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VGA

* VGA = Video Graphics Array
e Introduced by IBM in 1987, and still used today
e Transmitting analog video signal

Cathode-Ray Tube Video Graphics LED Monitor
Monitor Array
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VGA Video Signal

* A VGA video signal contains 5 active signals:

— horizontal sync (HS): used for video synchronization in
the horizontal direction

— vertical sync (VS): used for video synchronization in the
vertical direction

— red (R): used to control the red color, Ov (fully off) ~ 0.7v
(fully on)

— green (G): used to control the green color, Ov (fully off) ~
0.7v (fully on)

— blue (B): used to control the blue color, Ov (fully off) ~
0.7v (fully on) :

in 1: Red
n2: G
in 3: Blue
in 13: HS
in 14: VS
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Pin Assignments

e Corresponding pins in a constraint file (.xdc)

##VGA Connector

set property
set_property
set_property
set _property
set property
set property
set_property
set_property
set _property
set property
set property
set_property
set_property
set _property
set property
set property
set_property
set_property
set _property
set property
set property
set_property
set_property
set _property
set property
set property
set_property
set_property

PACEKAGE PIN G185

IOSTANDARD LVCMOS33

PACRAGE PIN H1%S

IOSTANDARD LVCMOS33

PACEAGE PIN J15

IOSTANDARD LVCMOS33

PRACRAGE PIN N15

IOSTANDARD LVCMOS33

PACRKAGE PIN N18

IOSTANDARD LVCMOS33

PACEKAGE PIN L18

IOSTANDARD LVCMOS33

PACRAGE PIN K18

IOSTANDARD LVCMOS33

PACEKAGE PIN J18

IOSTANDARD LVCMOS33

PACRAGE PIN J17

IOSTANDARD LVCMOS33

PACRKAGE PIN H17

IOSTANDARD LVCMOS33

PACEKAGE PIN G17

IOSTANDARD LVCMOS33

PACRAGE PIN D17

IOSTANDARD LVCMOS33

PACEKAGE PIN P15

IOSTANDARD LVCMOS33

PRACRKAGE PIN R15

IOSTANDARD LVCMOS33

[get ports {wvgaRed[0]
[get_ports {vgaRed[0]}]

[get_ports {vgaRed[1]

[get ports {vgaRed[Z]

[get ports {vgaRed[Z2]}]

]
d[
1]
[get ports {vgaRed[1]}]
3]
d[
[get_ports {vgaRed[3]}]
[get_ports {vgaRed[3]}]
[get ports {vgaBlue[0]}]
[get ports {wvgaBlue[0]}]
[get ports {vgaBlue[1l]}]
[get_ports {vgaBlue[1l]}]
[get_ports {vgaBlue[Z]}]
[get ports {wvgaBlue[Z]}]
[get ports {vgaBlue[3]}]
[get ports {wvgaBlue[3]}]
[get_ports {vgaGreen[0]}]
[get_ports {vgaGreen[0]}]
[get ports {vgaGreen[1l]}]

n[il]:]
[get ports {vgaGreen([2]}]

n[

1

[get ports {vgaGree
[get_ports {vgaGreen[Z]}]

[get_ports {vgaGreen[3]}

[get ports {vgaGreen[3]}]
[get ports hsync]

[get ports hsync]
[get_ports wvsync]

[get_ports vsyncl

G19 -REDO ﬁﬂ
H1g RED1_ZQ
Jig RED2_ L
N1g _RED3 5100
J17

H17

G17

D17

N1g _BLUO |
L1g BLu1 Zk@ |
K1g _BLU2 KO
118 BLU3 5100
p1g _HSYNC 1000
R1g _VSYNC 1000
Artix-7

HD-DB15
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CRT

e Cathode Ray Tube (CRT) is a vacuum
tube containing one or more electron
guns, and a phosphorescent screen is

used to view images.

Anode

Deflecting coils
Control Grid

Fluorescent screen
—

Heater V
Cathode Electron
beam

Focusing coil

Vertical Retrace
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VGA System Timing (1/3)

e Front porch : blank while still moving right.

* Sync pulse : blank while rapidly moving left.

e Back porch : blank while moving right again.

|

Sync pulse
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VGA System Timing (2/3)

Horizontal Timing
(h_sync signal)

Display Time

Vertical Timing
(v_sync signal)

Front|
Porch

,‘_ Sne .|
I

" Back
Porch

|
|
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VGA System Timing (3/3)

* Signal timing for a 640-pixel by 480 rows display using a
25MHz pixel clock

Parameter Ver. Sync Hor. Sync

Lines | Time(ms) | Pixel | Time(us)
S

Visible area | 480 15.3 640 25

Front porch | 10 0.3 16 0.64
Sync pulse 2 0.064 96 3.8
Back porch | 33 1.05 48 1.9

Whole line | 525 16.7 800 32

. Whole line .

Front 4 »

porch . :

:‘ ’: . Visible area . .

et < >
—» < 4 >.
Sync pulse Back porch
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Pixel Clock

* The pixel clock defines the time available to display
one pixel of information.

e Example: Suppose we want to display an image with
480 rows and 640 columns, and its refresh rate is

60Hz. The pixel clock which will be delivered to VGA
screen must be

800*525*60(frame/sec) = 25M (pixel/sec)
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RGB Bitmap

e A digital color image is
composed by a lot of pixels.
e Fach pixel contains three R, G, B

values to represent the intensity
of these three primary colors.

NTHU EECS Logic Design Lab.
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RGB Color Mode

* Three primary colors
— Red
— Green
— Blue

e No one of them can be created as a combination of the
other two.

* Any other color is a combination of them.

NTHU EECS Logic Design Lab.



RGB Color Cube

* R, G, and B correspond to three axes in 3D space.

¢ Normalize the relative amounts of R, G and B so that
each value varies between 0 and 1.

Elue Cyan
(0,0, 1) 0.1.1)
Magentaﬂ / White
(1,0, 1) | = (1:1,1)
| N
Black [ Green
(0, 0, m'“;#—————fm. 1,0)
/
Red & Yellow
(1,0,.0) (1, 1,0)
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RGB Bitmap Example (1/2)

Size: 1215*717 Size: 51*51

Il!ﬁ

NTHU EECS Logic Design Lab.



RGB Bitmap Example (2/2)

1

2

25

3

d 35
05 15 2 25

(R,G,B) : range from 0 to 255

(31,46,51) | (70,93,101) |(135,163,174)

(76,99,105) |(138,170,181) | (117,153,165)

(141,168,179) | (118,150,161) | (117,151,161)
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VGA Demo 1: Block Diagram

hsync
reset >
VGA VSync
dk Clock |25M clk controller
divisor
; 10 10
valldl h_cnt\l\ v_cn?l\ VGA
£ display
Pixel ~
vga RGB
generator
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VGA Demo 1: Top Module

module top(
input clk,
input rst,
output [
output [
output [

)

wire [

wire [

] vgaRed,
] vgaGreen,
] vgaBlue,

output hsync,

output vsync

wire clk Z5MH=z;
wire wvalid;

1 h cnt; //640

1 v cnt; //480

NTHU EECS Logic Design Lab.

clock divisor clk wiz 0 inst(
.clk(clk),
.clkl(clk Z5MH=z)

) ;

pixel gen pixel gen inst (
.h cnt(h cnt),
.valid(wvalid),
.vgaRed (vgaRed) ,
.vgaGreen (vgaGreen) ,
.vgaBlue (vgaBlue)
) ;

vga controller vga inst(

-pclk(clk Z5MHz) ,

.reset (rst),

Jhsyne (hsynec)

.wsync (vsync) ,
.valid(valid),

.h ent (h_cnt),

.v_cnt (v_cnt)

)

endmodule




VGA Demo 1: Clock Divisor

module clock divisor(clkl, clk);
input clk;

output clkl;

reg [1:0] num;

wire [1:0] next num;

always @ (posedge clk) begin

num <= next num;

end

assign next num = num + _'bl;
assign clkl = num[_];
endmodule
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VGA Demo 1: Pixel generator

module pixel gen(

input [2:0] h_cnt,

input wvalid,

output reqg [Z:0] wvgaRed,
output reqg [Z:0] vgaGreen,
output reg [2:0] wvgaBlue
)

always @(*) begin
if('walid)

{vgaRed, wvgaGreen, wvgaBlue} = ;
else if(h cnt < )

{vgaRed, wvgaGreen, wvgaBlue} = ;
else if(h cnt < )

{vgaRed, wvgaGreen, wvgaBlue} = :
else if(h cnt < )

{vgaRed, wvgaGreen, wvgaBlue} = :
else if(h cnt < )

{vgaRed, wvgaGreen, wvgaBlue} = :
else if(h cnt < )

{vgaRed, wvgaGreen, wvgaBlue} = :
else

{vgaRed, wvgaGreen, wvgaBlue} = ;

end
endmodule
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VGA Controller (1/3)

//Module Name: vga assign HD = 640;
module vga_controller ( assign HF = 16:
input wire pclk, reset, assign HS = 96:
output wire hsync,vsync,valid, assign HB = 48:
output wire [9:0] h_cnt, assign HT = 800:
output wire [9:0] v_cnt assign VD = 480;
); assign VF = 10;
reg [9:0] pixel _cnt; assign VS = 2:
reg [9:0] line_cnt; assign VB = 33;
reg hsync i, vsync_i; assign VT = 525
w!re hsync_default, vsync_default; assign hsync_default = 1'b1:
wire [9:0] HD, HF, HS, HB, HT; assign vsync_default = 1'b1;
wire [9:0] VD, VF, VS, VB, VT,
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VGA Controller (2/3)

always@(posedge pclk)
if(reset)
pixel_cnt <=0;
else if(pixel_cnt < (HT - 1))
pixel_cnt <= pixel_cnt + 1;
else
pixel_cnt <=0;

always@(posedge pclk)
if(reset)
hsync_i <= hsync_default;
else if( (pixel_cnt >= (HD + HF - 1))
&& (pixel cnt<(HD + HF + HS -1)))
hsync_i <= ~hsync_default;
else
hsync_i <= hsync_default;

always@(posedge pclk)
if(reset)
line_cnt <=0;
else if(pixel_cnt == (HT -1))
if(line_cnt < (VT - 1))
line_cnt <=line_cnt + 1;
else
line_cnt <= 0;

always@(posedge pclk)
if(reset)
vsync_i <=vsync_default;
else if( (line_cnt >= (VD + VF - 1))
&&(line_cnt< (VD +VF+VS-1)))

vsync_i <= ~vsync_default;
else
vsync_i <=vsync_default;
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VGA Controller (3/3)

assign hsync = hsync _i;

assign vsync = vsync _i;

assign valid = ( (pixel_cnt < HD) && (line_cnt <VD));
assign h_cnt = (pixel_cnt < HD) ? pixel_cnt : 10'd0;
assign v_cnt = (line_cnt <VD) ? line_cnt : 10'd0;

endmodule
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RAM

e FPGA chip uses RAM to map and buffer the
image to the VGA display

e RAM memory generation
— In IP generator, choose ‘Single Port RAM’
* Timing
— Write control, address, data should be at the same
clock cycle.

— Data read out from RAM is one clock cycle late than
the address control
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Memory in FPGA

 Xilinx FPGA defines memory coefficient file (COE) that
is stored in embedded memory in the FPGA chip.
« Two parameter:

- memory_initialization_radix
« Radix of the values in the memory_initialization_vector
« Ex:2,10,0or 16

- memory_initialization_vector:
« Memory content
« Memory words are separated by whitespace
« You can use comma (,) to help identify the boundary
« Vector (entire memory) ended by semicolon
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COE Example

PicTrans.exe

[=] out.coe E]l

1 memory initialization radix=16;
2 memory initialization wector=
3 115,

4 115,

5 115,

& 115,

7 115,

g 115,

S 115,

10 115,

11 115,

12 115,

L « Memory mapping to the image
3;;; ;jg: - You can use A_SCII art generator to
76799 743, generate the pictures or use
76800 743, drawing tool to export the image
76801 743, figure.

76802 743;
76803
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4 Pryoject Manager |

ﬁ- Project Bettings
cﬁ' Add Bonrces

:.;J Langnage Templates
[F Catalog

1

Memory IP (1/5)

# gearch: (20 matches)

=1 Es

e | Hame ' AXI4

% == Vivado Repository

ﬁ Ell- LT Infrastooctore

' e AHT Central Direct Memory Acces LHT4

E'_?_' 4F AT Direct Memory Access AKTA, AXTA-Bheam
: 4F AHT Memory Mapped to Stream Mapper AKTA, AXTA-Bheam

i:': ¢ AT Video Divect Memory Aecess AFT4, AHTA-Btream

4 El (7 Basic Elements 3

@

% F- [ Comrnunication S Networking
= = Ethermet

"1 | I wefF KT Divect Memony Acces AXT4, AETA-Btresmn

[=)-[= Embedded Procesing
=3 [ AXI Infrastmcture
¢ bedF AHI Memory Mapped o Stresm Mapper AKTA, AXKTA-Etream

E| = Dhs

C 4F AET Central Direct Memory Access AYT4
----- ~4F AXI Direct Memony Access AET4, AXT4-Stream
----- ﬂ: AT Video Direct Memury Access AFT4, AETA-SBtream

e tatos

Froduction
Froduction
Froduction
Froduction

Froduction
Froduction

Froduction

Froducton

Froducton
Froducton
Froducton

License

Tnclnded
Inclnded
Tnclnded
Inclnded

Tncloded
Included

Included

Included

Included
Included
Included

YLHV

weilite comip.
wilin comuip. .
weilite comip.
wilin comuip. .

wriline comyip. .
ilined comip. ..

alivec comip...

i comip...

wilin comuip.
eiline comip.
wilin comuip.
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Memory IP (2/5)

Block Memory Generator (8.2) '
@ Documentation Tj IF Location (0 Switch to Defaults
 IP 8ymbol | Power Estimation Component Hame | blk_mem_gen_1
7] Show disabled ports " Busic | PortA Options | Other Options | Sunmnary |
Inferface T ——— address interface with 32 bits :
Memory Tte Single Port RAM ____~ || > ‘ Memory Tvpe | Single Port RAM -
gmmnn Clack
ECC Opthions
ECC Type Wo ECC -
Eror Injection Pins | Single Bit Ervor Injection -
|
| Wity Enable
|||=ERAM_PORTA [ e o B
— Paddalls0] 02 R ||| =BRAM PORTA
— pcka Algprithm Options —
Diefines the algorithm wed. 10 concatenste the block RAM primitives. :
= Pcina11] Reto et oo ot A B = Praddral16:0]
Algosithn | Minimnm Aea -+
- ldenta[11:4] Puimitive | 8k - = "C]-ka
= pwealla] .
— Pdina[11:]
= alldouta[11:0]
I = Pweal0]
| WK [ |
l
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Memory IP (3/5)

T (S T . W i

Block Memory Generator (8.2) '
[l Documentation [ IP Location £3) Switch to Defoults
Component Name | blk_mem_gen 0
IP Symbol | Power Estimation Component Name | blk_mem_gen_1
7] Show disabled ports Becic Fort i Optione | Oitr Cpioms | Survmery Bagic© Port & Options | Other Option: | Swmmany
i Memory Size
Weite Width |12 Range: 1 o 4608 (bits) emory Size
Read Width |12 - . ) )
i Write Width |12 Reflze: 1 1o 4603 (bitsh
Wsite Depth | 76500 Renge: 2 10 1043576
Rt Do — Read Width | 12 -
I Write Depth | 76800 E -2 10 1048576
—_— (Operating Mode | Write First + Enable Port Type | Use ENA Pin -
i Port i Optionsl Outprt Registe Eead Depth  [F6800
||| =BraM FORTA cr e b
Primitives Owiput Register || Core Onipt Regivtes

= praddra[16:0]
SoftECC Input Register [ REGCEA Fin
= Pl Cperating Mode | Write First = | Erable Port Typel] Abvays Ensbled

—  Pcdinal1:0] Port & Oufpt Resst Options

= ldoutal11:0] [7] RETA Pin (sethreset pin) Cutput Reset Value (Hex) |0

= pweallhd] Reset Memory Latch Reset Priority | CE (Laich ox Reister Enable) R G B : 1 2 b i tS
READ Address Change A i 320X240 : 76800

Read Address Changs &




Memory IP (4/5)

LU Customize 1P .
Block Memery Ganerator (5.2) '

B Docnmenissinn. [ IP Location. () Switeh to Defomtis

TP Symbal | Fower Estimation |
Fhow dissbled portt Bux | Port A Opboue. Olhes Ophons | Dainsy

Component Name | blk_mem_gen_0

Fipehe Staps wallm M |0~ | Muwc Sime: 1901 i i i
Bagic | Port & Optio Other Options | Summeary
T Pt L |

(] Lual Tt Fild Pipeline Stages within bux | 0 = | M Size: 191

Ciow Fils [ 11_com,_fila_luelrel _‘E'w 1| & Bl | Memory Initialization
[ e |

mom— g EE=EE 2 Choose .coe file

Ry Menry Lossoss (He) 1
Coe File \no_coe_file_loaded

Structenal Ul Stmnlasion Medel Options

" " L
|l|=5rav PORTA W o e
o ecklral16:0] Colition Wasnings | All =
Dehavioeal Srnnlation Model Opty

pclea ettt

Dbl Collisn Warnings Disble Ot of Range Warsings
P-dinal11:0]
Aldautal11:0]
| e |
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Memory IP (5/5)

g Generate Qutput Products ﬁ
e ————
The following output products will be genervated . ‘
Preview
Q\ E1-4F blk_mermn_gen 0.xed (Global)
e ) Instentistion Template
fl == . 9RIL Soures I
B ) Behaviorsl Simulation
L[ Chenge Log |
|
]
|
: Symthesis Options ? |
i@ Global |
1 () Ot of context per [P
]
|
Eun Settings
Mumber of jobs: | 2«
' I
1 Appl . Generate Ski
| Aply  |IE - Ge ! | skp | |
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Picture Format Translation (1/2)

amumu.jpg

NTHU EECS Logic Design Lab.

PicTrans.exe>

out.coe
|=] out.coe Eﬂl
1 memory initialization radix=16;
2 memory initialization wector=
3 115,
4 115,
5 115,
6 115,
7 115,
g 115,
9 115,
10 115,
11 115,
12 115,
76797 743,
16798 743,
16799 743,
76600 743,
716601 743,
16802 T43;
716803



Picture Format Translation (2/2)

e Piclrans.exe:
— Convert a *.jpg file to a bit map file
* Input:
— image (*.jpg)
— the width of the output file
— the height of the output file [-oemer. ===
e Output:

— out.coe
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VGA Demo 2: Block Diagram

Top

reset VGA

Clock controller
divisor

clk

h ent N’ v_entd VGA
. : display

> Mem_addr
22
clk/2 generator

17

pixel _addr)
w

25M_clk B|oc|(_
mem_gen
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VGA Demo 2: Top Module

Imodule top(

input clk,

input rst,

output [ 1 vgakRed,
output [ 1 vgaGreen,
output [ ] vgaBlue,

output hsync,
output wvsync

}:

wire [ 1 data;
wire clk Z5MH=z;
wire clk 22;

wire [ 1 pixel addr;
wire [ 1 pixel;
wire walid;

wire [ 1 h ent; //640

wire [

= (valid=—

1 v cnt; //480

assign {vgaRed, wvgaGreen, wvgaBlue}

} ? pixel:

x

clock divisor clk wiz 0 inst(
.elk(clk),
.clkl (clk Z5MH=z) ,
clkZZ(clk _Z22)

);

mem addr gen mem addr gen inst(
.clk(clk ZZ),

.rst{rst) ,

.h ent{h cnt),

.v_cnt (v_cnt),
.pixel addr (pixel addr)

)

blk mem gen 0 blk mem gen 0 inst(

.clka(clk Z5MH=z) ,
wea (0,

.addra (pixel addr),
.dina({datal[11:01)},
.douta (pixel)

vga controller vga inst(

.pclk(clk Z5MH=Z) ,
.reset({rst),

.hsync (hsync) ,
.wsync{vsync) ,
.valid(valid),
.h_cnt(h_cnt),
.v_cnt(v_cnt)

|

endmodule
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Demo 2: Clock Divisor

module clock divisor(clkl, clk, clk22);
input clk;

output clkl;

output clkiZz;

reqg [Z21:0] num;

wire [Z21:0] next num;

always @ (posedge clk) begin

num <= next num;

end

assign next num = num + 1'bl;
assign clkl = num[_];

assign clkZ2Z = num[Z1];
endmodule
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VGA Demo 2: Memory address generator

imodule mem addr gen |
input clk,
input rst,

input [%:0] h ecnt,

input [Z:0] v _cnt,
output [16:0] pixel addr
¥ )
reg [7:0] position;
assign pixel addr = ((h_cnt>>1)+ *(v_cnt>>1)+ position®* 1% ;S /640%480 —-> 320%240

i always @ (posedge clk or posedge rst) begin
if(rst)
position <= 0;
else if(position < )
position <= position + 1;
else
position <= 0;
- end

endmodule
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How to Use RAM Module
* Memory Read and Write is controlled by

— “wen” pin : wen=0 is “read”, wen=1 is “write”.
— Separate read-address generator and write-address generator.

e To refresh the image, you can

— Always read out image from memory (wen=0) and display
image in VGA synchronized with hsync and vsync. Write in
image changes (wen=1) when necessary.

Read Write
wire clk; | | | |
wire wen; [ ' ! [

wire [11:0] data_in;
wire [11:0] data_out; clk J_I_l_l_m

wire [16:0] addr;

RAM R1(
.clka(clk), addr

.wea(wen), : ' :
.addra(addr), douta !
.dina(data_in), |
.douta(data_out) dina |

|

|
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Lab 11: VGA Display




Action Item (1/2)

Modity the Verilog code introduced in class to
design a circuit for controlling the VGA display.

* input orts
input clk
mput reset
input en;

¢ output ports:
output [3:0] vgaRed;
output [3:0] vgaGreen;
output [3:0] vgaBlue;
output hsyngc;
output vsyng;
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Action Item (2/2)

o At the beginning or when pressing the reset
button, the VGA display will show the image
(e.g., amumu.jpg) at the origin position. It will
stay still until the en button is pressed.

* The image will start/resume scrolling down row
by row under the frequency of clk divided by 222
(i.e., clk/2%?), or pause, depending on whether
the number of the en button pressed is odd or
even.

NTHU EECS Logic Design Lab.



Example (1/6)

at the beginning or pressing reset

(0 row scrolled down)
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Example (2/6)

press en =¥ start to scroll down

(100 rows scrolled down)

NTHU EECS Logic Design Lab.



Example (3/6)

(200 rows scrolled down)
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Example (4/6)

(300 rows scrolled down)
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Example (5/6)

(400 rows scrolled down)
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Example (6/6)

press en =» pause

(400 rows scrolled down)

NTHU EECS Logic Design Lab.
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