edge of the clock, and when the signal PCload is asserted. Nevertheless, if the central button is pressed, the PC will reset its current position to the first address of the ROM (all zeros).
2.3.3 Jmux
According to the instruction decoded from the CU, this combinatorial entity will take
as input either the 5 least significant bits from the IR, meaning a jump has been decoded, or the previous PC positioning value incremented by one.
2.3.4 ROM1, ROM2, ROM3
The architecture of my microprocessor includes a set of 3 ROMs that is the location
where the program to be executed is stored permanently and writing operations are
not allowed at run-time. On the other hand, instead of having a single entity with all
of the programs embedded, I developed a ROM for each program executable. With
this regard, by using the two switches sw(8) and sw(9), the user can choose which of
the 3 programs will be executed.
The entities are essentially set of 32 locations of 8 bits each one. When the rising edge
of the clock is met, they will output the instruction stored in the memory location
given by the PC.
In particular, the ROMi stores the ith program explained in Section 1.4.
2.3.5 ROM_mux
As the name suggests, this combinatorial entity provides to the IR the right instruction
from the ROM based on the assertion of the two switches sw(8) and sw(9).
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2.4 Arithmetic Logic Datapath entity
This combinatorial entity is responsible of receiving the input signals from the CU
and driving the right input/output of the following entities:
1. Accumulator;
2. RAM;
3. ALU;
4. Accumulator MUX;
5. Buffer Tri-State;
6. Flip-Flop;
Furthermore, the signal that I called “input”, receive the value of the 8 right most hand
switches of the board instantiated in the CPU top level entity. It gives as output 16
bits based on the result of the operation performed inside the ALU, and 1 bit output of
the Flip Flop.
Finally, it includes a “NOR tester” which is able to establish the Flip Flop input based
on both the result of the ALU entity and a comparison with a set of 16 bits equals 0.
The NOR logic port, in fact, expects the following truth table:

the output is ‘1’ if and only if both of the inputs are ‘0’. Therefore, by matching the
result from the ALU with a bit vector of all zeros, it is possible to generate the right
value to be stored then inside the Flip Flop.
2.4.1 Accumulator
It is a simple 16 bit register entity which stores, at any rising edge of the clock, the input value given by the ALmux entity only when its write enable signal is asserted.
2.4.2 RAM
The RAM entity I have been asked to implement needed to have a set of 16 registers
endowed of 16 bits each one. It includes a write enable signal with the aim to write
into memory only if it is asserted. Moreover, the 4 bits address signal is used in this
entity to specify which of the register the CPU wants to store in. At any cycle of the
clock, a process manages the write operation, while the reading operation is executed
asynchronously.
2.4.3 Arithmetic Logic Unit
The ALU entity is responsible of executing both arithmetical and logical calculations,
according to a signal driven by the CU entity, which I called “op”. This combinatorial
circuit takes as input two operands, where one of them comes from the Accumulator
and the other comes from the RAM. Based on the operation to be executed, it is likely
that only the operand coming from the Accumulator will be processed. For instance,
in operations like NOT, INC and DEC, there is no need to use the second operand.
However, where the ALU is asked to perform operations like ADD, SUB, AND, OR,
–7–

Less-Than and Greater-Then, the ALU requires the two inputs coming from different
locations.
2.4.4 AL_mux
The arithmetic/logic multiplexer is a combinatorial entity with the purpose to select
properly the input for the Accumulator. To this regard, by having a signal selector
“SEL” of 2 bits, it is able to differentiate between 4 different inputs as follows:
 SEL = 00: input comes from RAM;
 SEL = 01: input comes from ALU;
 SEL = 10: input comes from Switches;
 SEL = 11: input comes from CU which is stored in ROM.
2.4.5 Tri-State Buffer
The Tri-State buffer is used to connect several devices to the same bus. In fact, if two
or more devices are connected directly to a bus without using tri-state buffer, they will
get corrupted on the bus. To reach this goal, I implemented this entity with a 15 bits
signal as input, coming from the Accumulator, and a 16 bits output. According to the
value of the “OE” signal, this buffer will drive the input vector value to the output
vector value only if OE is asserted; conversely, if OE is not asserted, the output signal
will be converted in a vector of high impedance value (‘Z’).
2.4.6 Flip Flop
The usage of this Flip Flop has been introduced in the previous paragraphs. It mainly
stores inside the result from the operation performed inside the AL Datapath entity between the ALU output and a NOR gate. Its process is synchronized by the clock and
the store function will be allowed only if a dedicated enable signal, “ZE”, is asserted
from the CU entity.

3 Conclusion
3.1 Skills
What I am very proud of, is to have achieved all of the goals I planned for this assignment. Particularly, I feel happy to have managed to implement all the 3 programs
I have been asked. Furthermore, the Debugging Mode managed by the switch 15,
makes me understand I have finally learnt quite well the essence of the VHDL language.
In this assignment, I also tried to fix some section of the code which I implemented
not well in my previous assignment; for instance, I created an extra entity for the
clock generating instead of dividing the frequency directly inside the top level entity.
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3.2 Difficulties Faced
In my personal opinion, I did not find this assignment very difficult. The issue was
only to understand well how to link any entity to each other. Another difficulty could
have been the implementation of the 3 Assembly programs; however, since I knew
quite well this kind of language from my undergraduate studies, I finally implemented
them with simplicity, on paper first, and in machine code then.

4 Assembly Programs
The following paragraphs illustrate the Assembly code used to implement the program explained in Section1.4.

4.1 Program 1
address
0
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

operation

A <- 1
R1 <- A
A <- swINPUT
R0 <- A
R2 <- A
A <- R2
A <- A-1
SET Z TO 0 IF A < R1
JUMP TO ADDR 13(IF Z = 0)
R2 <- A
A <- A + R0
R0 <- A
JMP TO ADDR 5
A <- R0
OUTPUT
HALT
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4.2 Program 2
address
0
1
2
3
4
5
6
7
8

operation
A <- 13
R1 <- A (13)
A <- swINPUT
SET Z TO 0 IF A < R1
JUMP TO ADDR 7 (IF Z = 0)
A <- A - R1
JMP TO ADDR 3
OUTPUT
HALT

address
0
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

operation
A <- swINPUT
R0 <- A
A <- 0
R1 <- A
A <- 1
R2 <- A
A <- 1
R3 <- A
A <- 1
R4 <- A
SET Z TO 0 IF A < R0
JUMP TO ADDR 15 (IF Z = 0)
A <- R1
OUTPUT
HALT
A <- R2
A <- A + R1
R3 <- A
A <- R2
R1 <- A
A <- R3
R2 <- A
A <- R4
A <- A + 1
JMP TO ADDR 9
HALT

4.3 Program 3
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5 VHDL code
The following paragraphs include the VHDL code used for whole project. Particularly
its hierarchy can be illustrated like the following picture, where each entity has as dependencies those illustrated below the entity itself:

5.1 CPU.vhd
-- Company: University of Essex
-- Engineer: Lorenzo Paris
--- Create Date: 15.03.2018 19:59:37
-- Module Name: CPU - Behavioral
-- Project Name: CPU
---------------------------------------------------------------------

CODE REMOVED
library IEEE;
use IEEE.STD_LOGIC_1164.ALL;
use IEEE.numeric_std.all;
entity CPU is
port(
clk:
sw:
btnC:
an:
led:
seg:

in
in
in
out
out
out

STD_LOGIC;
STD_LOGIC_VECTOR(15 downto 0);
STD_LOGIC;
STD_LOGIC_VECTOR(3 downto 0);
STD_LOGIC_VECTOR (15 downto 0);
STD_LOGIC_VECTOR (6 downto 0));

end CPU;
--------------------------------------------------------------------architecture Behavioral of CPU is
signal output:
STD_LOGIC_VECTOR(15 downto 0);
signal clk_500Hz, clk_1Hz, clk_out: STD_LOGIC;
signal outPC:
STD_LOGIC_VECTOR(4 downto 0);
begin
--------------------------------------------------------------------clk_divider_entity: entity work.clk_divider(Behavioral)
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