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Learning Outcomes
q How to make trade-offs between performance and area/complexity in your hardware 

implementation

q Hands-on experience on:

o Hardware Prototyping on Field Programmable Gate Arrays (FPGAs)

o Debugging Your Hardware Implementation

o Hardware Description Language (HDL)

o Hardware Design Flow

o Computer-Aided Design (CAD) Tools
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Part 1
Introduction to FPGA



Introduction to FPGA
Where do FPGAs fit in history?

q<1960    individual transistors
q1960s – 1970s: 

oSSI, MSI, LSI (10,000 transistors)

q1980s:
oProgrammable Logic Devices (PLAs, PALs)
o16-bit, 32-bit processors (> 1,000,000 transistors)

q1990s:
oFull custom chips

oGate arrays (semi-custom chips)
oField-Programmable Gate Arrays
o> 100,000,000 transistors

q2026: > 100,000,000,000 transistors
oNVIDIA RTX 5090: 92 billion
oApple M3 Ultra: 184 billion

5

First FPGA,
Patented 1984

First silicon transistor,
Patented 1954

FPGA in 2024, 
shoot by 
Zihao@AMD



Introduction to FPGA
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Flexibility vs. 
Performance：
Power dissipation 
dilemma Sources: [1] Reconfigurable Architectures for General Purpose Computing, Andre DeHon, PhD Thesis, MIT, 1996

  [2] A. Cuomo, Semiconductor Challenges, DATE03 Keynote, March 03, http://www.dateconference.com/
  conference/2003/keynotes/andrea/andrea.pdf



Introduction to FPGA
q Field Programmable Gate Array (FPGA) is 

q FPGA is a software-reconfigurable hardware substrate
o Reconfigurable functions
o Reconfigurable interconnection of functions
o Reconfigurable input/output (IO)
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https://www.arrow.com/en/research-and-events/articles/fpga-basics-architecture-applications-and-uses



Introduction to FPGA
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Different manufacturers have different logic cells

Xilinx Virtex II Logic Block
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Introduction to FPGA
q How many logic blocks in a typical FPGA?
q We will use chips that have around 33k 

logic blocks.
q Some other typical chips has around 10k- 

100k logic cells
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Part Logic Cells
XC7VX330T 326,400
XC7VX415T 412,160
XC7VX485T 485,760
XC7VX550T 554,240
XC7VX690T 693,120
XC7VX980T 979,200

XC7VX1140T 1,139,200

State of the Art: AMD 
Versal VP1902
18.5M logic cells, world’s 
largest FPGA

Sources: 
https://www.amd.com/content/dam/amd/en/documents/university/aup-
boards/XUPBasys3/documentation/Basys3_rm_8_22_2014.pdf
https://docs.amd.com/v/u/en-US/7-series-product-selection-guide
https://www.amd.com/en/products/adaptive-socs-and-fpgas/versal/premium-series/vp1902.html



FPGA Design Procedure
q Step 1. Architecture Design

o Draw block diagrams, cook circuit specifications
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FPGA Design Procedure
q Step 2: RTL Design

o Write your RTL/HDL code
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Source: 
https://github.com/Xilinx/RecoNIC/blob/main/shell/top/reconic.sv#L20



FPGA Design Procedure
q Step 3: Simulation and verification

o Write a testbench for simulation
o Run your testbench using a simulator, and verify the 

results
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https://docs.verilogtorouting.org/en/latest/tutorials/timing_simulation/



FPGA Design Procedure
q Step 4: Synthesis & DFT

o Synthesize your code into a gate netlist
o Add debug cells if needed
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FPGA Design Procedure
q Step 5: Constraints

o  Set up a constraint to bond the module IO to the pins
o Constrain the timing requirements
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FPGA Design Procedure
q Step 6: Implementation

o Convert the constraints and synthesized gate netlist 
to an FPGA-compatible logic cell netlist

o Map the cells to a real device
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FPGA Design Procedure
q Step 7: Timing and Area Analysis

o Analyze if there is a timing/area problem. 
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FPGA Design Procedure
q Step 8: Generate Bitstream

o Generate the Bitstream based on the implemented 
design.

o Program the hardware to make it run on a physical 
device
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Part 2
LAB 1: IMPLEMENT 4-BIT FULL ADDER ON BASYS3



Lab 1: Implement 4-bit full adder on BASYS3
q In this lab, you will design, simulate, synthesize, 

implement, and program a ripple-carry 4-bit 
full adder on the BASYS3 FPGA board using the 
standard Vivado workflow. 

q You’ll write RTL for the adder, verify it with a 
simple testbench, apply pin and timing 
constraints to map inputs (board switches) and 
outputs (LEDs), including carry-out, generate 
the bitstream, and finally download it to the 
board to validate correct operation with 
on-board I/O.
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Input: CIN B3 B2 B1 B0 A3 A2 A1 A0

LED: ON when 
switch is ON (UP)

D3 D2 D1 D0

D3: Show the Carry-out
D2: Sum, D2 = A+B
D1: Show input B
D0: Show input A



Lab 1: Implement 4-bit full adder on BASYS3
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Background: 4-bit full adder
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Background: 4-bit full adder
full_adder.v
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module full_adder (
  input wire a,    // First input bit
  input wire b,    // Second input bit
  input wire cin,   // Carry-in bit
  output wire sum,   // Sum output bit
  output wire cout   // Carry-out bit

);

  // Internal signals for intermediate calculations
  wire ab_xor;     // XOR of a and b
  wire ab_and;     // AND of a and b
  wire axor_cin_and;  // AND of (a XOR b) and cin

  // Calculate sum as XOR of a, b, and cin
  assign ab_xor = a ^ b;
  assign sum = ab_xor ^ cin;

  // Calculate carry-out as OR of (a AND b) and ((a XOR b) AND cin)
  assign ab_and = a & b;
  assign axor_cin_and = ab_xor & cin;
  assign cout = ab_and | axor_cin_and;

endmodule



Background: 4-bit full adder
full_adder_4bit.v
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module full_adder_4bit(
  input wire [3:0] a,    // First 4-bit input
  input wire [3:0] b,    // Second 4-bit input
  input wire    cin,   // Carry-in bit
  output wire [3:0] sum,   // 4-bit Sum output
  output wire    cout   // Carry-out bit

);

  // Internal carry signals between the full adders
  wire c1, c2, c3;

  // Instantiate four 1-bit full adders
  full_adder fa0 (.a(a[0]),.b(b[0]),.cin(cin),.sum(sum[0]),.cout(c1));
  full_adder fa1 (.a(a[1]),.b(b[1]),.cin(c1),.sum(sum[1]),.cout(c2));
  full_adder fa2 (.a(a[2]),.b(b[2]),.cin(c2),.sum(sum[2]),.cout(c3));
  full_adder fa3 (.a(a[3]),.b(b[3]),.cin(c3),.sum(sum[3]),.cout(cout));

endmodule



Simulation: Testbench for 4-bit full adder
q full_adder_4bit_tb.v
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module full_adder_4bit_tb;

// Testbench signals
reg [3:0] a;
reg [3:0] b;
reg    cin;
wire [3:0] sum;
wire    cout;

wire [3:0] expected_sum;
wire    expected_cout;

assign {expected_cout, expected_sum} = a + b + cin;

// Instantiate the 4-bit full adder module
full_adder_4bit dut 
(.a(a),.b(b),.cin(cin),.sum(sum),.cout(cout));

// Test procedure
initial begin
  // Test various combinations of inputs
  a = 4'b0000; b = 4'b0000; cin = 0; #10; 
  a = 4'b0001; b = 4'b0010; cin = 0; #10; 
  a = 4'b0011; b = 4'b0101; cin = 1; #10; 
  a = 4'b1111; b = 4'b0001; cin = 0; #10; 
  a = 4'b1010; b = 4'b0101; cin = 1; #10; 
  a = 4'b1111; b = 4'b1111; cin = 1; #10; 
  // Finish simulation
  $finish;

end
endmodule



I/O Mapping and TOP file
q The TOP file is the essential module for ALL FPGA PROJECTS.

q It’s an RTL module that
o Wrap up ALL submodules
o Interfacing with FPGA IO

q Design Rules for TOP module:
o Clearly define the module IO BASED ON PHYSICAL DATASHEET!
o Only implement the modules and connect them using wires in the top module.
o You can define constants and parameters in the top module.
o You should not write any logic in the top module, though it’s not wrong. It’s just not a good coding 

style.
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I/O Mapping and TOP file
q The TOP file for this lab:
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module top(
 input    clk,    // Clock input
 input [15:0] sw,     // Input switches
 output CA, CB, CC, CD, CE, CF, CG, DP, // 7-segment 

display segments
 output [3:0] AN,     // 7-segment display anodes
 output [15:0] led    // LED outputs to show the 

result
);

//Wires and signals
wire [3:0] a;
wire [3:0] b;
wire    cin;
wire [3:0] sum;
wire    cout;

// Assign inputs from switches
assign a  = sw[3:0];
assign b  = sw[7:4];
assign cin = sw[8];

// Display inputs on LEDs
assign led = {7'b0, cin, b, a}; 
//continue...

// Instantiate seg7 display module
seg7display u0 (
 .x_l({3'b0, cout, sum, b, a}), 
 .clk(clk),
 .reset(1'b0),
 .a_to_g({CA, CB, CC, CD, CE, CF, CG}),
 .an_l(AN),
 .dp_l(DP) 

);

// Instantiate full adder 4 bit module
full_adder_4bit u1 (
 .a(a),
 .b(b),
 .cin(cin),
 .sum(sum),
 .cout(cout)

);

endmodule



I/O Mapping and TOP file
q The TOP file for this lab:
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module top(
 input    clk,    // Clock input
 input [15:0] sw,     // Input switches
 output CA, CB, CC, CD, CE, CF, CG, DP, // 7-segment display segments
 output [3:0] AN,     // 7-segment display anodes
 output [15:0] led    // LED outputs to show the result

);



Simulation – Start with VIVADO
q Start Vivado, click 

“Create Project”
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Simulation – Start with VIVADO
q In the New Project wizard, 

click “next”
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Simulation – Start with VIVADO
q In the New Project wizard, 

choose RTL project. 
Check “Do not specify 
sources at this time”.
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Simulation – Start with Vivado
q In the New Project wizard, 

choose xc7a35tcpg236-1. 
This is the FPGA device 
used on your BASYS3.

q Click next
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Simulation – Start with VIVADO
q In the New Project wizard, 

click “Finish”.
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Simulation – Start with Vivado.
q This is the workspace for 

your Vivado.

q On the left if your flow 
navigator, basically is the 
same workflow as our 
FPGA design workflow.

q Click add sources. I have 
provided the codes 
required for this lab. Import 
using “Add Sources”
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Simulation – Start with VIVADO
q In the Add Sources wizard, 

choose “Add or create 
design sources”, then click 
next 
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Simulation – Start with VIVADO
q In the Add Sources wizard, click “Add files” to 

import the source files.
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Simulation – Start with VIVADO
q In the Add Source File wizard, navigate to the 

source files, and choose all the provided 
source files.

q Then click OK 
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Simulation – Start with VIVADO
q In the Add Source wizard, you will see the 

imported source files. 

q Then click Finish
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Simulation – Starting with Vivado
q In the Vivado workspace, 

you will see the imported 
modules in the “Source” 
window.

q Note: the imported sources
are automatically ordered
in the “hierarchy” tab.

q In order to see the files, 
click “Libraries” tab.
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Simulation – Starting with Vivado Project
q In the Libraries tab, click “xil_defaultlib” to 

expand the library, then click the 
“Unreferenced” tab to expand the folder. 
You will see all the imported files.

q Right-click “full_adder_4bit_tb.v”, click 
“Move to Simulation Sources”.

q Testbenches are not synthesizable. Make 
sure they are not part of “Design Sources”.
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Simulation – Starting with Vivado Project
q In the end, you will see the library like this. Right-click “Run Simulation” to enter “Simulation 

Settings…” 
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Simulation – Starting with Vivado Project
q In the “Setting” wizard, click “…” to change the 

simulation top module name, then choose 
“full_adder_4bit_tb”. Click OK then click OK.

q After settings, click “Run Simulation” to get 
started.
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Simulation – Starting with Vivado Project
q Then you will enter the 

simulation window. Click 
“Untitled 1” to enter the 
waveform window. 

q Note: The waveform window 
name changes as you run 
multiple times of simulations. 
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Simulation – Starting with Vivado Project
q Click “Zoom Fit” to show the 

complete waveform. You will 
see all the interesting signals.

q Once you confirm that your 
signal is OK, click “×” on the 
top-right corner of the 
“SIMULATOR” window to quick 
simulation.
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Starting with Vivado Project - Elaboration
q Click “Open Elaborated Design”, 

then click OK to start 
elaboration.

q This allows Vivado to analyze 
your code and make an 
elaborate block diagram.
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Starting with Vivado Project - Elaboration
q In the block diagram, click “+” 

can open the block and view the 
internal block diagram. Check if 
this is the logic you want.

q After you finished, click “×” on 
the top-right corner to close 
“Elaborated Design”
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Starting with Vivado Project - Synthesis
q In the Flow Navigator, click “Run 

Synthesis”, then click OK to start 
synthesis. This process takes a 
while.

q When completed, choose 
“Open Synthesized Design”.
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Starting with Vivado Project - Constraints
q The Synthesized Design view is 

on the right. For now, we are 
going to make two important 
constraints:
o I/O mapping
o Clock constraints
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Starting with Vivado Project - Constraints
q The datasheet gives you how the EXTERNAL physical devices (e.g., 

LED) are connected to the FPGA. In the constraint file, you have to 
define how your INTERNAL module connects to the IO ports.

q Based on the BASYS3 Datasheet, we need to gather the following 
information:
o 1. What are the associated PINs for each port? (check figure 16)
o 2. What is the voltage standard for the PINs? (check Table 2)

§ 3.3V -> LVCMOS33 (Low Voltage CMOS 3.3V)
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Starting with Vivado Project - Constraints
q Based on the datasheet, fill the table in the “I/O Ports” window.
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Starting with Vivado Project - Constraints
q After filling out the table,  type 

“Ctrl+S” to save a constraint file
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Starting with Vivado Project - Constraints
q Then you are going to create clock constraints.

q Click Constraints Wizard to create a clock. In this 
module,  the 7-segment display module requires a 
100MHz clock. Since we already have the clock from 
input IO W5, bonded to “clk” signal, we simply create a 
clock constraint to let Vivado know we have a clock.
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Starting with Vivado Project - Constraints
q Vivado recognize “clk” signal as a clock. 

Type 100 in the Frequency cell to create a 
100 MHz clock, then click next.
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Starting with Vivado Project - Constraints
q Vivado recognize “clk” signal as a clock. 

Type 100 in the Frequency cell to create a 
100 MHz clock, then click “Skip to finish”.
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Starting with Vivado Project - Implementation
q After saving the constraints, 

click “Run Implementation”. 
Vivado will warn you the 
Synthesized Design is out-of-
date since you add constraints. 
Click Yes to rerun Synthesize 
and Implementation together.
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Starting with Vivado Project - Implementation
q After implementation is finished, you 

can “Open Implemented Design” to 
check the Timing, Power, and Area 
usage.

q In this simple example, we are unlikely 
to violate any timing/area/power 
restrictions.

q Then click “Generate Bitstream” in the 
flow navigator.
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Starting with Vivado Project - Programming
q After generating the bitstream, you are 

ready to program on FPGA.

q Choose “Open Hardware Manager” 
when finished.
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Starting with Vivado Project - Programming
q After generating the bitstream, 

you are ready to program on FPGA.

q Choose “Open Hardware 
Manager” when finished. Connect 
BASYS3 with your Windows 
Laptop.

q In the hardware manager, click 
Open Target -> Auto Connect

q Then click Program Device -> 
Program
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Pre-requisite: Design workstation you need

• A windows/linux desktop with X86 CPU

mac with Intel CPU – 
OK. You need a 
virtual machine for 
Windows 

mac with m-series 
chip – NO! it will 
never work (due to 
driver issue)

PC with x86 CPU – 
Good option

PC with arm CPU – 
NO! Not going to 
work



https://www.xilinx.com/support/download.html

Vivado ML Edition - 2025.2

https://www.xilinx.com/support/download.html


Create AMD account

First you need to create an account



Download and install

Fill your info in this form
Use you email address for verification code

Use King’s College London address

Once the form completed, just press 
“Download”



Install

Follow the installation prompt



Install

The “User Authentication” 
Section should be filled with 

your AMD account info.



Install vivado

First, select “Vivado”
Then click “Next” to go to the 

next prompt window



Install vivado

WARNING! 
Make sure that you select the 

“Vivado ML Standard” Edition



Install vivado

Select these options
Then go to the next prompt window



Install vivado

Make sure you tick “Agree” to 
the License Agreements



Install vivado

Create a directory , e.g.,:
C:\Xilinx

then click “Yes”



Install vivado

Once the directory is setup, you 
can press “install”



Install vivado

It might take several minutes to 
complete the installation



https://www.youtube.com/watch?v=6_GxkslqbcU

Getting started with Vivado and Basys3

Introductory videos to vivado and basys3 
can be found on youtube




