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FPGA and 
VHDL 

Fundamentals  
–

a Short 
Overview

Image 
Processing with 

FPGAs

Starting a typical 
workflow -

Simulate your 
design in 
Octave

and Questa

Setting up a 
project in 

Quartus and test 
the design with 

the FPGA Vision 
Remote Lab
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• as glue-logic

• for video processing

• for automotive applications

• …
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AVM FritzBox 7490
from c‘t 17/2016, p. 162
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https://www.xilinx.com/about/xilinx-go/powered-by-xilinx.html

https://www.xilinx.com/about/xilinx-go/powered-by-xilinx.html
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source: https://www.intel.de/content/www/de/de/automotive/products/programmable/applications.html 

https://www.intel.de/content/www/de/de/automotive/products/programmable/applications.html
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https://hackaday.com/blog/?s=fpga
https://hackaday.com/blog/?s=fpga
https://hackaday.com/2022/01/08/de10-lite-ful-fpga-dev-board-hack-plays-the-1981-classic-defender/
https://hackaday.com/2022/01/08/de10-lite-ful-fpga-dev-board-hack-plays-the-1981-classic-defender/
https://wireframe.raspberrypi.com/articles/the-fpga-retro-revolution
https://wireframe.raspberrypi.com/articles/the-fpga-retro-revolution
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VHDL is a hardware description language

for design and verification of digital circuits

• HDL stands for Hardware Description Language

• V stands for the initiative „VHSIC“ (Very High Speed Integrated Circuits), 
where VHDL originated
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• VHDL describes the function of a 

circuit

• With the VHDL description the 

design/development suite creates 

the circuit
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• Verifies the correct behavior of the circuit

• Testbench provides the I/O signals

• Waveform viewer 

to verify the 

results
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The „Field-Programmable-Gate-Array“ is a 
microchip containing a programmable circuit

• field-programmable: programmable while in 
use

• gate-array: array of gates with

• some thousands logic functions 
(AND, OR, EXOR, ...)

• some thousands memory elements
(Registers, Flip-Flops, FFs)

• connection network

• function and connections are programmable (in 
blue)

Ein-/AusgängeLogik

Verbindungsnetzwerk

1

& D   Q

B

C

A

Takt

D
Y

Simplified presentation: Real FPGAs 

consist of much more logicblocks and I/Os
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Memory

DSP

LE

LE
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Memory

DSP

LE (ALM)

PLL
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• Logic elements of an FPGAs consist of 
combinatorial logic 
and a register or Flip-Flop (FF)

• Name: LE („Logic Element“)

• The combinatorial logic is realized as a Look-Up-
Table (LUT)

Look-Up

Table

D Q

C

M

U

X

LUT

D-Flip-Flop

• Registers can save the results of an LUT or be used independent of the LUT
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call packages with 

definitions of datatypes

entity description of module 

„taster_leds“ with 10 inputs 

SW0 – SW9 and 10 outputs 

LEDR0 –LEDR9

architecture description of module 

„taster_leds“

Condition of switches SW0 – SW9 

are written on LEDs LEDR0 – LEDR9 

This is the call, not the 

definition of the package!

Keywords are

printed in blue

concurrent instruction
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• Multiple concurrent commands are executed in parallel

• The order of the commands is not relevant!

• The following commands result in the same behavior:

• All three descriptions result into the same circuit:

x1 <= a or b;

x2 <= c or d;

y  <= x1 and x2;

y  <= x1 and x2; 

x1 <= a or b;

x2 <= c or d;

1

y&

a
b

c
d

1

x1

x2

x1 <= a or b;

y  <= x1 and x2; 

x2 <= c or d;
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„Golden Rules of VHDL“

VHDL is a hardware-design language

• When you are working with VHDL, you are not programming, you are “designing 
hardware". Your VHDL code should reflect this fact. 

• If your VHDL code appears too similar to code of a higher-level computer 
language, it is probably bad VHDL code.

Have a general concept of what your hardware should look like

• Although VHDL is vastly powerful, if you do not understand basic digital 
constructs, you will probably be unable to generate efficient digital circuits.

• If you are not able to roughly envision the digital circuit you are trying to model in 
terms of basic digital circuits, you will probably misuse VHDL.

• VHDL is cool, but it is not as magical as it initially appears to be.

Aus: B. Mealy, F. Tappero, “Free Range VHDL,” http://freerangefactory.org
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• A typical setup for image processing could consist of

• a CMOS device

e.g., an FPGA

• video in- and output

• and possible additional components

 e.g., an ammeter to estimate 
power consumption

FPGA
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• Output of video signals row by row

• There is an inactive arial horizontally und vertically

• Control signals v-sync, h-sync, data-enable

• Example: HDTV graphic format 720p

• 1280*720 Pixel, 60 Hz image refresh rate

• Vertical blanking gab      30 rows, total of 750 rows

• Horizontal blanking gab 370 pixel, total of 1650 pixel

active picture

blanking gab
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• 60 pictures/s * 750 rows * 1650 pixel result in clock frequency of 74,25 MHz

• Signalization of active pixel by three control signals

• VS, v-sync: Start of picture

• HS, h-sync: Start of row

• DE, data-enable: Active pixel

• Color information R, G, B with 8 bit each

VS

HS ...

...

1/60 s 

DE ...

R, G, B
1 Zeile, 1280 Takte 1 row, 1280 clocks
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• R, G, B every clock

• R, G, B values as binary number between 0 and 255, respectively 8 bit per 
color

• 0     = no color 

• 255 = maximum color

DE

R

G

B

CLK
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• There are VHDL-templates available

• Inputs are

• CLK – clock of 74,25 MHz

• RESET_N – Low-active reset, inverted in VHDL to the high-active RESET

• ENABLE_IN – Three switches 

• VS_IN, HS_IN, DE_IN – control signals of input image

• R_IN, G_IN, B_IN – Color information input image, 8 bit

• Outputs are

• VS_OUT, HS_OUT, DE_OUT – control signals of output image

• R_OUT, G_OUT, B_OUT – Color information output image, 8 bit

• LED – Three LEDs, not implemented in remote lab
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control input

video input

video output

control output
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• Block diagramm:

VIDEO IN VIDEO OUT

24 + 3 24 + 3buffer for 
6/8 lines

24 + 3
7-/9-tap 

filter

ℎ7−𝑡𝑎𝑝 =
1

32

0 0 0 1 0 0 0
0 0 0 0 0 0 0
0 0 0 −9 0 0 0
1 0 −9 16 −9 0 1
0 0 0 −9 0 0 0
0 0 0 0 0 0 0
0 0 0 1 0 0 0

𝑃(𝑥, 𝑦) = 

𝑖=1

𝑛

 

𝑗=1

𝑛

𝑝(𝑥 + 𝑖 − 𝑎, 𝑦 + 𝑗 − 𝑎) ∙ ℎ𝑖𝑗• Filter equation (discrete convolution):

• Filter matrix (7-tap filter):

p(x, y) : Pixel at (x,y)

n : No taps

x : horizontal position

y : vertical position

i : horizontal matrix index

j : vertical matrix index

a : n/2 +1

hij : Element of convolution matrix at position (i,j)
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• current pixel p(x,y+3) - 3 rows under filtered pixel p(x,y)

• buffer 6 rows for 7-tap filter

• Apply filter matrix on p(x,y)

• Apply effective matrix coefficients

𝑃(𝑥, 𝑦) = 

𝑖=1

𝑛

 

𝑗=1

𝑛

𝑝(𝑥 + 𝑖 − 𝑎, 𝑦 + 𝑗 − 𝑎) ∙ ℎ𝑖𝑗 ℎ7−𝑡𝑎𝑝 =
1

32

0 0 0 1 0 0 0
0 0 0 0 0 0 0
0 0 0 −9 0 0 0
1 0 −9 16 −9 0 1
0 0 0 −9 0 0 0
0 0 0 0 0 0 0
0 0 0 1 0 0 0

0 0 0 1 0 0 0

0 0 0 0 0 0 0

0 0 0 -9 0 0 0

1 0 -9 16 -9 0 1

0 0 0 -9 0 0 0

0 0 0 0 0 0 0

0 0 0 1 0 0 0
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• current pixel p(x,y+4) - 4 rows under filtered pixel p(x,y)

• buffer 8 rows for 9-tap filter

• Apply filter matrix on p(x,y)

• Apply effective matrix coefficients

𝑃(𝑥, 𝑦) = 

𝑖=1

𝑛

 

𝑗=1

𝑛

𝑝(𝑥 + 𝑖 − 𝑎, 𝑦 + 𝑗 − 𝑎) ∙ ℎ𝑖𝑗

ℎ9−𝑡𝑎𝑝 =
1

1024

0 0 0 0 −10 0 0 0 0
0 0 0 0 29 0 0 0 0
0 0 0 0 9 0 0 0 0
0 0 0 0 −285 0 0 0 0
−10 29 9 −285 514 −285 9 29 −10
0 0 0 0 −285 0 0 0 0
0 0 0 0 9 0 0 0 0
0 0 0 0 29 0 0 0 0
0 0 0 0 −10 0 0 0 0

0 0 0 0 -10 0 0 0 0

0 0 0 0 29 0 0 0 0

0 0 0 0 9 0 0 0 0

0 0 0 0 -285 0 0 0 0

-10 29 9 -285 514 -285 9 29 -10

0 0 0 0 -285 0 0 0 0

0 0 0 0 9 0 0 0 0

0 0 0 0 29 0 0 0 0

0 0 0 0 -10 0 0 0 0
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• Visit https://www.h-brs.de/fpga-vision-lab

• scroll down to

select

https://www.h-brs.de/fpga-vision-lab
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1.

2.

3.
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change file

names

1.

1.

2.
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• copy converted 720p image into the verification folder

• open „sharp_generate_testbench_images.m“ in Octave
(ensure write_ascii_ppm.m is in the same folder)

• adjust rows 12, 21 und 22 to own file names, run Skript and wait a bit until files
are created
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1.

2.

3.

4.

5.

6.

7.

8.

11.

10.
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12.

14.

13.

15.

17.

16. right mouse button
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18.
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• create project in Modelsim, compile and simulate it (see slides 35ff) 

• watch messages:
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3.

4.

2.

5.

1.

Fill in the correct name of the top-level entity!
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6.

7.

8.

9.

10.

11.

12.
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13.

14.

15.
16.

17.

right-click

-> Settings

19.

20.

21.

22.

18.Without the assignments the software doesn‘t 

know the location of the pins and you won‘t 

have video signals!
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23.



46

1.

2.
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3.

4.
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5. 6.
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