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1 Introduction

The following 3 exercises are parttbé ALPHAvork shop. They provide a brief introduction to

programming the Digilent BASYS FPGA boards using both a schematic design approach and a procedural
programming language called Verilog.

Though these exercises were based on the BASYS Guwdnidh is no loger sold by Digilent and of

which | have a large number in my lathe exercises will still work with newer boards. You will need to
adjust the pin assignments and account for the different system clock speed. | have listed this
information at the endf this handout for both the BASYS2 board and the NEXYS3 board.

2 Exercise 1:
Create a full adder using a schematic circuit representation

2.1 Background
The full adder circuit is the basis of all addition

circuits. Its truth table is: A in| B_in| C_in| C_out| Sum_out
0 0 0 0 0
FullAdder 0 fo |1 0 1
0 1 0 0 1
—1B_in C_out —— 0 1 1 1 0
_ 1 0 0 0 1
—|Adn 1 0 1 1 0
——C_in Sum_out —— 1 1 2 1 S

Figurel: Full Adder diagram (with inputs on the left and outputs on the right) and its truth table.

The truthtable can be implemented using the following Boolean logic:

Sum_out = (A"B)"C, i.e., (A XOR B) XOR C
C_out= AB+AC+BC, i.e., (A AND B) OR (A AND C) OR ( B AND C)

Where, for brevity we replaced A_in with A and B_in with B #&Boolean circuitepreentationis
shown below.
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Figure2: Full Adder Boolean Logic

We now implement thislesign on the FPGA on the BASYS board and &sgigns BTNO through BTN2
for the inputs A_in, B_in and C_in; wen assign the output Sum_oubtiED LD _0 and C_outto LD_1.

2.2 Step 1. Implement the Design in the ISE Webpack
Start the ISEVebpack You find it underXilinx Degjn Toold ISE Design Suite 14I6E Design Todls
64-bit Project Navigatar

Starta new project underFile / NewProjectand name it: (In this exampthe new project was hamed

oFull_Adder_Graphica)
2 E
R o Project Wizard
« -

Create New Project I
| Spedify project location and type.

Enter a name, locations, and comment for the project
Name: Full_Adder_Graphical

Location: Ur\spawick\Documents Wilinx \Full_Adder_Graphical

@

Warking Directory: | U:\spawick\Documents{Xiinx\Full_Adder_Graphical

Description:

Select the type of top-level source for the project

Top-evel source type:

HDL

Figure3: New Project Window

Next you need to specify the particular FPGA for which this design is. Use the information shown below
for the particularEPGA Family, Device, Package and Spedide BASYS board:
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F FG4SNJ GKS

Project Settings

Spedify device and project properties.

Select the device and design flow for the project

Property Name

Evaluation Development Board
Product Category

Family

Device

Package

Speed

Top-Level Source Type

Synthesis Tool

Simulator

Preferred Lanquage

Property Specification in Project File

Value

Nane Specified

All

SgartanEE

KC3IS100E

TQL44

1 ENEN BN
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HDL

¥ST (VHDL/Verilog)

ISim (VHDL/ Verilog)

Verilog

1| KN KN BN K

Store all values

Manual Compile Order
VHDL Source Analysis Standard ‘VHDL—QB x|
Enzhle Messane Filterina IF1 2

Figured: (FPGA) Device Properties

environment as shown below.

LINE 2SO

adzyYl Ne

Figure5: Xilix ISE Webpack V 14.1

Iy R

We now adda blank schematic file to our project on which we will design théegpto Right click on the
upper right Design panel at the xc3s1a0di |j m n n

¢ K SlewdSource Wizagd

GAYR2 6

2 LISY &

A O2Newlsouieeéa St SO

&4 &AK26Y

0St260

7

a

- {AYyOS

f A 3K Gchamiti® @ LJG A 2S6urce ype (i Kdesindnenu and provide a file name. (In the

SEIYLX S

SFIAdEgGraphicabd

a

82dz aK2dzA R y?2
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| ANextx |y FFinighK Sk yaR

Select Source Type

Select source type, fik name and s location.

] VHDL Test Bench
& Embedded Processor

U \spanick\Documents i \Ful_Adder_Graphical | [uue|

Add to project

Figure6: Add new source: Source Vm window

82dz 6Aft 08 LINBASyEebblow)saiest I of |y

i K Ymidolg tab (see the figure below, arrow (13d that you will have access the Boolean logic
symbols to build the schematic.

(2)

[y

(1)

S

Figure7: Blank schematic page.

We will now buildthe crcuit shown inFigure 2by selecting the symbols from the list on tledt and
then dropping them into the large empty panel on the right.

Begin by selecting the 2 input AND gafese the figure below, arrow (2)) e

a SftabdXi ATNR Yo (1 KS

a ymbolg list and left click 3 timgto place them at the appropriate place on the right parithe empty

schematic page

Repeat this for the two-thput XOR gates.e., selects E 2 ahH the3-input ORj.e., & 2 Nb ¢ @



Figure8: Schematic with the basic gates

Before wiring the gatewogether its best to define and add the inputs and outputs to the diagram.

{ St SOG GKS G!'RR Lkh alNJSNE {(22f FTNRY (KS {(22fa LJ
seearrow inpictureabove) and place it at the inputs of each of the AND gates: place the cross hairs

directly at the input of the AND gate, mouse click left while holding the left mouse button down and

dragging it to the left. Finally release. (You may want to zoom intlétlzoom tool.) See below.

Figure9a: Schematic with 1/0 ports Figure 9b: Same but ports renamed

C2NJ NBIFIRIFIoAftAdGEe YR G2 O2yT2NXY (2 2dghkliskohtber | £ RA L
port label and seleaiRename Popé ¢ & LIS Ay GKS FLIINBLINARFGS yIFYS Ay
your schematidooks like the one shown in Figure 9b.

CAylLftteszs £SGQa 6ANB GKS NBYI Aylkfty/steth® egayfdvOrithe 2 y ® {S
figure below,(Add Wiretool) and complete your design. olbeautify your design you may want to use

0 K Seledt Togg G KS (0 2 tepfeseénied by @anfrovcon, whichwill allow you to drag the

objects in the window.
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]| Hirarchy

N E Full_Adder_Graphical

ﬁ} xc3s100e-dtql4d
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B-in

SN EY

C-in
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B Mo Processes Rurning

Processes: FullAdderGraphical
~ % Design Summary/Reports
Design Utilities

¥ User Constraints

i 8)  Synthesize - X6T

B)  Implement Design
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SRR
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Generate Programming File
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Analyze Design Using ChipScope

=
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Figure 10: Complete schematic with wires

2.3 Step 2: Assign the I/O Port sto Pins
I t A0 Desfg G K6 o0a2y (KS toadindetan AvgrRenas the antiye Privject.

Right click on your topmost module (the one highlighitethe top left panel angrecededwith the
three squares see the blue arrow in Figure 10)y R & MefvSdhii®éa ¢ KA & GAYS asSt SO
dmplementation Costraints Filé I yR y I YS (KS filea SNI O2yad NI Ayd ol /0



Hit Nex€ and éFinistE | y R

' Select Source Type

BMM File

MEM File

[©7] Schematic

[£] User Document
Verilog Module

] Verilog Test Fixture
[k VHDL Module

[ VHOL Library

[F] VHDL Package

[y WHDL Test Bench

&% Embedded Processor

Select source type, fik name and s location.

& ChipScope Definition and Connection File
[ _Implementation Constraints File
[ IP (CORE Generator & Architecture Wizard)

il name:

|PinAssignments

Logation:

| :\spawick\Documents Wi Ful_Adder_Graphical | (]

Add to project

[

Cancel

Figurell: NewSource Wiard with a user constrain (UC) file selected.

ez2dz gAff

Gt AY! 3aA3YYSyl 0dzOF ¢

Thegeneralsyntax for pimassignmentss:

0S5

awkighdnybur tasedaknanyfed

a

1] Cé

| NET "<port_name>" LOC=<pin_location>;

where <port_name> represents theameassigned to the portfor ourdesign this corresponds to A_in,
B_in, Sum_out etc. Then locationis obtained from the Digilent handout which is shown below for the
BASYS board. (Pin locations for BASYS2 and NEXMiS3almésted at the end of this handout.)

Figurel2y
at o d¢

R

52

{

1. PS2 port power jumper

2. Power source switch

3. Config select jumper (ROMIWTAG)
4. CLK1 frequency select jumper
5.'DONE' LED

6. FPGA reset button

021 NR 6AGK

Any 5VDC - 9VDC wall plug or other-supply
can be used. Jack is center-positive, 2.1mm.

CLK2

VGA

Red 0: P70
Red 1: P68
Red 2: P67
Blu 0: P44
Blu 1: P43
~ |Gm 0: P52
. |Gm1:P51

Any half-size DIP 3.3V CMOS oscillator up tp 120MHz

LIA Y

t20lGA2yao

i K ’iagle digit pinstwherela Ke8o hasibées iNgerted.

bhe¢oy

i K

FAL S

Fy S NNJ



For example, switch SWO has a pin location of P38, switch SW1 ah@®3&D LDO of P15 etc.
Therefore the correct notation for the QFfile will be:

NET "A_in" LOC = "P38";
NET "B_in" LOC = "F36";
NET "C_in" LOC = "P29";

NET "C_out" LOC = "A4",
NET "Sum_out" LOC = "B5",

Enter this into the blank UCF file. Make sure you type the port names exatilied$n your schematic
design, including upper / lower case. We should now be done to compilerogram.

2.4 Step 3: Generating the Program File
We are now ready to generate the bit file that will be uploaded to the FPGA by right clicking on the
éGenerate Programming File Ay GKS f ST{ LBegBelow)dzy RSNI t N2OS&aasSao

I b il 5 i G g Bl - el
2) Fle Edit View Project Source Process Jools Window Layout Help &
12 )

Destn woax .
Vew: © 3 inplomentaton () (] Smuoton

B3 Desgn | Fles | ) throries| 22 Symbad|p} & Design Summary (Programmng Fie Generated) 2 Prassigrments.ucf [x] FulladderGraphical.sch

Figurel3: Compiling the code

LT GKSNB | NB y2 YA Rrodess Sanerate PogiaindindgFdBmpietsdS (1 KS a
successfully Y S & a I Jofomlinithe doiisBle window. Thanly thing left is now to transfer the bit
file or firmware to the FPGA.

2.5 Step 4: Transferring the Bit File to the FPGA using Digilent Adept
We will use the Digilent Adept software to transfer the bit file to the FPGA. Connect the BASYS board
with a USB cable to your computer and start the progRigilent / Adept / Adept



&, Digilent Adept O )

S ____

BASYS

Config [Test | Register /O | File O | JO Ex | Settings |
A :
KCIS100E
=] :
*CFO25

Initislize Chain

Hgure 14: Digilent Adept file transfer program

If the connection has been successful you should see the information displayed above with Adept
correctly identifying the board.

By default Xilinxvill compile the code for storing it in tHEROM of the BASY'S boar@his is the method
we just used.)
> aStSOi GKS a. NRgaSXeée odzidzy

¢2 GNI}ya¥TsSNI 6kKS O2RS
f e transfedBdId\te Yash meyidry oi tkeBAFYS bddrd. g A f

T2t RSN bSEQ StS
(See the window below.)

R
0

Q¢

&, Digilent Adept O )
2%, Digilen ept o B D . . _ i—
BASYS
Product: Basys - 100
Config [Test | Register /O | File O | JO Ex | Settings |
FPGA ___
oo | | v) [Bowse..] [ Proge
PROM | | = -
xorozs | L t ] [ Program ]
Set Config file for XCFO2S: "\\spa-home.spa.umn.edul\SCIPIOUSERS \spawick\Documents Kilinx
\Ful_Adder_Graphicallfuladderaraphical.bit”
XCFO2S. |
|
ssfil.

Figurel5: Transferring the bit file into the PROM

When we useéhe PROM method, the bit filill remain in the flash memomyntil it is overwritten.
However, it is not read into the FPGA until the board has been reset by going through a power on/off
cycle.

To power the board on/off either di®nnect the USB cable, use the poweitsh on the very left, SW8
or, preferably, hit the tiy resetbutton directly above the lefinost digit of the 7 segment LED display.



2.6 Step5: Test It!
You can now test your design bglectingthe three rightmost switches SWO0 through 3ahd observing
the result of the addition in LD1 (MSB) and LDO (LSB.)

2.7 4 Bit z Full Adder

To harness the full power of digital logic, simple designs like the previous full adder, are implemented
repeatedly and then linked together. For example, implementing the previous design 64 times and

connecting the correct inputs togegh could turn this design into a very fast and powerfulltdadder.

9SSy (K2dza3K GKS cCctD! 2y (G(KS 02FNR& O2dzZ R Sraife K
2dzi Lldzia 2y GKS ! {,{ 02INRa (KL (-bifaddedVBich youedill G2 A Y
odzAft R Ay G(KS ySEG asSdirazyao ¢t2 R23X 42 &z oAt f
full adder beforereusing it in the 4it adder.

2.7.1 Creating Your Own Symbols / Modularize the Design

For convenience and readébj, you may prefer to combine all the gates in one design into a single
module or function. (This is similar to creating a-Sum LabView.) You do so by selecting your design
of the full adderand then undeiProcesseselect:Processes / Design liti¢s / Create Schematic Symbol

/ Run. Shown below is the symbol created for our full adder:

FullAdderGraphical

—A_in C_out ——
— B_in
—C_in Sum_out ——

Figurel6: Newly created symbol from our schematic file

Once creatednd savedit will be available through the symbols library whgoei now may use it
instead of the more detailed versi@howing the individual gates.

2.7.2 Building the 4 -Bit Adder
' FTGSN) @2dz KIS ONBF G6SR (-&&SY Sk o8 OXKSinasyiohidt fieéd Yo @2 § &
4-bit adder shown belowvhich will calculate the mathematical operation:

SUM, SUMESUM SUNy SUMy = agaxa; ap + bbby by

where thesubscriptO denotesthe least significant bjti.e., the LSBFor exampl¢he operation 7 + 15 =
22would be represented by:

Decimal Value Binary Representation
7 0111
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+15 +1111
=22 =10110
Table 2.7.1.
FullAdderGraphical
| c.ou| —[omm
B_in
C_in Sum_out —— sumsou >
FullAdderGraphical
A_in C_out
B_in
C_in sum_out —— sz

FullAdderGraphical

A1_in

B1_in

i

A_in

B_in

C_out

sum_out ——{ o

FullAdderGraphical

A_in

B_in

C_out

sum_out

]

GND

Figurel7: 4-bit Full Adder circuit building on our previous Full Adder

In your design,qu may permanently sat_into O by connecting theorresponding input of the
instantiated module to Qi.e., ground (See tle GND symbol used in Figure)1@se the table below to

assign the inputs and outputs to the correct pins.
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Name Function BASYS Control | Pin
a0 Input: LSB of a Switch SWO P38
al Input: 2 bit of a Switch SW1 P36
a2 Input: 2 bit of a Switch SW2 P29
a3 Input: MSB of a Switch SW3 P24
b0 Input: LSB of b Switch SW4 P18
b1l Input: I bit of b Switch SW5 P12
b2 Input: 2 bit of b Switch SW6 P10
b3 Input: MSB bit of b SwitchSW7 P6
SumO_out| Result: LSB bit of the sum LED LDO P15
Suml_out| Result: ' bit of the sum LED LD1 P14
Sum2_out| Result: 2% bit of the sum LED LD2 P8
Sum3_out| Result: &' bit of the sum LED LD3 P7
Sum4_out| Carryout and MSB of the sum LED LD4 P5
Table 2.7.2.

Note that the 4 right most switches represent teani.e.,as & & ao while the 4 left most switches
representb, i.e.,bsb,b; by The LEDs should then directly correspond to the result that the addition of
the two terms producedmplement your design and download it to the BASYS board. Tsst it
comparing your results to ones shown in Table 2.7.1

A completeversion of this circuitan be found on the CD in the folddexerciséd-ull_Adder_Graphical3

2.8 Additional Notes:

2.8.1 Program ming for RAM:

If you prefer, you can also compile the code directly into the RAM of the FPGA. In that case the FPGA
will use the bit file as soon as it has been transferred to the board. Of course, when the board is reset
the code $ lost and must be sent again.

To compile for the RAMou must make the following changes:

1) Change the starup clock from CCLK to

B3 Process Properties - Startup Options -':r : »-
JTAQClock by rightlicking inProcesses e o pre———
=N I3 . Y, gi::"‘uf;ffn‘:"é sons -g StartUpClk: | FPGA Start-Up Clock

dzy’ R &éhkrdte Programming File | Yy H St

~ A = , X , Readback Options -g DONE_cycle: Done (Output Events)
a St S @rodess Bropertidse .2 e e o =
see the windown Figure 18hen select BLCKqule Mkt O ok Dupu s Docmi oot
Category: Startup Options

2) Change Jumper JP3 on the BASYS board

fr om R OM t o \]T AG Property display level: |Standard ] [V] Display switch names | Default

[k [ camd || somy |[ Hep |

Figurel8: Changing the Startup Option to compile codkt

for RAM
12



3 Verilog

3.1.1 Verilog: Combinational Logic
[ SsiteQeat the 4oit adder from the previous stion. However, this timave will implement the entire
exercise using a hardware descriptive language, (HDL), such as Verilog.

You will finda version othis exercise in the Lab Manual, section 9.2. For #ke ®f time, howeer, we
will not implement it on the BASYS boatidough you are of course, free to do so.

Shown below is th&erilogmodule of the full adder circuit, i.e., the Verilog implementation of Figure 2.

It consists of port declarations andtiieg 2 O2 Yo Ayl GA2y L+t € 23A0 adlkdiSYSyi:
Since it has no physical pins assigned to it, the code will compile but a programming or bit file cannot

(yet) be generated.

module ALPHA_FullAdderModule(a, b, ¢, sum_out, c_out);

input a, b, ¢ /lthe 3 input bits

output sum_out; //sum bit

output c_out; /[carry bit

assign sum_out = a*b”\c; /la XOR b XOR ¢

assign c_out = (a&b)| (a&c) | (b&c); //(A AND B) OR (A AND C) OR (B AND C)
endmodule

{K2gy 0St2¢ Aad GKS ERLINVRRSHEIY2ROZ 82RFaA2dDI aAyadl
adder module shown above 4 times as shown in the 4 lines highlighted in bold print.

module ALPHA_Full4bitAdderModule_SingleWireVersion(a0, al, a2, a3, b0, b1, b2, b3, sum_out0, sum_outl, sum_out

sum_out3, sum_out4);
(* LOC ="P38" ®input a0;
(* LOC = "P36" ®)input al;
(* LOC ="P29" ®input a2;
(* LOC = "P24" ®)input a3;
(* LOC ="P18" ®input bO;
(* LOC = "P12" ®input b1;
(* LOC = "P10" ®)input b2;
(* LOC ="P6" *)input b3;

N

(* LOC = "P15" *)output sum_outO;
(* LOC = "P14" *)output sum_outl;
(* LOC = "P8" *)output sum_out2;
(* LOC ="P7" *)output sum_out3;
(* LOC = "P5" *)output sum_out4;

/lInstantiate the ALPHA_FullAdderModule 4 times using the original module name followte Imew name
/INOTE: the ALPHA_FullAdderModule is not shown in this code segment, to save space
wire ¢c_out0, ¢_outl, c_out2; //declaration of these (internal) wires is optional but highly recommnded
ALPHA_FullAdderModule ALPHA_FullAdderModulelnstO( abp, 0O, sum_out0, c_out0);
ALPHA_FullAdderModule ALPHA_FullAdderModulelnstl( al, b1, ¢_outGsum_outl, c_outl);
ALPHA_FullAdderModule ALPHA_FullAdderModulelnst2( a2, b2, ¢c_outlsum_out2, c_out2);
ALPHA_FullAdderModule ALPHA_FullAdderModulelnst33, b3, ¢_out2, sum_out3, sum_out4);
endmodule
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Pease note the following

1) The module assigns pins to the ports directly intihgmost moduleby using the (* LOC =
Gt - - ¢ g Ohodgk weicduld have used a UCF file, identical to the previouscahphi
exercise, this is another method for assigning piBeth methods have their advantages and
disadvantages. We prefer tmeethodd K2 gy | 62 @3S 0 S Olodalithg S R2y Qi
another data file and it makedse entire process more transparent

2) Wiresc_outQ c_outl, etc., are internal wires. Therefore they do not need to belaled as
ports! tis optional to declare internal wires, i.e., if Verilog finds undeclargtnal ports it
implicitly assignghem to a single bit internal wire. As long gou only have single bit wires, this
is ok. However, with mulbit wires, i.e., vectors or buses, this leads to disasters and is usually
the leading cause for code not working! Thereford,igt the habit of declaring all internal
wired

Since pindiave been assigned to all the input and output ports, this code can now be compiled and a
bit-file can be generated from it.

Shown below is a more streamlined versiaf the module above using misbit wires, i.e., buses or
vectors:

module ALPHA_Full4bitAdderModule_VectorVersion(a, b, sum_out);
(* LOC = "P24 P29 P36 P38" *) input [3:0] a; //4-bit vector / bus
(* LOC ="P6 P10 P12 P18" *) input [3:0] b; //4-bit vector / bus
(* LOC = "P5 P7 P8 P14 P15" §utput [4:0] sum_out; //5-bit vector / bus

/lInstantiate the ALPHA_FullAdderModule 4 times using the original module name followed by the new name
/INOTE: the actual ALPHA_FullAdderModule is not shown in this code segment, to save space

wire c_out0, c_outl, c_out2; //declaration of these (intmiges is optional but highly recommnded

ALPHA_FullAdderModule ALPHA_FullAdderModulelns{Ga[0], b[Q], O, sum_out[0], c_out0;

ALPHA_FullAdderModule ALPHA_FullAdderModulelnstH[1], b[1], c_outO, sum_out[1], c_outl);

ALPHA_FullAdderModule ALPHA_FuAdderModulelnst2@[2], b[2], c_outl, sum_out[2],c_out2);

ALPHA_FullAdderModule ALPHA_FullAdderModulelnst3[3], b[3], c_out2, sum_out[3], sum_out[4]);
endmodule

Finally Jook at the code below. It shows that Verilog is capable of basic (integémaparations and,
hence, the entire it adder could also have been implemented in this munhch abbreviated,
simpler way by utilizing VertbQERA G A2y 2LISNI 62N YbQY

module ALPHA_Full4bitAdderModule_Cheat(a, b, sum_out);
(* LOC = "P24 P29 P36 P38 input [3:0] a;
(*LOC ="P6 P10 P12 P18" *) input [3:0] b;
(* LOC ="P5 P7 P8 P14 P15" *)output [4:0] sum_out;
assign sum_out =a + b;

endmodule
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4 Exercise 2: Radiation Counter

4.1 Introduction

In this exerciseve will build a one-second reference tinrethat we then will use in the next section to
build a nuclear scaler that counts and displays the number of radiation events detected by a Geiger
Mueller (GM) tube.Finally, we wiladd the capability to deteatoincidence between multiple GM
tubes.

Thecode for the complete GM counteonsists of the following modules:

1) A reference clockSeond<Clockwhichprovidesthe timing signal every second.

2) A binary counter with an asynchronous resksyncCountethat will output the count obtained
when aresetsignal is detected.

3) A display modulgHexDisplayVlhat will display the binary counts on the seven segment
display in a decimal format.

HexDisplayV1

sys_clk sevenSegLED_out(6:0)

vce

SecondsClock MsyncCounter I

signatounts_out(15:0) value_in(15:0) gPos_out(3:0)

BCD_enable

Display_Enable

sys_clk toggle

reset}— ——————————freset

Figurel9: Basic Radiation Counter Design

In this chapter you will only create and teabe module for the reference clock. You will create the
other modules in the subsequent chapters.

This exercise closely resembles sectidh®and 9.4. of the lab manual.

4.2 One Second Reference Clock
You will starthe design by building the orgecond re€rence timer:

SecondsClock

— sys_clk toggle ——

reset ——

Figure20: OneSecond Reference Timer Schematic

Use the 25 MHz signal from Pin 54 on the BASYS board and feed it mbot&ounter. (See the flow

chart below.) Design the counter so that each time the counteaches a value corresponding to an

elapsed time interval of 1 second, it resets itself to 0. Simultaneously, on each reset, it toggles an output
signaltoggle. (This signal is mainly used for debugginskign this output signal to an LED and check
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that your design works, i.e., every other second, the LED should be lit for exactly one second.
l RRAGAZ2YFEfeY ONBlIieRt I CKSO2§ R B dz0 LIHz0 FTONI 2 R a2y S
second.

Counter =
24999999 ?

Reset counter to O
¢233ftS Wiz

Increment counter reset=1

reset=0

Name | Function BASYS Control Pin
sys_clk | Input: BASYS board 25 MHz clock System Clock CLK P54
toggle | Toggles ahED on & off every other second. This outy LED: LDO P15

isfor debuggingnly sincethe & NB &uipiités difficult
to observe on a scope, due to its short duration.

reset Reset signal which stays on for only one system cloclf JD: @ P58
cycle

Hints:

a) This design retains values and is dependent on previous vahassfore, it uses sequential
logic, i.e., registers.

b) It takes 25 bits to count to 299999 Declare the counter register Wwi25 bits.

c) Inyour always block, usestatements to determine if the counter has reached its 1 second
limit and needs to be reser if it should be incremented further. On each reset, toggle
another, separate register which serves to control the LED.

d) Finally, create one more (output) register that is set HI only when the counter is reset.

Try to write the Verilog code that woulttcomplish this. You will find the answer in the next sections.

4.3 Step 1: Implement the Design in the ISE Webpack
Similar to the previous exercisgtart a new projecin the Xilinx Webpack usirigle / New ProjectEnter
a new project name.
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Before you catinue,A ¥ @ 2 dzZQNB 62 NJ Ay & SAy GKENIGR 12N @3 ELIER SO 2
G AStratchtempé +a aAK2gy Ay (GKS aONBSy akKz2i o0St260 LF¥ &
though instead of taking a few seconds to generate the bitifilakes minutes as it copies a large

number of files across the netwdrk

F.

Create New Project
spedify project location and type.
Enter a name, locations, and comment for the project
Name: Alpha_RadCounter
Location: U:\spawick\Documents| E
Working Directory: |C:\Scratch\temp @
Description:
Select the type of top-evel source for the project
Top-evel source type:
HDL [+]
— =

Figure21. Specifying the Project and Working Directory

Since you have already entered the specifications for the FPGA on the BASY $hhibargsevious
exerise,you will not haveo specify them againWdza GNex#A (i A6 f & 2 dz Tofedtsimilary Sg S Y
to Figure 5.

Adda blank Verilog file to our project. Right click on the upper right Design panel at the xc3s100e
nidlfmnn A O2NewSouied {adainh S$OFRiguré 5 for help.)

¢ K SlewdSource Wizaéd gAYy R2g 2LISya | a
&verilog Modulé 2 LJG A 2 yurcatypé ( KBzt d { R 2
SEFYLX S a3 kX SY0OANFRQ | Al abSE

Select Source Type
Select source type, fie name and its location,
%] IP (CORE Generator & Architecture Wizard)
chematic
ser en
eriloy ule
erilog Test Fixture
. il name:

SecondClocd
Lecation:

U:spamick!Documents ilimx Alpha_RadCounter | [vaa)

wakt2odise a Velilbgile, delettd A Yy OS &
6y YSydz ' yR f(@nahdt FyR
| d¢

Add to project

oo —

Figure22: The New Source Wazd: adding a Verilog file
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The next window asks us to specify the input and output ports ofrmadule. From the tablabove, we
can see that we have one inguisysiclké |y Rutpiitgéggleé I Y R & NdSisafe ihgsé choices
as shown in the screen shot belogBe suretai St SOG a2 dzi Lidzi y RTANBa&Gpa G233t

E—-
-

5 e Source iz —
Define Module I
Speafy ports for module,

Module name |SecondsClock
Port Name Direction Bus MSB Ls8 I
sys_clk input [-]o
toggle output -]z
e |
input -]z
input |2 =] E
input -]z
input |2 =]
input -]z
input |2 =]
input -]z
input l-]o i

Figure23: Specifying the 1/0 port names, directions and size.

HittNext | KiisE 6 ' YR @2dz gAff NBUOdzZNYy G2 GKS L{9 2So6LJ O}

(@ - - " —— B
. ISE Project Navigator (P.68d) - U\spawick\DocumentsWilina\Alpha, RadCounterAlpha_RadCounter xise - &mnﬂsﬂnc_@ﬁu

File Edit View Project Source Process Toels Window Layout Help BEE
DAEFL[snbxwal=[# 28 2B 280, P L[
Design «0ax| g 1 ‘timescale 1ns / 1ps A
[ | View: @ {i\:a}lmplamamaﬁon(:}S\mu\aﬁcn N 2 SSISEEEETITE ET LT EETEDEL AL ELE T A I T LA FEIFiri i ri i
Hierarch — 3 // Company:
& | Hierarchy 4 // Enginser:
1| ] Alpha_RadCounter - s /7 |
| = £3 xc3s100e-dtqldd 6 // Create Date: 16:17:04 07/12/2013
a5 B8 ... SecondsClock (U:\spawick\Doc 7 // Design Name:
= - 8 // Module Name: SecondsClock
% — 9 // Project Name:
A 10 // Target Devices: =
% 11 // Tool versions:
= 12 // Description:
¥ |t [ [ 13 /s
| ¥2 NoProcesses Running 2 i: ;; Dependenciss:
{ | Processes: SecondsClock @ 16 // Revision:
Design Summary/Reports (5] 17 // Revision 0.01 - File Created
% Das\gn Utilities vitep = 18 // Rdditional Comments:
] User Constraints =
== Synthesize - XST 20 SFIIIAEEETEIARTT BT R LETT TR R T I EFEER RIS L E T EE LI EFEEEFIArI i
o Iy I t Desi 21 module SecondsClock(
mpremer Cestan 22 input sys_clk,
Generate Pregramming File 23 output tosgle
Configure Target Device 22 uutgut reggt ’ i
Analyze Design Using ChipScope q = =
IH, Start | B3 Design |} Fles | [ tbraries| | Design Summary o2 SecondsClock.v mJ
Console +0dx

i) INFC:HDLCompiler:1845 - Analyzing Verilog file "U:/Spawick/DucumEnts/XiliI\folphEliRadCcmnter/SEcundﬂClu:k.v” into =
4 INFO:ProjectMomt — Parsing design hierazchy cempleted successfully.

Started : "Launching ISE Text Editor to edit SecondsClock.v™.

4 [ L3
Console |° Errors |J}‘ Warnings |iii Find in Files Results

Lnl Coll Verilog

Figure24: ISE Webpack with the empty module.

Note that the structure for your Verilog module has been created, specifying its inputs and outputs.
(See the picture above. If you discover a mistake, feel free to §dilgo, f you prefer, you do not
have to use thavizardto enter the ports instead, you cadirectlytype the information in yourself.
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At this point, the Verilog module is just ampty shell. We still need tfill in the specifics of our one
second reference cloadgorithm. You may want to tryhis onyour own and create the code for the
one-second timer; if you get stuck, detailed instructions are given in the following lines:

4.3.1.1 Detailed Instructions for the One -Second Timer
Sartby creatinga2® A i O2 dzyriyBoNdte@ | f {3 OE GKS O2dzy i SNJ oé&
after all it will depend on its previous statwe have to declare it as2® bit register:

reg [240] mycounter= G;

Though it is optional, we also initialize it to O.

Next we add the always@ structure thatactivated aeach positive edge alys_tk cycle:

always@( posedge sys_tlxegin

end

Add these statements after the definition of the podist F 4§ SNJ (G KS & S Yédn@ndauRdE O

Finallywe need to add the branching instruction inside the always block (usingegseiktructure) that
determines if the counter is reset or incremented, toggle being toggled and reset being HI or LO.

reg[24:0] mycounter = 0O;

always@(posedge sys_clk) begin
if( mycounter == 24_999 999 ) begiWunderscores added for readability

mycounter <= 0; /Ireset the counter
reset <=1; /Iset the 'reset' HI
toggle <= ~toggle; /'l negat e adsigoiggitsef 6 and
end
else begin
mycounter <= mycounter + 1; /lincrement the counter
reset <= 0; /Iset reset LO
end

end

The code is almost complete except for 2 issues:

First, when we entered our input and output ports, the compiler neveuirggl (or even gave us a
choice to specify) if they were of a sequential or combinatioture. (Note: while inputs ALWAYS are
of combinational nature, outputs can be either comdiiional or sequential, i.ewiresor a registes!)

R

S

TA

Therefore, we needd O2 NNBOU G KIFI G o0& LINBOSRAYy3I (GKS LRNI Yyl YS
above, all our outputs are of sequential logic and hence must be declared as such. See the complete

code below with the changes highlighted:

module SecondsClock(
input sys clk,
outputreg toggle,
output egreset );
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reg [24:0] mycounter = 0;

always@(posedge sys_clk) begin
if( mycounter == 24_999_999 ) begin //underscores added for readability

mycounter <= 0; llreset the counter
reset <=1; /Iset he 'reset' HI
toggle <= ~toggle;
end

else begin
mycounter <= mycounter + 1; /lincrement the counter
reset <= 0; /Iset reset LO
end

end

endmodule

We are not quitereadytd DSy SNI (S i KyStsincliRBeThdd noget agsigriedSthe physical
pins to thel/O ports. We will do so in the next step.

(Warning: actually, if you made no mistakes, the program will generate the program file but in doing so,
it will assign random pins to thgort which isworse than no pin ssignment.)

4.4 Step 2: Define the I/O Port Pins

Similar toStep 2 irthe previous design, we could employser constraint file to assign the pins to the
corresponding I/O ports. Instead we try a different approach and declare the pins directly within
Veriog. Though both methods work, the method shown here puts all the design information into one
single file.

Thesyntax forincluding the pin assignment inside of Verilogdaingle port is:

(* LOC = "<XXX>" *) input YYY |
where <XXX> represents the pindtion and YYY the name of the port. For example:

(* LOC = "P54" *) inputsys_clk ‘
You may also assign an entire bus to the corresponding pins as in the following example:

\ (* LOC = "P6 P10 P12 P18 P24 P29 P36 P38" *) input [7:0] x_in, \
(Note the rightmost pin, P38 in the above example, will correspond to the LSB and the leftmost value to
the MSB.)

Make those changes to your code so that the final version of your Verilog module will look something
like this:

module SecondsClock(
(* LOC = "P54"*) input sys_clk,
(* LOC = "P15" *) output reg toggle, /ILED LDO
(* LOC = "P58" *) output reg reset //1JD0
);

reg [24:0] mycounter = 0;
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always@(posedge sys_clk) begin
if( mycounter==24_999 999 ) begin //underscores added for readability
mycounter <= 0; //reset the counter
reset <=1, /Iset the 'reset’ HI
toggle <= ~toggle;
end
else begin
mycounter <= mycounter + 1;//increment the counter
reset <=0; /Iset resetO
end
end

endmodule

4.5 Step 3: Generating the Program File
Generating the bit file is identical to Steps&ction 2.4, ofthe previous exercise, i.e., rightick on
éGenerate Program Fde dzy RSNJ t N2 0SaasSa Ay (KS 5Saiaday Glrood

4.6 Step 4: Transferring the B it File to the FPGA using Digilent Adept

Similarly, Step 4 is identidal the previous Step 4xcept that the file name now corresponds to the
name ofthe modulein this exercise. (In our case thati a { S 02 y ®gyaufwil iy tiedbk file in

the folder that you specified as your working directory when you created your project. If you followed
the instructions here, that would be in th€)\ scratchtempe folder.

4.7 Step 5: Test It!
After you have restarted or reset your & you are ready tdest it. Does the rightmost LED blink
every second? If sgontinue to our next module.
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5 Radiation Counter Exercise
Ly GKAAa aSOGA2Yy ¢S G-ACO02REORAYVENE YAREA BINBPABAZAT RY
survey instrument that displaysié number of ionizing events measured in a one second time interval.

5.1 Radiation Detectors

¢KS NIRAIFIGA2Y RSGSO0O2NE | a2RSf wa cnx @ a Y| ydzFl
AKFLISRE 0O & gakdlshBapef)GeigeeMutller tibeyfo det ionizing particles. Each time

the gas in the GM tube has been ionized by a patrticle passing through it, the unit generateses 50

negative going LVTTL pulse that is being sent to the BASYS board. It is these pulses that we want to
count when theytrigger our radiation counter.

Up to four RM 60 units can be powered and interfaced to the BASYS board through the edge connectors
JA through JD as shown below.

donuopy uoneipey
uoﬁ;ueou om

033 09-NH |epoyy

S21uouine|g

—_—

jeuoneusjul zeb bu;dumo

Figure25: RM 60ARadiation Monitor with Thqrium Oxide gasAmvantel andu BASYS Abowar'd. The RM 60 hwas beep connegted to pin 3 )
M 2F GKS .1 {, { 02INRQa W' SR3IS O02yySOi2N) 6KAOK O2NNBalLRyRa i
The labels on top of the connector jacks indicate the pin nunolbéne edge connector receiving the

pulse signalvith the lowest number corresponding BASYS boartige connectopin 1, for example

P81,and the highest number tpin 4, for example, pin P92(Unlikethe picture shown above, the

connectors are now ladded 0 through 3.)For this exercise, you will use only one detector. Connect it as

shown in the picture above and place it near a gas mantl@a¢Bldo not unpack the gas mées.)
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The® gas marles contain Thorium Oxide. The Thorium itself emiey low level ofadiation as it
decaysalongits decay chain into lead. It is these decays that we will measure.

5.1.1 Step 1:Introduction
For this first step, you will start out with a very primitive radiation monwtrich we will improve as we
go along.

BST2 NB 4 S loakiatthalBloEk diagdain@fthsimplifiedcircuitshownbelow. It consists of 3
modules:

1. BinaryCounters 16bit countermodulethat increments each time a radiation event is detected
you will write the code for this module.

2. HexDsplayVls a module that displays the 46t counts in binary coded decimals on the
0 2 | NRBe@rientdEX display. Thde for themodule has already been written amdll be
supplied to you.

3. The topmost moduleencapsulatesi.e., instantiatesthe previous two modulesyou will write
the code for this module.

I HexDisplayV1 I
sys_ck i Vee sys_clk sevenSegLED_out(6:0) ———— seven Seql ED_out(6:0)
I /7 BCD_enable I
I BlnaryCOU nter < Display_Enable I
‘ rad euema> I clock counts(15:0) ’: {——value_in(15:0) sevenSegPos_out(3:0) _l sevenSegPous_out(3 0)

Figure26: Simple Countewith the top-most module explicitly shown by the dashed lines.

While students usually have no problem picking out the-swdalules, confusion often exists to the exact

nature of the topmost module, especially in regards to its porEor example, should the bus

connecting theBinaryCounteand theHexDisplayVbe ded | NER 2 NJ y 2 (i K LGQa F2NJ &
dashed outline was added to the schematic above. It explicitly denotes the borders of theothgde

and enhances the distinction between the external ports and the internal wires.

5.1.2 Step 2: Implementing the Top -Most module

Start with a completely new project. (If you forgot how, you may want to review section 4.3. of this

write-up.) Name your topmost module and carefully study the above diagram to determine which I/O

ports it requires.Forexample, should thd&6 bit bus betweenthe A y I NB / 2 dzyahdtea O2 dzy ( &
HexDisplayV1 value_be listed? You should end up with a module that looks something like the one

shown below(Of course, you may name your ports whatever you feel like as long as you understand

their purpose.)

module RadiationTopMod(

input sys_clk,
input rad_events /lradiation events JAO
output [6:0] sevenSegLED_out, /leach bit corresponds to one of the 7 segments on the display

output [3:0] sevenSegPos_#sapecifies which of the 4 displaisto be turned on (temporarily)
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);

endmodule

5.1.3 Step 3: Add the HexDisplayV1 Module and Instantiate It

You have two options of adding additional modules to your project: you can either place them in
separate files and then them add them to your project (as explained below) or you can simply copy /
paste(or enter) the code of the new module into the saméefas, for example, the topmost module. If
you choose the second method, it does not matter whether you enter the code before or after the top
most moduleas long as you have the topmost module declared!

C2NJ y2g3s fSGQa I RR (ro8ulefoihis Proj€aesy b the\ryeAwbar artighS R A & LI |
click on your topmost module argklectProjectt AddCopy ofSourceand then select the HexDisplayl.v

file from the folder U\pub_MXRVerilod HexDisplayo your current working Xilinx project directory.

(You can also find this file on the CD undleXilinX Finished WorkinddexDisplay (Note: you mustise

acopyof the file; linking to the (reaanly) file in the pto_MXP directory will not work!)

¢CKS FAES aK2z2dzZ R FLIISIFN Ay GKS a{ ddnild&icedhatdt A y R2 § @
contains multiple modules. The one that is of interest to us is the very first one, EtiddisplayV.1

(The other modules are support modules that will be instantiated by HexDisplayV1.) It has the following
inputs and outputs:

Name /0 Bus Purpose Pin(s)
Size
(Bits)
sys_clk Input |1 25 MHz BASYS board system clock; P54
required for updating display.
value_in Input | 16 Binary value to be displayed.
BCD_enable Input |1 If this is set to 1, the display is in decim:
format; elsejt is in hexadecimal.
Display_Enable | Input |1 If it is 1, the display is turned on or lit;
else it is turned off.
sevenSegLED_o| Output | 7 Output signal to the actual 7 segementg "P83 P17 P20 P21 P23 P1
of each display. p25"
sevenSegPos_oy Output | 4 Output signal to turn one of the 4 "P26 P32 P33 P34"
displays on.

Finally, instantiate the HexDisplayV1 module in your topmost module.

module RadiationTopMod(

input sys_clk,

input rad_events, /Iradiation events JAO

output [6:0] sevenSegLED_out, /lead bit corresponds to one of the 7 segments on the display
output [3:0] sevenSegPos_out //specifies which of the 4 displays is to be turned on (temporarily)

);
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wire [15:0] counts_out;
HexDisplayV1l HexDisplayV1inst(sys_clk, counts_out, 1séyenSegLED_out, sevenSegPos_out);
endmodule

5.1.4 Step 4: Add Binary Counter Module
Qreate a module that contains a 4t counter that is updated each time issgnalinput goes HI. (See
Figure 26) You may add the code for this module directly after the topmost module.

module BinaryCounter(
input signal, /lcounteventsto be measured, will be wired to rad_events
output reg [15:0] internal_counter

always@(posedge signal ) begin
intemal_counter <= internal_counter + 1;
end
endmodule

5.1.5 Step 5:Continuous Radiation Counter
Instantiatethe BinaryCountemodule andadd the ph nhumbers to the topmost module, as shown

below:

module RadiationTopMod(
(* LOC ="P54" *) input sys_clk,
(*CLOCK_DEDICATED_ROUTE ="FALSE", LOC ="P81I *) input rad_events
/Iradiation events at JA_dr connector labeled 0
(* LOC ="P83 P17 P20 P21 P23 P16 P25" *) output [6:0] sevenSegLED_out,
(* LOC ="P26 P3Z2P33 P34" *) output [3:0] sevenSegPos_out

);

wire [15:0] counts_out; /limportant you must declare this biig! Why???????????
BinaryCounter BinaryCounterinsfd_eventscounts_out);

HexDisplayV1l HexDisplayV1inst(sys_clk, counts_out, 1sdyenSegLED_out, sevenSegPos_out);
endmodule

Before you gnerate the program fileotice theCLOCK_DEDICATED_ROUTE = "FALSE' pin
assignmenstatementfor the inputrad_events It was added to suppress an error message that the

Xilinx compiler gnerates when it encounters clock inputsK I & A G RS SY ZItigmimtldaNdza (i ¢ 2 NI
how it decides whether or not a source is suitable as a clock input but this statement demotes these

error messages to a warning.

Once yothavetransferred the bit fileto the board, you should be able to observe the ionization events
as the counter keeps continuously incrementing. (Of course you must connect the radiation modules to
the BASYS board to observe anything.) From looking at the count rate, what do yoatestie count
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rate per second to be? (Do not use detailed calculations; instead, just look at your counter and notice
which digits are updated about every second.)

5.2 Binary Counter with Asynchronous Reset
The prevous version of the counter displayedcortinuous count of ionization events. What we really
would like to observe is the number of counts in a given time period, for example, counts per second.

This can be achieved with two modifications / additions:

a) Add a reference time source thatsends ot @ NA 33 SNE aAiA 3yl f SOSNE
b) Reset your counter at the beginning of each reference time period. Since the reset and
clock signals are independent of each other, this is consideredamchronouseset.
(A synchronous reset would occur always at the sdime as the clock signal.)
For a graphical representation on how to implement these ideas, see below.

HexDisplayV1

sys_clk sevenSegLED_out(6:0)

vcC

Signal BCD_enable
SecondsClock AsyncCounter 4| Display_Enable
[ ek toggle signatounts_out(15:0) — | value_in(15:0) gPos_out(3:0)

sys_clk

—

resetb— ————————————freset

Figure27: Binary Counter with Asynchronous Reset

Implementing part a) is straigftrward since you have already built tbee-second reference timer in
chapter 4, exercise 2. You will instantiate it in your code and use its output signal to reset your radiation
events counter.

Part b) ca be realized by modifying your alreaelyisting binary counter that keeps track of the
radiation events. First, addrasetinput to the existing module.

AsyncCounter

— signatounts_out(15:0) ——

—reset

Second, since thesetinput is asynchronous it needs to be added to the list of clock signals in the
always @block. See the example below for a positive edegetsignal.

| always@(p osedge signal or posedge reset ) begin |
¢ KANRSE aAyOS (KSNB IsighBlangreset ariitgt@teméndis r2qDidddo disckra y' I f & X
which sourceactivated the always block. Specificallyegetis HI, then the counter is reset to 0, else
the counter is incremented by one. Add these changes to your binary counter mdtiutel get stuck,
the complete code is shown below:

module AsyncCounter(
input signal, /Iradiation events
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input reset, /Ireset signal for each second
output reg [190] internal_counter );

always@(posedge signal or posedge reset) begin
if( reset ) begin //"means:" if (reset is HI)
internal_counter <= 0;

end
else begin
internal_counter <= internal_counter + 1;
end
end
endmodule

Instantiate your nevasynchronoudinary counter and the one second clock modul¢he topmost

moduleand connect them as shown in the graphiegresentation above, Figure 2TCompile your

O2RS> f2FR Al Ayid2 GKS .1 {, { 02| NRcty i6RlebadgiigdbK A (&
you may want to connect the 1 second toggle clock output to LED LDO on the BASY)Shoal

read a count rate similar to the one observed in the previous section?

5.3 Binary Counter with Asynchronous Reset and Storage Latch

The design still suffers from one flaw: though the counter now resets every second, it still displays a
continuously incrementing display. What we are really interested in is only the count value right before
it is reset. In other words, we need to store tlmuat value in memory at the very same instant as the

counter is reset.

This latching action is accomplished by creayiatanother 16bit registry, calleccounts_out(see the
example below}hat will be updated with the (internal) count val(aternal_counteryight before it is
reset.

LG A& GSYLWAYy3I G2 RR GKS O2RS F2NJ GKS fFGOKAYy3 |
block, specifically, to the section that handles the asynchronous reset, as shown below. This will not

work! You must create a separate always block (as shown further below) with only one clock source

that handles the store process.

module AsyncCounter(
input signal, /[radiation events
input reset, /Ireset signal for each second
output reg [15:0Founts_out  );

reg [15:0] internal_counter = 0;

always@(posedge signal or posedge reset) begin
if( reset ) begin //"means:" if (reset is HI)
counts_out <= internal_counter; /Nlatching actioriTHIS WILL NOT WORK!
internal_counter <= 0;
end
else begin
internal_counter <= internal_counter + 1;
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end
end
endmodule

As indicated the code above will not work properly and instead always will display a count value of 0.
The reason for it not working is very subtle. Can you figure out wh&t (Hmt: read the lab manual
section 9.5.2. on Blocking vs. Nblocking operators.)The working version of the code is shown below.

module AsyncCounter(
input signal, /Iradiation events
input reset, lIreset signal for each second
output reg [130] counts_out  );

reg [15:0] internal_counter = 0;

always@(posedge signal or posedge reset) begin
if( reset ) begin //"means:" if (reset is HI)
internal_counter <= 0;
end
else begin
internal_counter <= internal_counter + 1;
end
end

always@(posedge reset) begin
counts_out <= internal_counter; //latching action

end

endmodule
Test your new circuitYou should now have a pretty good counter that can be used for other
applications.If you have problems you will find the cpiate code forthis exercise on the CD in the

folder ExerciseédAlpha_RadCounteAlpha_RadCounter.zip

28



6 Radiation Counter with Adjustable Coincidence Window

6.1 Introduction

In this exercisewe modifythe previous circuito allow forcoinddence measuremertietween two GM
detectors. We will instantiate the sammodulesaswe are currently usingn our Single Photon
Quantum Interference setup whemge are measuringoincidences fronup to 4 detectors The results
of the measurements can be used to illustrateahthe accidental coincidence rate from the two GM
tubes R, depends on thevidth of the coincidence window. by:

RiCC: 2_acc R1 RZ!
where R and R are the event rate of GM counters 1 and.2

We will create aircuit that allowsfor a usersettable coincidence window width by using the switches
on the BASYS boar@he complete schematic of the circuit is shown below.

SecondsClock vee
| D sys_clk toggle
s HexDisplayV1
OneShotV2 sys_clk sevenSegLED_out(6:0) [~ swrseoicn oo
- 1 ok trig_out . ECD_enable
‘ CoincWindow <LSV”E"W—'" ‘ o AsyncCounter Diplay_Enable
sys_clk coinc_clk_out ’ } { signatounts_out(15:0) [—3————] value_in{15:0) sevenSegPos_out{3:0) [—3— swenseoros susny
[ semmq0 ——f— Switches(7:0) OneShotvz ANDZ ’ reset
clk rig_ou

Figure28: Radiation counter withcoincidence measurement between 2 GM tubes

The diagram abovésws thattwo new modules were added to theedign from the previous chapter,
namelyCoincWindowand OneShotV2 WhileCoincWindowproduces the user settable coincidence
window, OneShotVautputs a pulse of width,,, €ach time it has been triggered.

The main difference betweethis eercise and therevious ones where you entered tisedeis that
this timeyou will be given the complete cogdmstead you will learn how to analyze it usxiginXQ Built
in simulation capability and timing diagram pragr, ISIM Thids a vital tool for analyzing code and
debuggingand the exercises in this chaptaiow you to become familiar with.itFor a screen shatf
the ISIM simulatarseeFigure 29 below
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[ 15im P 630) - Defauitucig] | I | ==
[ File Edit View Simulstion Window Layout Help =
Y= B0 o |8 @ < AR W = oA e %@ » b2 100 [7]6z |l |[@Retaunch|

Instancesand Pr.. < O & X||Objects 08 x|
| Simulation Objects for My

4
EHEREE - g

Instance and Process Name - I trig_out o

I MyOneShotTestBench| Object Name N T dk 0
) p

1F aibl L trig_out 0| ¢ 1y asynctrigaer_in
o dk o) -
o

) asynetrigger_in

m v v |4 i 7 a
& Instanc... Memc ‘T[ Tem v (| = Default. wefg (]

Console

#isim foree add {/MyOneShotTestBench/ck} 0 -radix bin -value 1 -radix bin ~time 20 ns -repeat 40 ns
ISim>

#isim foree add {/MyOneShotTestBench/ck} 0 -radix bin -value 1 -radix bin ~time 20 ns -repeat 40 ns

ISim>

#run 1.00us

ISim>

B console |[] Compilstonlog | @ Ereakpoints | [a§ Findin Files Results | gg SearchResults

Sim Time: 7,000,000 ps

Figure29: Timing Diagram frm the Xilinx ISim Simulator

6.2 Xilinx ISim Timing Diagrams Using a Forced Clock Signal

¢KS FTANRG LI NI 2F Fyeé aaydz | GA2yo Sya@ miza ONBd (BA E YA
a project. This file containthe port information for the unitunder test(uut) as well as the timing and

clock stimulus information.

Once the test bench file has been created we have two options: we can either modify the file to include
the timing informationin the form of a script laguageor we can use the interactive ISIM program to

create our signals. The advantage of the first option is that it allows for very complex signals. However,
the interactive approach using ISIM directly is perfectly suited for sigfipleed)clock sigals as in this

first exercisevhere we will analyze th€oincWindownodule shown below:

[[fout = fin/(2*(n+1)) where n is Switch setting

module CoincWindow( sys_clk, Switches, coinc_clk_out);
input sys_clk;
input [7:0] Switches;
output reg coinc_clk_out

reg [7:0] int_counter = 0;
always@(posedge sys_clk) begin
if( int_counter == Switches) begin
int_counter <= 0;
coinc_clk_out <= ~coinc_clk_out; //toggle it
end
else
int_counter <= int_counter+1;
end
endmodule

You may wanto spend dew second analyzinghis code to see if you can predict its behavior.
Specifically, for a given input frequenéy,(which is set bgys_clk, what is the width of the output
signal,coinc_clk outas a function oBwitche®

30



N
>

QX
N
Z
S
[
)
(0]

If youthink youunderstdR G KS O2RSz f SiQa
below:

L{La &AYdz I

1. Sart by creating a new projectCopy the RadCounterWCoincidenceVla.v and HexDisplayV1.v
files fromthe folderU:\pub_MXRAIpha Workshop FPGA
2013 CDExercisesAlpha_RdCounterCoicidenc® your new project folder by usinigom the
Xilix menuProject >>Add Copy of Sourcelf everything is correcRadiationCoinclaTopMod
should show up as yotop-moduleA y G KS & 5 Séa(lk rdtysetdtby sigRt2ligking on it

z A

ayR GKSy aStSOitAya a{Si la ¢2L) a2 RdzZ Soé

2. Ly (UKS a5 Saightrlck onthg'iRaect andl RRI d b Sg { 2dz2NDST¢é¢ aSt SO

4bS
FixdzNB & ¢ 6{SS (KNaaeGINPRBYKAK2dy 6Bt @% D0

]

L T e e e e T S S
TR T Wty Slelx
EEREIR L R I

EF di ew  Proj
PELEIREE

De © 08 x| . | = Design Overview S -
. 1@ "o S D |
(1 |view: @ @ Sk 6 [ 10B Properties Project File: RadCounterCoinddence. xise Parser Errors: Mo Errors |
(] | Hierarchy [ Module Level Utilization Module Name: RadiationCoinclaTopMod Implementation State: The New York Times - Breaking News, World News & [ 3
- | 8] RadCounterCoincidence 5] [ Timing Constrains e T s Multimedia - Google Chrome
g — a ice: xc3s100e «Errors:
£ £ xc3sl00e-dtqldd [ Pinout Report es - Breaking
F| & [#14% RadiationCoinclaTopMod (Ui\spawick\Decuments\Xilin o [ Clock Report Product Version: ISE 146 +Warnings: - >
— SecondsClockInst - SecondsClock (U\spawick\Docume| @ Stetic Timing Design Goal: Balanced « Routing Results:
& CoinclWindorinst - Coineliindow (UspawickiDocume 2 <Ermors and - ~
OneShotSignald - OneShotV2 (Uspawick\Documentsy] ¥ +[2) Parser Mes (]  -Timing Constraints:
< [ Oneshotsignall - Gneshotv2 (Uaspawick\Document=\) gy +[2) Synthesis - « Final Timing Score:
@ + AsyneCounterInst - AsyncCounter (U\spawick\Docurg — + 2 Translatien| "  NewSource Wizard
- &[] HexisplayVilnst - HexDisplayVl (Uspawick\Decumen [2) Map Messgll. = =
T " [¥] MyHe2BCD - He2BCD (UAspawick\ Documentsiki [£) Placeand - . "
¢ MyEnableDigit - EnableDigit (Us\spawick\Document [2) Timing Med|  Select Saurce Type -
" [¥] MyDisplayDigit - DisplayDigit (U: 1\D: [2) Bitgen Mes]j| |Errors Warnings (]
tyDisplayDigit - DisplayDigit (U\spawick\ Docume g Sigen'
implemf||  Select source type, fie name and its location.
Detailed Reports BIIM File
[ synthesis R} &% ChipScope Definition and Connection File W
[ Translationt Eg Implementation Censtraints File
[ Map Repoi [ IP (CORE Generator & Architecture Wizard)
[ Placeand MEM File
[ Post-PAR St [£] Schematic I
++ [ Power Rept [2) User Document 2 '
Ll — » - [ Bitgen Rep] Verilog Module CoincWindowTB
-Secondary Reports 4] Verilog Test Fixture .
# B2 No Processes Running B 15IM Simul [ VHDL Module Logation:
— - [2) WebTalk R VHDL Library s \spanick)
" :\spawick\Documents Wilinx \RadCounterCoincidence
£, | Processes: RadiationCoinclaTopMod 2 WebTalk L (7] VHDL Packsge fone) 8]
i L Design Summary/Reports VHDL Test Bench Generated
— | 5% Design Utilities B Embedded Processor Tue 1ul 16 17:50:05 2013
% - ®)  Create Schematic Symbol
- ~[2)  View Command Line Log File Mon Jul 15 16:50:33 2013
e [E]  View HDLInstantiation Template Design Properties Mon Jul 15 16:50:42 2013
¥ User Constraints "] Enable Messag 7] Add to profect
(2] B Synthesize - XST Optienal Design Summ 13 - 11:37:09
v View RTL Schematic ] Show Clock R
Check Syntax [ Show Warning:
%) Generate Post-Synthesis Simulation Model [ Show Errors
€2 Implement Design
E 8 Translate
2 Map
€)  Place & Route
B Generate Programming File i
% Configure Target Device @
; Generate Target PROMYACE File
B Manage Configuration Project (iMPACT) -
@ Analyze Design Using ChipScope 0
[ strt | E peson [ Fies [ wbrares | z Design summary a/
Console ~08 x
i) INFO: HDLCompiler:1845 — Analyzing Verilog file "U:/spawick/Documents/Xilinx/RadCounterCoincidence/MyOneShotTestBench.v” into library work -
NFO:HDLCompiler:1845 - Analyzing Verilog file "U:/spawick/Documents/Xilinx/RadCounterCoincidence/RadCounterWCoincidence¥Vla.v" into library work — [
NFO:ProjectMgmt — Parsing design hierarchy completed successfully. m
NFO:HEDLGompiler:1845 - Analyzing Verilog file "U:/spawick/Documents/Xilinx/RadCounterCoincidence/HexDisplayVi.v" into library work v
«| o - ‘7777 - B T T T T T . B T - o - - o »
Console | @ Errors | 1\ warnings | 4 Find in Fies Reslts P

Add a new source to the project
Figure30: Creating arestbench File

3. In the nextwindow, you are asked fahe name of the source that you want to associate the
test bench with. Select th€oincWindow 2 Rdzf S | A (A yoAbaESKEW®IEE | YR 6 C
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[ s

New Source Wizar

Associate Source |

Select a source with which to assodiate the new source.
RadiationCoinclaTopMod
SecondsClock

CoincWindow
OneShotV2
AsyncCounter
HexDisplayV1
HedBCD
EnableDigit
DisplayDigit

4. Inthe Design Window, switdd) T NB Y da L YLX B S {i x Yi dzR2 Iy § A see/ilies , 2dz
newly added testbenchf2) 6 Ly G KS SEF YLIX S & KpigcWhdowTB® K & 0SSy
you're curiousyou may want to glance at the text of the tdstnch file,shownin the right
window, though we will work morevith the file in the next section.)

— —
o ISE Project Navigator (P.68d) - Ui\spawick\Documents\Xilinx\RadCounterCaine

l File Edit View Project Source Process TJools  Win ayout E"EE
PECEIRTE F I EEEE T IE
Design «+0a )ﬂ 4 1 ‘timescale 1ns / 1ps ~
[5f View: () ﬁij Implementation @ ulation / 2 S 2
Behavioral / ] — 3 SIS EREES TP EER i i LT fi i ddidififidididfifiridiidiifiirififiss,
‘El . 4 // Company:
Liiecarchy - 5 // Enginesxr:
—| i RadCounterCoingid@hce [
ﬁ:ﬁ B €5 xc3s100epkiat A 7 // Create Date: 12:02:00 07/17/2013 =
E =8 B Coir(indowTB (Uhspawick\Documents\Xilinx\RadC o/l g8 // Design Name: CoincWindow
== i uut - CoincWindow (U\spawick\Documents' Xilinx\f = 9 // Module Name: U:/spawick/Documents/Xilinx/RadCounterCoincider
= adiationCeinclaTopMod (U\spawick!\DocumentshXilin; A 10 // Project Name: RadCounterCoincidences
SecondsClockInst - SecondsClock (Uhspawick\Docu % 11 // Target Device:
E CoincWindowlInst - CoincWindow (U\spawick\Docu 12 // Tool versions:
m ; OneShotSignald - OneShotV2 (Uhspawick\Documen - * 13 // Description:
4 ) T b % 14 f/
3 i 15 S/ Verilog Test Fixture created by ISE for module: CoincWindow
| B2 No Processes Running (€] s //
=" O 17 // Dependencies:
?ﬁ; Processes: CoincWindowTE, ol 18/
g |o @ simsi 18 // Revision:
= @) Beffigral Check Syntax 20 // Revision 0.01 - File Creatad
% ﬂ Si e Behavioral Model 21 // Additional Comments:
= 22
o 23 SIASTSEEEREERLTIT AR LT i il fiiidididiifidfddififiresfiiid,
24
25 module CoincWindowIB:
26
27 /{ Inputs S
« [ 3
& Start | 13 Design | U] Files | [ Libraries lE Design Summary x| ||a CoincWindowTB.v ﬂJ
Console +0F X
-
4 n L3

Consale |T° Errors |_ﬂ Warnings |ﬁ Find in Files Results

LnlColl Verilog

Figure31: Simulation Mode

5. Inthe Process Window, rightdlic 2y & { A Ydzf | ( & (scefRytrdaBove2aNdwi(3) a 2 RS f
FYR &St SIAIS aovidayrdpéns. 4 Sey Rglingé 23houghno signals are displayed.)
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6. Inthe ISim,fom the menuselect Simulatiorr> Restart. All signals are cleared. See below.
, ISim (P.684) - [Defaultwcfg] B

[ File Edit View Simulation Window Layout Help HER

D2E% %D X® o oM @% # @ b pE[roous[7] »
Instances and Pr__++ 0 @ x| [Objects o088 x| # 7
Simulation Objects for Coi

#
=

Instance and Process Name MEMEGETS) -

{} CoincWindowTB Object Name \

{J gbl Uy coinc_clk_oy
1D sys_dk
B switches[7y

»

inc_clk_out

=
-~ sys_clk

= v
£ Instanc Memc B

Console +0& X I

T »

Default. wcfg

WARNING: ISim will run in Lite mode. Please refer to the ISim documentation for mere information on the differences between the Lite and the Full version. -
This is a Lite wersion of 15im.

Time resolution is 1 ps

Simulator is doing dircuit initialization process. E
Finished dircuit initialization process.

ISim> 5L

[@ comsole | -] Compiationlog | @ Brekpoints | (8 FindinFiles Results | gy Search Results

Sim Time: 1,000,000 ps

Figure32: Blank Isim

7. Now adda stimulus signal tthe input signalghat we are interested insys_clkand Switches
[ SGQa aidl NI sgAdGK aeéayOoft fightkligkRn ittaRdReldd ENDO $ R 2 Of 206
You must pecifythe Leading & Trailing Edgthey must be opposite logic leveb)dsetthe
Periodto 1/25 MHz,i.e.,use 40ns. Hit GApply€ and 6OKé 6{SS 0St25d0

[ Define Cloc ]

Enter parameters below to force the signal to an
alternating pattern (clock). Assignments made from within
HDL code or any previously applied constant or clock force
will be overridden

Signal Name: [CoincWindowTB/sys_dk
Value Radi Bi
| v racix rery B
i Leading Edge Value: ]
Trailing Edge Value: 1
Starting at Time Offset: 0
Il Cancel after Time Offset:
I Duty Cyde (3): 50
: period 40ns| I
[ oK ] ‘ Cancel | | Apply ‘ ‘ Help |

Figure33: Clock Stimulus for the inputys clk
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8. We now add a constant valde the Switchesnput. Again right click on it, seled@orce

Constan¢ and enter the values shown below. Notee gelected some arbitrary Switch setting
of 3.

g Force Selected Signal

Enter parameters below to force the signal to a constant
value. Assignments made from within HDL code or any
previously applied constant or clock force will be

overridden.

Signal Name: JCoincWindowTB/Switches
|

Value Radix Unsigned Decimal El

Force to Value: 3

Starting at Time Offset: a

| Cancel after Time Offset:

| [ ok [ cancel |[ ooy [ me |

Figure34 ConstantStimulus for the inputSwitches

9. Findly, from the menu selecdimulation>> Run You may have to zoom oby pressing the

G%22Y (2 Cdztdseethe Bgulis sidcdzlicoverg the first 1000 ng&eearrow in
Figure 35 below.)

&% ISim (P.68d) - [Default.wcfg] - b / -

[ File Edit View Simulation Window Layout Help

DEEIL XD DhX®|w o |k O BETIE IR ALPRRAIE x|t
Instances and Pr. + [0 & X |Objects 08 X /"
1 Simulation Objects for Coi

1 _
Instance and Process Name HEAE‘HEE’ %l B " out 0

{} CoincWindowTB Object Name \| i
i oo 1l coinccik out o ¢
B cncaon o @
1 sys_clk of
&) Switches7:0] 0 Q
1w
2
N
L]

| @ b b Loous [+] G2 Il |[GRedaunch

< [ »

AR qT 0
5 Instanc Meme B < N= Default.wcfg B

Console

# isim force add {/CoincWindowTB/Switches} 3 adix unsigned
im>

#run 1.00us

Simulator is doing circuit initialization process.

Finished dircuit inftialization process.

ISim>

[@ console =] Compiationlog | @ Breakpoints | (a4 Findin FlesResuits | [gy Search Results

Sim Time: 1,000,000 ps

Figure35

34

10.CNRBY (GKS FA3IdNB 1 0620S3s e2dz Oy &aSS GKFG
sys_clicycles long. Now try different switch settings by changing the Force Constant to other
values, for exampld.

(Note: if you run the simulation again with new values, the simulation is appended to the
previously one. You can avoid that by selecBiguation >> Restart However, in that case all

input signal values are reset and you muskerger all the values, such as the forced clock signal
again.)

11. The previous analysgan be greatly improved if we are able to observe signals that are internal
to the module. You can achieve that by first expanding highlightingh y G KS aLyaidl yi

t N2 OSaaé¢ ¢ A uRiruaderiiekt®ond Yadzhéuld now observe on the window on

a

(KS NAIKGS a{AYdAf FiA2y hoaSOludiophe NI dzdzii ¢ | £ f

[}

Al
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GAyawO?2 dmtaitieNiding Miagéam window to the right. Run the simulation again and

note now the dismy of the internal signal. 2 dz R2y Qi fA1S Ada RIFGIF NBLI
signal in the timing diagram window and select Rad> Unsigned Decimal. You should see a

timing diagram similar to the one shown below.

L4/ 1Sim (P.68d) - [Defaultwcig*] -/— R —— = = = - _ —

[ Eile Edit View Simulation Mindow Layout Help

OFE|L ADEME®| v o | @ ) h AAB AR | @ » b2 00w [7] 6z I |G Redaunch
Instances andpr. o O @ x| Mojects w08 x
§ Simulation Objects for uut

Console <08 X

#run 1.00us
15im>

& Console |[] Complationlog | @ Breakpoints | (2§ Findin FilesResults | [gf SearchResuits

Uses unsigned decimal representation Sim Time: 3,000,000 ps

Figure36: Timing Diagram with Internal Signal

12. Finally, can yoobtain the relationshipetween the given input frequenci,, (which isset by
sys_clk andthe width of the output signakoinc_clk outas a function oSwitche8

In other words, an you verify from this (or the code) that,..= 2(n + 1)§where f represents
the speed of the system clock (25 MHz) arttie decimal equivalent of the switch setting?

(Hint / Explanation: Th€oincWindownodule is very similar to our Secas@lock module. It

contains a counter which resets itself and toggles its outpoinc_clk_outevery time it reaches

a specific countalue which is set by the toggle switches on the BASYS board. For example, with
a switch setting of 0000_0011, the internal counter will count at the speed of the system clock,
i.e.,at25MHz,0,1,2,3,0,1, 2, 3,0 etc.)

6.2.1 Additional Comments Regardi ng ISIM: Non Initialized Registers

While you are using the ISIM simulator you may change your Verilog code and see how it changes the
2 dzii LJdzi & [ SG Q& R 2 orbuimportaintzhavadtetistini theNsimil&or, ayn8ly Y A y
uninitialized registes.

D2 6101 G2 G4KS L{9 2So6LIO] FYR 2Ly (KS az2dzNDS 02
project window on the source file. Find the following line of code in the CoincWindow module:

output reg coinc_clk_out = 0; ‘
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and change it to an unin#lized value:

output reg coinc_clk_out

Save the code and return to ISIM aselect Simulation >> Resté@tmulation. Not surprisingly, all
signals are cleared and we will have to enter the Forced Clogy$oclikand the Forced Constant for
Switchesgain.

However note one important change: the signal nexthe coinc_clk ouh & f I+ 6 St SR G E¢
in indeterminate. Therefore, running the simulation will not produce any (useful) results since it needs

to know the initial conditions(In the £reenshot below, you can see that the output remains
indeterminate.)

L4 ISim (P.68d) - [Defaultwcig’] - — = - = — — . _ —

[] File Edit View Simulation Window Layout Help
DALY {BAEX®|v o |dx ) REDS[ AR A LR AR %@ b »2[100[z]6z || |[@Redend

InstancesandPr. + O & X| [Objects 08X &
5| Simulation Objects for Cai... o

4
(A EEEE) ]
Instance and Process Name | Ll @l ) 7 2

1 CoincWindowTB Object Name \
4F gl [ coincdk_out  x N
B sys_clkc o = =
25 Switches:0] 0 >

PN v 5 15 }
£ Instanc mend« o] | « N=] Defaultmcig® [x]

Console

#isim force add {/CoincWindowTB/sys_dk} 0 -radix bin -value 1 -radix bin -time 20 ns -repeat 40 ns
ISim>

#isim force add {/CoinciWindowTB/Switches} 3 -radix unsigned

ISim>

#run 1.00us

ISim>

B console |[-] Compilationlog | @ Breakpoints | [ FindinFiles Results | [gy Search Resuits

Sim Time: 2,000,000 ps

gKAO

There is really no good solution to this issue, except to go back to your code and make sure you assign

an initial value to all your registers!

6.3 1Sim Simulator Using the Test Bench File

While the previous method works well for simulating repetitive sigrial§, i Qa € 221 | @
us more flexibility over the signal stimulus. Insteadetting the stimulus ithe graphical user
interface, it uses a script language in the test bench file to define the timing information, thereby,

allowing the creation of arbitrary timing signals. We will use this to create a clock stimulus for the

OneShotV2nodule, shown below:

module OneShotV2( clk, asynctrigger_in, trig_out);
input clk;
input asynctrigger_in;
output trig_out; //lasts exactly one clock cycle

reg trig_set = 0;
reg trig_reset = 0;
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always@(posedge asynctrigger_in or posedge trig_reset)

if( trig_reset)

trig_set <= 0;
else

trig_set <=1;

always@( posedge clk)
if( trig_set)
trig_reset <=1,
else
trig_reset <=0;

assign trig_out = trig_reset;

endmodule

Sof SGQa ONBFGS | y2iKSN DEeShbtvIn&iyled RollgF stepsP 33 aridi in &
the previous section but select the OneShotV2 module as the associated source.

Once the test bench file has been created, double click on it and opdrshodld look similar to the

codeshown below:

module MyOneShotTestBench;

/I Inputs
reg clk;
reg asynctrigger_in;

I/l Outputs
wire trig_out;

/I Instantiate the Unit Under Test (UUT)

OneShotV2 uut (
.clk(clk),
.asynctrigger_in(asynctrigger_in),
.trig_out(trig_out)

);

initial begin
/I Initialize Inputs
clk =0;
asynctrigger_in = 0;

/' Wait 100 ns for global reset to finish

#100;

/I Add stimulus here
end

endmodule

[ SGQa aidl NI o& |RRAY3
powerful featue of the ISE Webpack, namely its Language Templatés.fétturecontainsessential
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code snippets that you can copy and pisito your code and thenwith some minor modificationsise
without having to worry about theletails ofsyntax.

Under the Edit Mau, selectEdit >> Language Tenapés In the middle windowdrillé down to Verilog
>> Simulation Constructs >> Clock Stimulus >> 50% Duty Cycle >> Using(8keatf®e screen shot
below.) Copy the information in the rightmost window into the testrimd directly before the
GSYRY2RdzZ S¢ adl adSySyido

3 ———— —— —— — — = B
- ISE Project Navigator (P.68d) - Unspawick\Documents\Xilin\Rad CounterCoincidence\RadCounterCaincidencexise - [Language Templtes . & — 0 o 50 ]
'\;J File Edit View Project Source Process TJools Window Layout Help = ||| =

RS NpExvae| 2R ARIRIREDS LIPS L
Design . : «+08 x T S
[0 View: © {8} implementation @ [ Simulation (3 ucF // Note: CLK must be defined as a reg wh
5] [Behavieral [+] (73 vHDL
(=23 Verilog parameter PERICD = <value>;
2 | Hierarchy it
&l 3 @ {1 Common Constructs
a '] RadCounterCoincidence i‘ [ Device Macro Instantiation always begin
7% | B £ xc3s100e-4tqlad [ Device Primitive Instantiation CLK = 1'b0:
g =} CoincWindowTB (Uh\spawick\ DocumentsiXilinx\RadCou =1-£3 Simulation Constructs # (FERICD/2) CLE = 1'bl;
= uut - CoincWindow (U\spawick\DecumentshXilin:\f =53 Clock Stimulus = # (PERIOD/2) ;
£ [] OneShotTBY2 (U\spawick\Documents\Xilinx\RadCount: = 5 &3 50% Duty Cycle end
¥ U G Using Always |
Using forever
B | T2 NoProcesses Running (7 Differential, 50% Duty Cycle
7{. | Processes: RadiationCoinclaTopMod g E‘”E';';“ﬂ[‘; ND’EG‘%D“W Cycle
on-50% Du cle
e BimSimulator e e Cy
. [Z1 Configuration
— ¥)  Behavioral Check Syntax = —
4 BE  Simulate Behavioral Model Delays
el (i 1 Loops
m 1 Mnemonics
[ Procedural Blocks -

I [7] Signal Assignment &% d >
|’ Start | B¢ Design |H|j Files I@ Libraries | mmary I RadCounterWCoincdence¥ 1a.v I CoincWindowTB.v* J OneShotTBY2.w '\:’ Language Templates [ "3
Console «+08 x
p INFO:HDLCompiler:1845 - Analyzing Verilog file "U:/spawick/Documents/Xilinx/RadCounterCoincidence/CoincWindowIB.¥" into library work -
i) INFO:ProjectMgmt — Parsing design hierarchy completed successfully. (|

Compiling verilog file
"U: / spawick/Documents/Xilinx/RadCounterCoincidence/RadCounteriiCoincidenceVia. v" il
om ] B i C r
E Console |0 Errors |ﬂ Warnings | (@4 Find in Files Results
L

Note that the variablsthat you need to change gbat they correspond to your project are usually
encasedn braces such, as in the example abav& S LJ- NJ Y S (i Bddify the odde BnifpSesod &
that it corresponds to our signals by setting the PERIOD to 40 and renaming the gii@ame toclk,
as shown below:

€ é .Precedingd i nes omitted to save spaceé.
/I Add stimulus here

end // Note: CLK must be defined as a reg when using thisohe
parameter PERIOD = 40;

always begin
clk = 1'b0;
#(PERIOD/2)clk = 1'b1;
#(PERIOD/2);

end

/' Il NOTE: Verilog is case sensitive so chan

endmodule
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Though we have not yet fieed our second input signal, tresynctriggerina A 3y I £ = f SG Q& NXHzy
bench simulation to check that otk signal works. (Make sure you save all your files.) In the Projec

Explorer / Behavioral Window highlight yongwtest bench file. In te window below, right click on

G{AYdzZ I S . SKI @A 2N} MwillRgEhand dngt Rou Z06ni deitxide tiring dzy” @ € L {
window you should see the timing diagram shown below:

L. ISim (P.68d) - [Defaultweig]

[ File Edit View Simulation Window Layout Help
o2al. B X ® |0 |G T A 2@ A |E et =@ » bE Lo [2]b | |[GRedaund]

InstancesandPr. + O & x| [Objects 08 x| &
,»| Smulation Objects for On_.. =

COEEE - g

Instance and Process Name

4 OneShotTBV2 Object Name \ A
o] g trig_out o
B dk 0
[} asynctrigger_in o
&5 PERIODBL0] o

¥ (I
Default.wcfg [x]

[E]

= B
£ Instanc meme E[ q e

Console o086 x
WARNING Lite mode. Please refer to the 15im documentation for more information on the differences between the Lite and the Ful version.
This is a Li
Time resolution is 1ps
Simulator is doing dircuit initialization process.
Finished dircuit initialization process.
ISim>
B console |[-] Compilationlog | @ Breakpoints | [ FindinFiles Results | [gy Search Resuits
Sim Time: 1,000,000 ps
P A « . % A v « . .
b2¢g fS0Qa | RR asknshroadushpitdriggiaa Spedially, @edzeiddld like to know:

1 How bng is the period of the outputig_out signa?

Is it synchronized with thelk signal?

1 What happens if the one shot is triggered multiple times during dkeycle, i.e., is it
retriggerable?

=

Close ISIM and go backtte test bench anéddthe trigger signals FG SNJ G KS adlF 6 SYSy Gy ¢
Stivdzf dza KSNB¢ Ay (GKS F2NXYY

#xyz signal = value

wherexyzrepresents eackubsequentime step (in nsec.)

For example, to producetagger signal thagoes HI after 30 nsec atioen LO 1P nsec later use the
following syntax:

#30 asynctrigger_irF 1;
#120 asynctrigger_irr 0;
Add these statements to the test bench directly affek RR! { ( A dzY de stizivn FelSWNES @ &

/' Wait 100 ns for global reset to finish
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#100;

/I Add stimulus here
#30 asynctrigger_in = 1;
#120 asynctrigger_in = 0;
end // Note: CLK must be defined as a reg when using this method

parameter PERIOD = 40;
always begin
clk = 1'b0;
#(PERIOD/2) clk = 1'b1;
#(PERIODR);
end
endmodule

Before you can reun the ISIM simulator using the test bench method, you must first close it. Do so and
GKSYy Ay GKS L{9 2SoL}l O1 NRIAKG Ot AO1 2y aG{AYdzZ I (S
signal like the one showmelow (once you zoom ou}

~... ISim (P.68d) - [Defaultwcig] [E=E ‘E"-"-'hw

[] Eile Edit View Simulation Window Layout Help o 1
D2 E|L 2B X ® |0 oM IR Y e s e T

Instances andPr.. + O & x||Objects ~08x & -

55| Simulation Objects for On ®

DEEEE - g

Instance and Process Name 1 trig_out
4 OneshotTBV2 Object Name N~ B dk
) - §
o G tisout 5 @ MG asmctnggern
| e Y @& Y] {
& asynctriggerin o & [l =9 PERIODEL0]
25 PERIODBLO] 0| &
[l =
+
i

PN y . . q13 I
£ Instanc wemd«[v] | « [ N=] Default.wcfg [x]

Consale +08& x

WARNING: ISim will run in Lite mode. Please refer to the 1Sim documentation for more information on the differences between the Lite and the Full version.
This is a Lite version of ISim.

Time resolution is 1ps

Simulator is doing arcuit initiaization process.

Finished circuit initisization process.

ISim>

@ Console |[] Compiationlog | @ Breakpoints | [ FindinFilesResults | [:gy SearchResults

Sim Time: 1,000,000 ps

Figure37

Though the trigger signal fulfills our specification, it is delayed by 100 nsec. This delay is caused by the
statement:&/ Wait 100 ns for global reset to finish #1@@yhich was added (bglefault) to the test

bench when it was created.This signal can be commented out if you prefer; for now, however leave it

in place.)

Fom the ISIMiming diagramwe now observe that the one shot output signal is created in sync with
the first positive elgeclksignal and that it lasts exactly for onkk period.
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b2¢g tSGQa OKSOl AT GKS 2dziLdzi Aa

output? Will the output remain HI?

Add the followingnew delays to the trigger signdlighlighted in bold below.

€ é é . PRECEDINGCODE NOT SHOWN TO SA¥ SPACE
/I Add stimulus here
#30 asynctrigger_in = Y{delay 30 nsec and then set HI
#120 asynctrigger_in = 0; //delay 120 nsec then set LO etc.

#40 asynctrigger_in = 1;
#7 asynctigger_in = 0;
#7 asynctrigger_in = 1;
#7 asynctrigger_in = 0;

end // Note: CLK must be defined as awéwen using this method
é é é CODEBELOW NOT SHOWN TO SAVE SPACE

Run ISIM again and observe the following output signal. As can be seen freongha shot below,

the oneshot is norretriggerable while it is HI. Go back to the Verilog code for this module and see if it

makes sense.

£ ISim (P.68d) - [Defaultwclg] =

[] File Edit View Simulation Window Layout Help

D2A|= ® o o[ % ) mEOI®
Instances and Pr. + 0O & X| Objects ~+ 08 X ~
o Simulation Objects for On. B

EEEEE g

62 Reaunch

Instance and Process Name g trig_out

-
1 OneShotTBV2 Object Name \ b ck
ont ® t:Lg-"”t o 1 asynctrigger_in
O o — .
[} asynctrigger_in o 5§ PERIODIEL0]
5 PERIODBELO] 0

2=l OO

15

o v
£ Instanc Memc \;[ [Cm viE

Console

Default.wcfg [x]

WARNING: I5im will run in Lite mode. Please refer to the ISim dacumentation for more information on the differences between the Lite and the Ful version.

This is a Lite version of ISim.

Time resolution i 1ps

Simulatar is doing dreuit initisization process.

Finished circuit initiaization process.

ISim> -

B console |[-] Compilstionlog | @ EBreakpoints | (@ FindinFiles Results | [g§ SearchResults

Sim Time: 1,000,000 ps

Figure38Input Retriggered

6.4 Coincidence Measurements

We should now understand how the &m coincidence counting program works and what the function

of each module is. (See the diagram below.)
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SecondsClock vee
sys_clk toggle |

HexDisplayV1
OneShotV2 |

el trig_out |

sys_clk sevenSegLED_out(5:0) [ serosneo_ s

- BCD_enable
CoincWindow Seynetrigger.in AsyncCounter ! Display_Enabie

sys_clk coinc_clk_out | 3 ¥ f { signatounts_out(15:0) | —_— Jvalue_in(15:0) sevenSegPos_out(3:0) [ d— sevenseoPos o0l

Khes(7 0) et | Switches(7:0} OneShOtVZ [ ANDZ ’ { reset

el trig_out |

soneL1 | asynctrigger_in

The function of the OneShotV2 module is twofold: first it destroyswamyanted ringing or high
frequency noise from the detectors that could letadfalse countdy suppressing any retriggering
during the coincidence window cycle. (Ringing and retriggering is a serious problem fardtin@&fs
because thegan opeate at very high trigger rates and &as veryimportant to suppress such noige.
Second, if we simply AND two signals with different coincidence window widths we might end up
counting multiple coincidences where there was only one; agamotie shot ensures that for every
event a signal with the same identical width is generated.

This is why we first send the detector signals to a-shet module, calle®neShotV2 This module

produces anon-retriggerableoutput signal with a duration set by, of the CoincWindownodule

(which in turn can be controlled by the switches on the fola Since the duration of this signal is

constant (at least as long as we do not change the switch settings) it can be ANDed and then sent to our
asynchronous counter.

(Note: the only difference to the Single Photon Counting module is that we alsolsemeset signal
from the onesecond timer through the onshot before it reaches the asynchronous counter. | am not
sure that is necessary though.)

6.5 Optional Exercise: Measure Accidental Count Rates
In this exercise we measure the accidental count ratesftwo GM tubes as a function of the
adjustable coincidence window width using the modules supplied in this and the previous chapter.

Get a strong radioactive source (gas mantels are too weak, Cs137 works fine) and measure the count
rate from two backio-back GM counters with a radioactive source sandwiched betwé&dnst wse the
program from chapter 5 to obtain the count rates, Bnd R, for each of the two detectors.

Nextuse the program from this chapter and measure the coincidences as a functiba cbincidence
window setting. (Connect the two GM tubes to the phone jacks labeled 0 an®&'8y should obtain the
following relationship:

&CC: 2_acc Rl RZ! Wlth _acc= 2(n + 1)/(f

where § represents the speed of the system clock (25 MHz)raisdhe decimal equivalent of the
switch setting on the BASYS board.

See below for a sample plot of the data:
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Coincidence Counts vs. Coincidence Window

e

Expected

= Measured

0.0E+002.0E-064.0E-066.0E-068.0E-061.0E-051.2E-051.4E-051.6E-051.8E-05

Coincidence Window Width (Seconds)

Figure39 Sample Data (From Matthew Klein with Cs137 Source.)

6.6 A Final Comment and Warning about the ISIM Simulator
The BIM simulator is a very powerful tool to analyze code. Howdageaware that it produces an

output that is based on the (ideal) rules of digital logic. In reality, you can end up with code that works

perfectly fine in the simulator; however, that samede can produce unexgeted behavior when
implemented which can be caused by glitches, noise and racing conditions in the real device!
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7 Analog-to-Digital Converter using Pulse Width Modulation

implemented in Verilog
In this exercise we use Verilog to loud pulse width modulated (PWM) anattaydigital converter
(ADG to control the intensity of thé.EDs on the board.

Switch pmmmmmmmmm 3
r o : v
' : R out
Von b~ ANN—2 o
— —:. !
PWM_out
; I I
¢ x_in
L .
L > clk_in

Switch Control Algorithm,
i.e., PWM Algorithm

Figure40: Diagram of a PWM control circuit. The Switch Control will be implemented using the FPGA.

The PWM swith control consist of an-hit counter that continuously increments from 0 to its maximum

value, i.e.2"1 and then starts over. For this exercise we will use n = 8 hits, i.e., the counter will

continuously count from 0 to 255. The control input vadueire A a4 4S040 o6& GKS &agAioOKS
board and its range is0 <= x_in <="2L.

The switch control uses the following pseuctode:
if (counter <x_in)
PWM_out <= 1;
else
PWM_out <= 0;
counter <= counter+1;

We will implement this exercise usiMgrilogandwe will use pin assignments inside the Verilog code
which will obviate the need for a user constraint file.
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What follows are very detailed instructions for building this module. You may follow thamptement
the entire exercise on your own using only the information above and the following pin / port
assignments:

Port / Signal | Direction Pin(s) Description

clk_in input P54 System clock (25 MHz)

x_in (8 bits) | input P6 P10 P12 P18 P24 P29 P36 | Binay switches to set DAC value

PWM_out output P15 LED LDO whose intensity we will cont
with the switches

If you encounter a problem read the instructions below.

7.1 Step 1. Implement the Design in the ISE Webpack

Similar to the previous exercise start a new project in the Xilinx WebpackFkigng\New Project Enter

a new project name. Since you have already entered the specifications for the FPGA on the BASYS

boards in the previous exercise, you will nothévé & LJISOA & (i K Bexe uhtiBybuiggt @ Wdza
new empty project similar to Figure 5.

Add a blank Verilog file to our project. Right click on the upper right Design panel at the xe3s100e
nidljmnn A O2NewlSoue®éa St SICHIF Aqyorhald)S CA3IdzNBE p T

¢ K SlewcSource Wizaéd gAYy R2¢ 2LISya | a akKzgy St260 {AyO0OS ¢
&Verilog Modulé 2 LJG A 2 yurcdtypé (0 KBz d { R26Yy YSydz yR fl 0SSt FYyR
SEI YLX S & KPTBiyipleRWNVEriIoE !0 | AG abSEG®E

==

o New Source Wizard

Select Source Type

AAPTSMplePWMVeriog
Logation:

Us\spawick Documents WinA%PT_SmpiePii | [1..)

7] Add to project

Figure4l: The New Source Wizard: adding a Verilog file

The next window asks us to specify the input and output ports of our module. From the diagram above,
S Oly &aSS GKIF{ ca$t KIixdl d R R yWEDHARGE & fdz( C deNI K S NI 2 NB
x it O2yaraida 2F YdzZ GALIX S oAGazr AdSor AGQa Ly y 0OA

akK2i o0St2¢9 0.8 &adz2NB (2 aStSO0 a2dziLidziée F2N) GKS
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@ New Source Wizard

Define Module
Spedify ports for module.
Madule name | AAPTSImplePWMVeriag
Port Name Direction Bus  MSB 18~
cliin input E ]
sin input [+ 7 0
PWM_out T - | O
input |2 |=)
input |22 &I =
input |2 |=)
input |22 &I
input |2 |=)
input |22 &I
input |2 |=)
input |22 ] 5

Figure42: Sgecifying the I/O port names, directions and size.

| ANexth I Hif & yR &2dz gAtt NBGdNY G2 GKS L{9 2S8o6Ll} O

=
File Edit View Project Source Process Tools Window Layout Help [=I=]]
DPEFLibbx(wal [2r@r R == 0] sR[r L9
pen ~08x| & 1 timescale 1lns / 1ps
[ | View: @ {8} Implementation © [ Simulation = R N R R Rl
= 3 // company:
& | Hierarchy 4 // Engineer:
- 8] AAPT SimplePWM s //
[ | = € xc3slo0e-dtqras - 6 // Create Date: 14:18:59 07/23/2012
& - [V AAPTSImplePWMVerilog (UAspawick\Dac 7 // Design Name:
=i 9 § // Module Name:  RRFTSimpleFWMVerilog
El — 9 // Project Nam
Al 10
. P 11
L] * 12
- A 18
- > 18
—| 15
Pl —T— NL<JET
(5] 17 .01 - File Creaved
P | ¥ No Processes Running —| 18
= 19 //
7L, | Nosingle design module is selected. 20 SLLITEITETTTTESE LT LT LT T LTS T LT L i dd i ddddd i id ddd iddiiiiiiidiiiii
G| @ @ Design Utilities 21 module AAPTSimplePFWMVerilog(
— 22 input clk_in,
) 23 input [7:0] x_in,
= 24 output PWM_out
ul 25 ):
26
27
28 endmodule
29
< »
& st | o Deson | ) Fles | [ tbranies| 2 (43| £ Desion summary (brogramming Fik Generated) [ | AAPTSmplePUMYeriog.y [ |
Cansale ~0dx

Starcted : "Launching ISE Text Editor To edit ARPTSimplePWMVerilog.v™.
1) INFO:HDLCompiler:1845 - Analyzing Verilog file "U:/spawick/Documents/Xilinx/ARPT_SimplePWM/AAPTSimplePWMVerilog.v" into 1ib
I INFO:ProjectMgmt - Parsing design hierarchy completed successfully.

r

[
Console |ty Warnings | @ Errors

[1708,2292] Ln29 Coll Verilog

Figure43: ISE Webpack with the empty module.

Note that the structure for your Verilog modutes been created, specifying its inputs and outputs.
(See the picture above. If you discover a mistake, feel free to edit it) Also, if you prefer, you do not
have to use this wizard; instead, you can directly type the information in yourself.

At this mint, the Verilog module is just an empty shell. We still need to fill in the specifics of the PWM
algorithm.

[ SGQa adl NI o6& ONBlnykoyrdemty §AFDE OREzy O3 NI OBENI 8BR R
logic, after all it will depend onstprevious state, we have to declare it as an 8 bit register:

reg [7:0] mycounter; ‘
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Next we add the always@ structure that increments the counter at each positive edtie imfcycle:

always@( posedge clk_in) begin
mycounter <= mycounter + 1;

end

Addi KSasS adliSySyida FFAaSNI 0KS RSTAYAUa@nod@sFe G KS

CAylLffte FTRR G4KS NBYIAYyAy3d tAySa 2F O2RSa TNRY

mistake. (Hint: Is PWM_out a register or a wire? isfa register, declare it accordingly, see below.)

The final and complete Verilog code reads: (with some of the potential pitfalls highlighted.)

module AAPTSimplePWMVerilog(
input clk_in,
input [7:0] x_in,
outputreg PWM_out
);

reg [7:0]mycounter;
always@( posedge clk_in) begin
if ( mycounter < x_in)

PWM_out <=1;
else
PWM_out <= 0;
mycounter <= mycounter + 1;
end
endmodule

LJZ2

idKS

2SS |INB y20G 1jdAiS NBIFIRe& (G2 daDSYSNIXaGsS (GKS tal23INI YE

pins to the I/O ports. We will do so in the next step.

(Warning: actually, if you made no mistakes, the program will generate the program file but in doing so,

it will assign random pins to the ports which is worse than no pin assignment.)

7.2 Step 2: Ddfine the I/O Port Pins

Similar to Step 2 in the previous design, we could employ a user constraint file to assign the pins to the

corresponding I/O ports. Instead we try a different approach and declare the pins directly within
Verilog. Though both methis work, the method shown here puts all the design information into one
single file.

The syntax for including the pin assignment inside of Verilog for a single port is:

(* LOC = "<XXX>" *) input YYY |

where <XXXrepresents the pin location and YYY the name of the port. For example:

(* LOC = "P54" *) input clk_in, |

You may also assign an entire bus to the corresponding pins as in the following example:
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\ (* LOC ="P6 P10 P12 P18 P24 P29 P36 P38" *) input [7:0] x_in \
(Note: the rightmost pin, P38 in the above example, will corresporttié LSB and the leftmost pio
the MSB.)

Make those changes to your code so that the final version of your Verilog module will look something
like this:

module AAPTSimplePWMVerilog(
(* LOC = "P54" *) input clk_in,
(* LOC = "P6 P10 P12 P18 P24 P29 P36 P38" *) input [7:0] x_in,
(* LOC = "P15" *)output reg PWM_out
);

reg [7:0] mycounter;
always@( posedge clk_in) begin
if ( mycounter < x_in)

PWM_out <= 1;
else
PWM_out <= 0;
mycounter <= mycounter + 1;
end
endmodule

7.3 Step 3: Generating the Program File
Generating the bit file is identical to Step 3, section 2.4, of the previous exercise, i.eclidghtn
éGenerate Program Fde dzy RS NJ t NRPeSigndah.Sa Ay (GKS 5

7.4 Step 4: Transferring the Bit File to the FPGA using Digilent Adept
Similarly, Step 4 is identical to previous Step 4 except that the file name now corresponds to the name

2F Y2RdzZ S Ay (GKA& SESNODA&SO 6LY 2dzNJ OF asS GKI @

7.5 Step5: TestIt!

After you have restarted or reset your board test it by operating the switches and observing the
brightness of the rightmost LED, LDO. With the rightmosticévbeing the LSB and the lefost the MSB
can you gradually dim it?

7.6 Optional Exercise: Compare Simple PWM with Sigma Delta Algorithm

The Sigmdelta algorithm provides a more sophcsited method to generate\WWM and it can also be
used for voltagdo-frequency conversions. (For more details on the algorithm see the lab manual,
sedions 10.2.) In this brief exercise we will use both algorithms and then display the resulting
waveformssimultaneouslyon the scope.

You may write youiown SigmaDelta PWM algorithnor you can copy the file PWM_Modules.v directly
from the U\pub_MXRFAIpha Workshop FPGA 203D Exerciséd-inished_Workind®WMto your
project.
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Modify your existingop-module from section 7.5, the LED dimming exer@sel instantiate the
moduleSigmaDeltaPWM(clk_in, x_in, PWM_omt}he topmodule.

G 2 A NBSwitchead3he x_ininput andsys_clko clk_inof the newly instantiated module.

In the topmodule, add two nevoutput ports useone for the simpldPWM out of your simple PWM
code and the other for the output of the SigAleltaPWM_out Assign them to the piof connectors
JD_1and JD_4.

Compile your code and check the signals from the two algorithms on the scope. (To improve the quality
of the display, you should slow down the clock signal into thedigorithms Ore way to achieve this

to use the MSBf an 8bit counter(which is driven by the sys_clk) as ti@v and much slowetlock for

the two algorithms.)
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8 Exercise 3: PWM Application: Simple 8 -Bit Music Player

8.1 Background

In this exercise you will build a simple music player whicdseamusic e from a (preprogramed) flash
memory card and then converts it to an analog signal using the simple PWM algorithm developed in the
previous exercise.

In addition to creating @real world applications you will learn to instantiate (external) modules.
In addition to the previously writtef?WMmodule, this exercise will rely on thellowing modules:

1) AudioClockThe purpose of this module is to reduce the system clowk 25 MHz tcan audio
frequency of44.1 kHz by using@unter that sends out a HI siglrevery 567system clock
cycles.(25 MHz/ 44.1 kHz = 567The 44.1 kHz frequency is the data rate at whichrthesical
data will be read from the flash memobpardand sent to the PWM A2D converter.

1) AddressCounterThisgenerates theaddressor the byte of musical data to be readt will
increment its counteeach time itsclk_ininput goes Hli.e., at the audio frequency. It does so
until it reaches its maximum value of 24'h1fffffis notation means: 24 bits with hex value:
1fffff) at which pant the counterisreset itto 0.

2) ReadOneByteThis module reads one byte @husical)data from the flash memorgt the
address specified at itsddressnput. The byte is read each time @sableinput goes HI.The
ReadOneBytmodule has already beenritten and will be providedo you.

Flashbem_Q J

ReadOneByte
AudioClock I o [y
sys_clk out ! clk_out [ Fasthem kot
AddressCounter @ sy |
% address@3:0),. oo
SigmaDeltaPWM
X_in(7:0} PWM_out PWM_out

sys_clk > clk_in

Figure44: General schematic of the full-Bit music player. Note we will not use the Sigrizelta PWM module; instad we
will use the simple PWM module from the previous exercise.

8.2 Step 1. Implement the Design in the ISE Webpack
Similar to the previous exercise, create a new empty project and add a new Verilog fileur¢8ee
section 3.1.) Once the New Source Wizgpdns specify thé I/0 ports as shown in Figure 43 and 44
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@ MNew Source Wizard

Define Module
Specify ports for modhie.
Module name | AAPT_Audioplayer
Il Port Name Direction Bus MSE LSB i
N | sys_clk input El (]
[ Q input El (=]
Il [ncs output =3
Il o output [=|E
CLK_OUT output =B E
PWM_out output =l
input El B
(|
fl input E| il
input El =
I input E| (]
input El (=] -

Figure45: The New Source Wizard with the port specificat®n

Once theVerilog coddor the top module has been generateatid theempty module declarations for
the AudioClok and theAddressCouet> A ®S ®> 2dza i a LIBOAJE his dbde Siredtl2 Rdzf Sa Q
below the top module as shown below.

module AAPT_Audioplayer(
input sys_clk,
input Q,
outputD,
OoutputNCS,
output CLK_OUT,
output PWM_out

):

endmodule

/IGenerate a 44.1 kHz signal from a 25 Mhiigtem clock
//Output every 567 system clock cycle (25E7/44.1E3 = 567) a an audio clock signal
module AudioClock(

input sys_clk,

output audio_clk

):

endmodule

/I Increment the address counter for the flash memory until it
/I reaches the maximueddress, 24'h1fffff, and then reset it 0.
module AdiressCounter(

input clk,

output [23:0] address_out

);

endmodule
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Now implement the functionality of thAudioClocland theAddressCountenodule (See the
specifications in Section 4.1The newly added code is showalowin bold.

module AAPT_Audioplayer(
input sys_clk,
input Q,
output NCS,
output D,
output CLK_OUT,
output PWM_out

);

endmodule

/IGenerate a 44.1 kHz signal from a 25 MHz system clock
/lOutput every 567 system clock cycle (25E7/44.1E3 = 567) a an audio clock signal
module AudioClock(

input sys_clk,

outputreg audio_clk //this output is a register

);

reg [9:0] counter;
always@(posedge sys_clk)
if( counter < 567 ) begin
counter < counter + 1;
audio_clk <= 0;
end
else begin
counter <= 0;
audio_clk <=1;
end
endmodule

/I Increment the address counter for the flash memory until it
/I reaches the maximum address, 24'h1fffff, and then reset it O.
module AdiressCoursr(

input clk,

outputreg [23:0] address_out

);

always@(posedge clk)
if( address_out < 24'h1fffff )
address_out <= address_out + 1;
else begin
address_out <= 0;
end
endmodule

Instantiate(or @ O I f fAédioClackngthe AddressCountenodule from the top most module by
using the following syntax:

ExistingModule InstantiatedModuwe | = 06X OXO0T
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TheExistingModuleorresponds to the name of the module that you want instantiate; the

InstantiatedModules the name of the newlinstantiated module, which, really can be any name you

choose Finally, within the parenthedis f A &ad | ff (GKS O2yyo8OniHedrged (2 GKS
that theywere listed in of the original (existing) module.

Shown below (in bold) are the irssttiated AudioClocland AddressCountenodules and their
corresponding inputs.

module AAPT_Audioplayer(
input sys_clk,
input Q,
output NCS,
output D,
output CLK_OUT,
output PWM_out

);

AudioClock MyAudioClock( sys_clk, audio_clk);
AddressCounter MyAddressCounter( audio_clk, address ); //notice (wire) address

endmodule

/|l rest of code not shown to save spaceéeééeéé

To confirmthat the instantiation workedthe newlyinstantiated modulesare now shown in the process
window belowthe top most module See the picturbelow. (You may have to save yourdiiest to
update the Xilinx WebPaekindows)

R P NP

2) Fle Edit View Project Source Process Tools dow Layout Help
1 X X|©oo| »pp RAR

Desgn wO8x §
Vew: © $ inpementaton ) fgl] Smuaton

ys_clk, audio_clk ):
unter( audic_clk, address );

P | 82 NoProcesses Runring

o ‘ Processes: AAPT_Audioplayer
. ; -,

Device
€% Anslyze Design Using ChipScope

AMPT_Audopleyer.v <1k Desgn Summary (out of date) F] SOM_MusicTopy_88it_2a.v

“D&x
nts/Xilink/ARPT_AudioPlayer/ARPT_Audicplayer.v" into library work -

i o 8 et TOTEA]

Ln28Col1 Verilog

Figure46: ISE Webpack with instantiated modules.
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To instantiate theReadOneBytand the simple PWMapy the files FlashMemModules@ and
AAPTSimplePWMVere (or whatever you named the file from the previous exercidiegctly into your
project folder. These files can be found on the CD uktlgrub_MXRAlpha Workshop FPGA

2013 CDExercisesAAPT_AudioPlayerlOnce they have been copiegght click orthe top module and
selectoAdd source Add both of these files.

While it should be straight forward to instantiate the PWM module, instantiating the ReadOneByte
module can be daunting because you are not familiar with all its ports. (A description of its ports is
given in the table below.)

Direction | Name | Size Description
(Bits)

Input clk_in 1 Serial interface clock for transmitting data; use the 25 MHz systen
clock.

Input enable |1 Hardware Trigger: at the positive edge, the new data is retrieved ¢
adzoaSljdzSyiate adaaiNBER Ay NBIAAA

Input address| 24 Address where data is retrieved from in the flash memory.

Input Q 1 Data read from memory isansmitted through this line.

Output | NCS 1 (Not) ChipSelect line.

Output | D 1 Data sent to the memory is transmitted through this line.

Output | clk_out | 1 Clock signal from memory; required when receiving data.

Output | busy 1 While HI, flash memory is busy retrieving data; when it is LO agai
data has been stored iimata;¢ in our application, this output can be
ignored.

Output | data 8 or 16 | Depending on version, either 8 or 16 bit register holding the data
value read from merory.

For the sake of brevity, its instantiation is shown below though yotaicdy should compare iwvith the
table above or the original file.

module AAPT_Audioplayer(
input sys_clk,
input Q,
output NCS,
output D,
output CLK_OUT,
output PWM_out

):

wire [23:0] address;

wire [7:0] data;

AudioClock MyAudioClock( sys_clk, audio_clk );

AddressCounter MyAddressCounter( audio_clk, address ); //notice (wire) address

ReadOneByte MyReadOneByte(sys_clk, audio_clk, addre$CQ, D, CLK_OUT, busy, data);
AAPTSimplePWMVerilog MyAAPTSimplePWMVerilog( sys_clk, data, PWM_out );
endmodule

/1 rest of code not shown to save spaceéééeéeée

54



Important: I Q& @2 NI K y20Ay3 KSNBE 2yS @GSNE adzodfS LRAYI
tremendous amount of time ttroubleshootand it has to do with the implicit creation of wires. For

example, when instantiating modulkudioClock | Y 2 dzii LJdzi &l dzZRA2 wyOf 1€ &1 a dzi
at the inputs of the (instantiated)ddressCounteand the ReadOneByt¥ 2 R dzf S ® . S0l dzasS ald
was never explicitly declared in the code, Verilog implicitly assumes that it is a one bitwirean

explicitlydeclare it as a wire using the statemewnitire audio_clkput as stated earlier this is not

mandatory (though probably helpful.)

hy GKS 2 (d&td NI Biigsg> 0@ G K || NB o0dzaSa O2yaraitAay3a 2F wun
not declared these buses explicitly as shown above, Verilog would have automatically assumed that they
were 1 bit wires. h doing so it would havieuncated the remaining bits without any further warning.

(Well, if you read the warning messages in the console window carefully you might have noticed some
obscure message about this.) Nevertheless, this is a very camrisbake so look out for it!

8.3 Step 2: Define the I/O Port Pins

CompleteVerilog codausing the followingpin outs which will require you to plug the audio amplifier
into port A and the flash memaory board into port (See photograph below.Jhe completedode for
the entire project is shown below:

module AAPT_Audioplayer(
(* LOC = "P54" *) input sys_clk,

(* LOC ="P76" *) input Q, /lflash mem module JC[3]
(* LOC = "P77" *) output NCS, /[flash mem module JC[1]
(* LOC ="P86" *) output D, /lflash mem module JC[2]
(* LOC = "P85" *) output CLK_OUT, /lflash mem module JC[4]

(* LOC = "P81" *) output PWM_out audio out JA[1]
);

wire [23:0] address;

wire [7:0] data;

AudioClock MyAudioClock( sys_clk, audio_clk );

AddressCounter MyddressCounter( audio_clk, address ); //notice (wire) address

ReadOneByte MyReadOneByte(sys_clk, audio_clk, address, Q, NCS, D, CLK_OUT, busy, data);
AAPTSimplePWMVerilog MyAAPTSimplePWMVerilog( sys_clk, data, PWM_out );
endmodule

//Generate a 44 #Hz signal from a 25 MHz system clock
//Output every 567 systemaadlk cycle (25E7/44.1E3 = 56@j audio clock signal
module AudioClock(

input sys_clk,

output reg audio_clk

):

reg [9:0] counter;
always@(posedge sys_clk)
if( counter < 567 ) begin
counter <= counter + 1;
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audio_clk <=0;
end
else begin
counter <= 0;
audio_clk <=1;
end
endmodule

/I Increment the address counter for the flash memory until it
/I reaches the maximum address, 24'h1fffff, and then reset it 0.
moduleAddressCounter(

input clk,

output reg [23:0] address_out

);

always@(posedge clk)
if( address_out < 24'h1fffff )
addressout <= address_out + 1;
else begin
address_out <= 0;
end

endmodule

56




et . BT
D Bl ¢ Yo Projec Sow
13

wOEx

N
La42Col18 Verkog

Figure47: Screenshot of the final project

8.4 Additional Notes

1 The simple PWM algorithmilvnot work withthe 2 bytes version because the conversion time
for this 16 bit A2D would be 25 MHZ2fi.e.,450 Hzresulting in a Nyquist frequency of 250 Hz.
In other wordsall frequencies above this wile aliasedo a frequency below 250 Hesulting
in noise instead of musid-or the 16 bit version to work with our board we needite the
Sigma Delta versioof the PMT Try it.

1 The flash memory cards were programmesdtlier by a program written in C that reads a WAV
file, converts it either to an 8 or 16 bit data stream which is then sent through RS232 to the
Verilog program that then writes it to the flash memory. Please contact me if you are interested
in the progam. The musical selection was partially based on TA recommendations.
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9 State Machines or Successive Approximation ADCCircuit

It israre that you will neeé completemicroprocessor for a lab type FP@mject. Most of the times
the projects can be impmentedefficiently by usinga modular approachnd state machinesSince we
have already covered the modular approach and instantiation in previous chapters, this chapter is
dedicated to state machines. We will use such a state machine to implenseictassive
approximation algorithm which we then use, together with a comparator circuit, to build a eigital
analog converter.

9.1 Successive Approximation Analog -to-Digital Converter

Vanaloq
comp_in Successive Sigma/Delta | Vout
e . . . .
Approximation Digitatto-
Algorithm Analog
(SAA) Converter

ADC_out

The diagram above shows the three main components of the successive approximation ADC. They are:

1. Asuccessivapproximation(SA)algorithm which outputs a digital valué&DC_out

2. A digitalto-analog converter which outputsiaanalogvoltage, v, which is proportional to
ADC_out

3. A comparator circuit which sends a feedback sigr@hp_inback to the successive
approximation algorithm indiating whether the analog input voltagenaeg was larger or
smaller thanvy,.

Based on the value @bmp_in the successive approximation algorittih@en adjust its output signal,
ADC_outin ever decreasing steps untisianalog voltage ., approaches that of theanalog input
voltage,Vanang Finally, when this state is reache®DC_outorresponds to digital value of the analog
input voltage.

To reach the final condition the optimal way, the SA algorithm makes each voltage adjustmeuit at %2
the value of the previous adjustment. In other words, while the SA algorithm starts out at half of its
maximum outputsignal subsequent fine tunings are done at ¥, 1/8, 1/16, etc. of the maximum value.
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This concept is straightforward to implement ilidly since digital notation is based on the power of 2.
In other words, shifting bits within a word one position to the [git right) corresponds to a
multiplication (or divisior) by 2. For example, binary 1000, 0100, 0010, 0001 corresponds in diéaima
8,4,2,1.

From this it follows that if we want to adjust our output signal in ever decreasing steps that are ¥ of the
value of the previous adjustment, we need to start with the MSB and then work our way to the right
down to the LSB anakt eachat step compareand adjustour output voltage to the analog input voltage.

This idea is expressed in the flow chart below showing one completeafytble SA algorithm

Start: Turn on the MSB
of the ADC_ousignal.

Vout > Vanalog
Is w. exceeding the comp_in is HI
analog input voltage, i.e.
is the comparator
output, comp_in HI or

LO?

Undo the previous action,
i.e., turns the bit off that was
previously turned on.

Vout < Vanalog \
comp_in isLO

HasLSB been tested
yet?

yes Done

Turn on the next lower bit.
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9.2 State Machine for the SA Algorithm

SucApproxV2

—sys_clk busy ——

——— comp_in ADC_out(7:0) ——

Figure48: Schematic symbol of the SA algorithm module

The SA algorithm can be implemented in Verilog with a state maehthet distinct states. They are:

Name Description

INIT Initialize all the settings for the SA algorithm. Turn on the MSB foABE€ ouand
set thebusysignal HI.Proceed to theCOMP ADJUSState.

COMP_ADJUY Check the comparator outputomp_in andif it is HI thertoggle the previously set bit
to LO. Also turn on the next lower bit. Finalheck if the LSB has been previously S
and if so go to th&®ONEstate otherwise contina with the ADJ MASKtate.

ADJ MASK |a2@S GKS aYlalaé¢ 04aSS y Sandigobackiother 2 y 0
COMP_ADJUSTate.

DONE Set thebusysignal LO; start the cycle over by going to fRETstate.

Figure49: Tablewith states

9.2.1 Masking

One way ofurningon, or toggling(off), specifidits within a wod can be accomplished with
technique calledx Y Iirig® Specifically, we will be using &-bit register maskghat have been
initialized to: 1000 _0000 or 0100 _000Bor the lack of a better name, we will call themask nowand
mask_nextas shown in the following Verilog statement:

reg [7:0] mask_now = 8'h1000_0000;

reg [7:0] mask_next = 8'h0100_0000;

A specific bit within a word can then brned on or off (withat affecting any of the other bits) by:

a AaKATOAY3 GKS m Ay GKS YIral G2 GKS FLILINRLNXLFGS

and then:
b) ORing(to turn ON)or XORng (to turn off) the mask and the word.

Sudy the Verilogexample below:

reg [7:0lmask0 = 8'h1000_0000 ;
reg [7:0] mask = 8'b1000_0006> 4; //shift the mask 4 Ibs right, fill left side with 0. Final value of mask1: 8'b0000_1000

reg[70]some_word = 806b0000_1111,;

wire [7:0] wire0, wirel;

assign wire0 = some_word | maskO; bt se OR operation resulting in wireO
assign wirel = some_word”*mask1; //bit wise XOR operatiens ul t i ng i n wirelbeing assi
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From thiswe can see thathe actions required in the COMP_ADJUST state can be impiediey the
following statements:

if( comp_in) //check if vout > vanalog
ADC_out <= (ADC_out ® mask_now) | mask_next; //toggle the previously set bit to LO and set the next lower HI
else
ADC_out <= ADC_out | mask_next;// set the next lower bit H(no need to undo previously set bit
1 since vout < vangalog

Finally, shifting the masks one bit right during each step, as is refuithe stae ADJ_MASK can be
done with the right shift operator as shown here:

mask_now <= mask_now >> 1;
mask_next <= mask_next >> 1;

This should cover most of the details of the implementatiofi s® $ta® &y programming our SA
algorithm using a sta machine.

9.3 Verilog Implementation of the State Machine
Create a completely new projeand a Verilog source file. As shown in figurgadid the following ports
and registers to your S#élgorithmmodule:

input sys_clk; /'l required t wmacliineri ved the state
input comp_in; /[HI meansvout too high LO means ok.

output reg [7:0] AC_out = 8'b1000_0000; //startiggiess

output reg busy = 0; /lis HI during SA, and then LO when done

reg [7:0] mask_now = 8'h1000_0000;
reg [7:0] mask_next = 8'b01000@0;

LY&adSFR 2F gNAGAYy3a GKS SYyGaANB aidladS YFOKAYS TNRY
Language Templates.

Under the Edit Menu, select: Edit >> Language Templates. In the middle widdbw ¢ R\Zedloj o 2
>> Synthesi€onstructs >&oding Examples>State Machines >> Moore >> Binary >>Safe >> 4 States
(See the screen show below.) Ceaithe information in the rightmost window into the test bench
RANBOGt & 0ST2NB (K Sook& tficcwde Rudzho& ¢hat alisigsieScysbd/ini &
greater than or smaller than operators, such as <clk>, must be replaced with names that match our
signals.
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@ Ele Edit View Project Source Process Jools Window Loyout Help HEE
DAEFIL] % Xoa| A L,RRPRFA TE T ERIPELIQ
Design +06 X 5 ViDL = ‘
5] | view: © $8} 1mplementation ©) & Smuiation £ Verilog parameter <statel> = 2'b00;
& | Hierarchy (23 Commen Constructs parameter <state2> = 2'b01;
. [ Device Macro Instantiation parameter <state3> = 2
& €] SuccpproxHomelersion ® (23 Device Primitive Instantiation parameter <state4>
| 35;‘:::‘:;%3 UM Moduless) b (27 Simulation Constructs
= SucAppraxMultibits (SucApproxVlv) 2 [S:y‘"::f: Smwm
&l & [ sucApproxTophod (SucApprosLy) 07 Attt uayel a ock
= ClockDividerlnstl - ClockDividerVl (SucApproxVLy) Ut aluayst (posedge <clocks)
23 Coding Bamples if (<reset>) begin
SucApproxVZnst - SucApproxV2 (SucApproxVi) £ Aceumulators e o2 coraretss
SigmaDeltaPWhInst - SigmaDeltaPWM (PWM_Medulesv) N A £
— (1 Arithmetic <outputs> <= <initial values>;
— HexDisplayViInst - HeDisplayVl (HexDisplayVi vy 1 Basic Gates . -
| SucApproxV2TE (SucApprosV2TE) 1 Bi-directional O e
(1 Comparators (* T ) case (state)
(7 Counters =
(2 Decoders if (<conditiony)
(7 Encoders state <= <next_state>:
(3 Flip Flops else if (<conditions)
| € NoProcesses Running (7 Logical Shifters state <= <next_state>:
=] [ Mise else A
7 | Processes: SucApprexTophiod (3 Muttiplexers state <= <next_stater:
T Design Summary/Reports (3 RAM <outputsy> <= <values»:
Design Utilities (23 ROM/Lookup Table end
g User Constraints (77 Shift Registers <state2> : begin
B)  Synthesize - XST =43 State-Machines if (<condition>)
£)  Implement Design Info (State-machine) state <= <next_state>;
¥)  Generate Programming File [ Mealy else if (<condition>)
(%  Configure Target Device =3 Moore L state <= <next_state>;
@ Analyze Design Using ChipScope 3 Binary else
[ Fast state <= <next_state>;
[ER=111 <outputs> <= <values>;
16 States end
e <state3> : begin
[1 8 States if (<condition>) ad
(2 One-Hot - < il ¥
& Strt | 5% pesgn |IL) Fies | [ Ubraries T Design Summary = SucApproXV Ly Q Language Templates <]l
Console o0& x
;) INFO:HDLCompiler:1845 - Rnalyzing Verilog file "C:/Users/KWick/Dropbox/Work/Alpha 2013 MPLS/SucchpproxHomeVersion/HexDisplayVl.w" into library work P
- Rnalyzing Verilog file sers/¥Wick/Dropbox/Work/Alpha 2013 MPLS/SucchpproxHomeVersion/EWM Modules nto library work =
I3 INFO: HDLCompiler - Rnalyzing Verilog file /Users/Kilick/Dropbox/Work/Alpha 2013 MPLS/SucchpproxHomeVersion/SucApproxVl nto library work
;) INFO:HDLCompiler:1845 - Rnalyzing Verilog file "C:/Users/KWick/Dropbox/Work/Alpha 2013 MPLS/SucchpproxHomeVersion/SucApproxV2TB.v" into library work L
<[ S - - . 0 B B ° o »
Console | @ Emors | 1\ Wernings [lg6 Find in Fies Results

Figure50: Language template for the state machine

Before we adjust the template to our needs notice tilidwing 3 key points:

1) There are four statesurrentlylabeled<statel>, <state2>, <state3> and <state4>. You need to
replace these nang(throughout the entire moduleyvith namesof your choosing. Select
descriptive nams or the ones listed in table 49

2) The main structure of the state machine consista ose statement:

case (state)

At eachposedge <clock»®ne and only one of the four cases listed below, aene of the
states, is activated(The <statel> case is listed below.)

<stakel>: begin
if (<condition>)
state <= <next_state>;
else if (<condition>)
state <= <next_state>;
else
state <= <next_state>;
<outputs> <= <vales>;
end

Which state is activatedt posedge <clockdepends on what the registetate has been set to
previously

(For now, replace&clock>with the name of our input signasys_clk Since we do not haae
dreset input delete the4 lines immediately following the always statement (shown below.)
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/IDELETE THESE LINES THEY ARE NOT NEEDED
if (<reset>) begin
state <= <statel>;
<outputs> <= <initial_values>;
end

3) Now examine the individualases in more detaiind note that its functionality is set for two
different purposessee below:
a. the decision which state the state machine will be at the mmdedge <clockand
b. the assignment of (various) values to (various) outputs.

<statel> : begin
if (<condition>)
state <= <next_state>;
else if (<condition>)
state <= <next_state>;
else
state <= <next_state>;

<outputs> <= <values>;
end

You will modify each case to suit the requirements for the particular state. While doing so, note
that there are situations where there is only one choice what the next state shouldhlseich a
situation, you may omit the iktatement and diectly assign the next state &iate.

Furthermore, in the templatepnly one assignment of a value to an output is showtowever,
you will find that multiple such statements will be needed in some of the states. In one case,
you will even need to make a conditional assignment.

See if you can implement the entire SA algorithm by modifying the language template. If you get stuck
youYlF & aLISS1¢é¢ i GKS O02YLX SG§SR SEU\DDIMERARPHAE 26 6 KA OK
Workshop FPGA 201GD ExercisesSuccessiveApprox

T T
//8 bit succesive approximation modul
/INote: only the very last approximation, i.e., the one after the busy goes low,
lIrepresents the final approximation value. So latch it (on negedge) if you need it for the ADC value!
module SucApproxV2( sys_clk, comp_in, ADC_out, busy );
input sys_clk;
input comp_in;  //HI means too high, lower. LO means ok.
output reg [7:0] ADC_out = 8'h1000_0000; //current guess
output reg busy = 0;

reg [7:0] mask_now = 8'b1000_0000;
reg [7:0] mask_next = 8'h0100_0000;

parameter ADJ_MASK = 2'b00;
parametetNIT = 2'b01;
parameteCOMP_ADJUST= 2'b10;
parameter DONE = 2'b11;

63



(* FSM_ENCODING="SEQUENTIAL", SAFE_IMPLEMENTATION="YES",
SAFE_RECOVERY_STATE="<recovery_state_value>" *) reg [1:0] state = INIT;

always@(posedgeys_clk)
(* PARALLEL_CASE, FULL_CASE *) case (state)

INIT : begin /finitalize all parameters
state <=COMP_ADJUST

mask_now <= 8'b1000_0000;
mask_next <= 8'n0100_0000;
ADC_out <= 8'h1000_0000;
busy <= 1;

end

COMP_ADJUST: begin /ladjust DAC output based on comp_in value; also set next lower bit
if (mask_now == 1)
state <= DONE;
else
state <= ADJ_MASK;

if( comp_in)
ADC_out <= (ADC_ait * mask_now) | mask_next;
else
ADC_out <= ADC_out | mask_next;
end

ADJ_MASK : begin //adjust the masks which define the bits that are currently guessed
state <<COMP_ADJUST
mask_now <= mask_now >> 1;

mask_next <= mask_next >> 1;
end

DONE : begin//send the conversion done message

state <= INIT;
busy <= 0;
end

default : begin // Fault Regery
state <= INIT;
end
endcase

endmodule
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9.4 Test Bench for SA Algorithm

To verify thatyour module works as expectedreate a test bench. (See sect®3.) Add a 40 nsec
Qockstimulus tosys_clk Set thecomp_h stimuli to 1010 0101, i.e., set it HI initially (no delay) then
wait one clock cycle each time to so set it LO, HI etc. see below.

initial begin
// Initialize Inputs
sys_clk =0;
comp_in=1; /IMSB

/I Wait 100 ns for global reset to finish
1 #100;

/I Add stimulus here

#80 comp_in = 0; //end of first guess, next higher bit
#80 comp_in = 1;

#80 comp_in = 0; // end of first four bits

#80 comp_in = 0;
#80 comp_in = 1;
#80 comp_in =0;
#80 comp_in = 1;

end

From this you can see the final output of the ADC should be the inverse of comp_in, i.e., 0101_1010.
(Why?). Compare it with the timing diagram shown below.

‘U ns IZEIEI ns |4[|U ns ‘BEIEI ns |BEIEI ns

B ADC_oy (100000...)_ 01000000 01100000 ) 01010000 ) 01011000 ) 01011100 ) 01011010 ) 01011011 ) 01011010 )(100... 01000000 »_ 00100000 ) 00010000 )
@ busy

8 svs.ck|_ITL_ LI LmL T L T L L L L FLTL L
g comp i | 1 1 ' E— |

1§ PERIOD 00000000000000000000000000101000

B state[14(¥_ 10 ) 00 10 ¥ 00 X 10 x 00 10 x 00 ;10 ¥ 00 ¥ 10 x 00 x 10 00 X 10 ¥ 11 01 10 ¥ 00 X 10 ¥ 00 ¢ 10 » 00 ) 10 xOr
B mask_n{(__ 10000000 ) 01000000 00100000 00010000 ) 00001000 ) 00000100 00000010 X 00000001 10000000 ) 01000000 » 00100000 D001000C
@5 mask_n{(__01000000 (00100000 00010000 ) 00001000 ) 00000100 ) 00000010 ) 00000001 X 00000000 01000000 »_ 00100000 00010000 0000100(

Figure51: Timing diagram for our SA algorithm

9.5 Complete SA Analogto-Digital Converter

9.5.1 Circuit
We now put the SA algorithm to work and build the simgteuit shown below in Figure 53t consists
of the following components:

To produce an arbitrary, adjustable analog voltgg..,, Which we will measure with our ADCewill
use a 10 turrlOk adjustable resistdabeled R1
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We will use a TLV2463 radl-rail comparator to compare our filtered output Sign@ly:, andvanaog 1tS
output, comp_in will be our feedback signal for our SA algorithm, which will be connéatph JA_1.

We will use a sigmédelta algorithm to produce our DAC signal at pin JA_4 and we will filter it using the
380 Ohm and the 0.01 uF low pass filter.

Finally, both ground and 3.3V will be supplied by the BASYS board.

C2
3.3V > 1
From BASYS Board 15uF
Comparator
R1 %‘, Vanalog ~L comp_in
10kQ R3  vout — JA_1
JA_4 —+
— >_3:;)/3g / TLV2463IN
C1
——0.01pF
Ground >

From BASYS Board

Figure52: Successive Approximation SchematiSee below for a photograph of the circuit.)
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9.5.2 Top Module

You may create your own top module to instantigtaur SA algorithm. However, due to time
constraint, we already haveeated it for you and you may load it fromXApub_MXRAIpha Workshop
FPGA 200D ExercisésuccessiveApprokdd the HexDisplayV1 and the PMW_Modules files to your

project.

SigmaDeltaPWM

ClockDividerV1

D[15:0) Q[15:0]

SucApproxV2 o

sys_clk busy <

IFD16

sys_clk sevenSegLED_out(6:0)
BCD_enable

Display_Enable

—

oo comp_in ADC_out(7-0) [~ 3——'

Figure53 SA ADC top module

Iue_in(15:0) sevenSegPos_oul(3:0)

HexDisplayV1

In addition to the now familiaBucApproxV2SigmaDeltaPWNnd theHexDisplayVinodules, the top

moduleconsists of the following componentgsee above)

IFD16 is a 16 bit register latch that stores the final vale of the SA algorithm (when the conversion is

done) sotican be displayedn the #segnent display.
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The ClockDividerV1 is a 12 bit counter whose most significant bit igaséxiv downthe clockfor the
SA algorithm. Therefor¢he SAalgorithm runs at 14096 of the 25 MHz system clock speed. The
reason forthis is that we need to integrate, i.e., filter the output of tBggmaDeltaPWNutput over
multiple clock cycles to achievestable i.e., smoottoutput. The 12 bit counter assuréisat the PWM
modules integratesver 4096cycleswhichfranklymight beexcessive, bus done to better illustrate
the working of the module.

After you have built the circuit and connected it to the BASYS board test it by adjustiadjtiséng 10
turn pot. Does the seven segment display show the ADC value? You mayrdl$o eeanect a scope
to Vot to better observe the workings the circuit.

i Pos: 3.670ms =4WESREC

Action
save Image

File
Farmat
JPEG

&byt
||;||||;||||;|||| ||||;||||;||||;||||;|||| E;a'.lu'inl;]

Images

aelect

Falder

CH1 S00mb M 25008 C H1 S22
Current Folder is &%

Figureb54: Screenshot from the oscilloscope of v

9.6 Final Comments

Thoughin this exercis&s S Kl @S £ A YA (SR 2 dzNE Shit R ate SAX0d6 cmildbR A y 3 |
adjusted to accommodate an ADC of any other si@s can be accomplished by using the Verilog

GLI N YSGSNE 71S@ 62NR oKAOK OGa aAYAtII NI G2 Oz2yadil
yet) has been included in the file &\proxV1 (directly above the top module) and is named
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SucApproxMultibits Though the parameter MAX_BITS is still set to 8, it could easily be chaniyesd
module as well the Sigma Delta PWd/accommodate a 16 or even 32 bit ADC and DI®E course,
you would have to slow down the ClockDividerV1 algorithm accordingly and change the RC time
constants in the circuits.) Nevertheless, it illustrates the power and ease of HDL to expand on the
existing modules.
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10 IP Cores

It may appeathat we are constrained bDL to low level tasks involving the manipulation of bits and
that we are forever stuctwith simple integer arithmetic. It is the purpose of this last chapter to show
youthat this is not case. Instead, we will examine andarsé L t 1O &réd® & sine wave
synthesizer.

10.1 Introduction

So what is an IP Core? IP cores are to HDL what subroutines or libraries are to programming languages.
In other words, while they rely on the basic (digital) structure of HDL they allow #raaignplement
sophisticated and complex tas&uch as signal processing, filteridgta communicatiorand
microprocessorghat allows you turn your simple FPGA into a sophisticated instrument.

Xilinx does provide some free IP cores inlBE Webpackf you cannot find what you need, Xilinx and
other vendors will create one for your appliwan, though probably not for free In other words, the
business of IP cores is anotheportant aspect of the entire FPGA concept.

To explore the types of free Bores provided by the ISE Webpack, start a new project. In the process
GAYR26 NARIRGI OYEO] ag2ANDBRtI YRWOKDEYySSEF S@NI ' yR ! ND

. T
- .

Select IP

Create Coregen or Architecture Wizard IP Core.

View by Function View by Name

=

ame Version AXM AXM4-Stream AXHM-Lite Status License Venc *
7 Automotive & Industrial
7 Basic Elements
% Communication & Netwarking
|~/ Debug & Verification
|7 Digital Signal Processing
|7 Building Blocks
il =1 |7 Filters
"\.; CIC Compiler 20 Production xiling|
4] FIR Compiler 50 Productien iling
|7 Modulation
G |77 Transforms
&7 FFTs
4§ Fast Fourier Transform 7.1 Production xiling
= |77 Trig Functions
] CORDIC 4.0 Production ailin
‘%" DDS Compiler Production ili
[ |77 Waveform Synthesis
4§ DDS Compiler 4.0 Production wiline
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The window above shows some of the IP Cores available for the Spartan 3EEB®GA the BASYS
board. You may want to glance at all the options available but for now only want the IP Core with Trig

functions. 8lect theDigital Signal Processing >> Trig Functions >> DDS Cdmpilet TG4 SNJ 4SSt SO Ay
YR G CAYA & KBO®eN béléapeash Y R2 5 &
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" lgicRe DDS Compiler

I Component Name |MySme

Configuration Options IFhase Generator and SIN COS LUT =
System Requirements
System Clock 25.0 ge: 0.01..550 MHz

Humber of Channels

Frequency per Channel (Fs) 25.0 MHz

Parameter Selection |System Parameters A
System Parameters
Spurious Free Dynamic Range 44 :18..150 dB

Frequency Resolution 0.4 Range: 0.00000009..3125000 Hz

xilinx.com:ip:dds_compiler:4.0

SINETT0]

4 1P Symbol ¥ Resource Estimation ﬂl bezzieie l NeXt I [ GEREIElS ] l Canoch I [ el ]
e

We need to specify the system clock rate (25.0 MHz) as well &ptinéous Free Dynamic Rarsgel4
dB to get an ®it sine wave. (Selecting tHepurious Free Dynamic Ramtgterminesthe number of bits
calculated forthe lookup table)

] DDS Compiler [

Documents  View
i IP Symbol & X

logiC JPE DDS Compiler

Phase Increment Programmability

xilime.com:ip:dds_compiler:4.0

@ Fixed

) Programmable

) Streaming

Phase Offset Programmability

— @ Mone

RFD © Fixed
- ) Programmable

SINE[5:0]

COSINEED () Streaming

PHASE_OUT[25:
S Output Selection
P () Sine ine
2 @ Sin

) Cosine
Polarity
[] Megative Sine

[] Megative Cosine

Amplitude Mode W

§ 1 Symbol |9 Estimati Datash [ < Back ]Pagezafﬁl Hext > I[Qenerate“ Cancel ” Help

Since we are only interested in the Sine output, we will disable the Cosine.
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[} DDS Compiler

SINE[S:0]

Documents  View
IP Symbol & X

lagiC R
Implementation Options
Memory Type

Latency Options

@ Auto

() Configurable
Latency |1 ~

Optional Pins

Has Phase Out

Clock Enable
Synchronous Clear

4 TP Symbol 4] Resource Estimation
— S

(Rstashest

DDS Compiler

xilinx.com:ip:dds_compiler:4.0

Auto -

RDY
RFD
[] channel Pins

[ < Back ]Page.?ofsl Next > HC_-enerateH Cancel I[ Help ]

A

2 S

[} DDS Compiler

SINE[S:0]

RA &I Hat Fhasé @6 A y OS

Documents  View
TP Symbol & X

lagiC QRE

OO0 N D U AW N e

R e Y
S T T I =]

4 TP Symbol 4] Resource Estimation
—_——

(Rstashest

QOutput Frequencies
‘Output Frequency
Channel (MHz)
001

oA A

GSQNB y2i Ay

DDS Compiler

xilinx.com:ip:dds_compiler:4.0

olo[o[olelale[a]e[c[olalo]e]e

Range: 0..25.0 MHz

[ < Back ]Page4of6l Next > HC_-enerateH Cancel I[ Help

For our last screen, we specify the output frequency of 0.001 MHz.
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Documents  View
IP Symbol

SINETT0]

1

Two summary screens display various information befoesprogram generatethe actuallP Core.

4 TP Symbol 4] Resource Estimation
S —————

Summary (Page 1)

Output Width

Channels

System Clock

Frequency per Channel (Fs)
Moise Shaping

Memory Type

Optimization Goal

Phase Width

Frequency Resolution

Phase Angle Width
Spurious Free Dynamic Range
Latency

Multiplier count

BRAM (18k) count

DDS Compiler

8 Bits

1

25.0 MHz
25.0 MHz

Mone (Auta)
Block ROM (Auta)
Area (Auto)

26 Bits
0.4 Hz
8 Bits
44 dB
1

0

1

xilinx.com:ip:dds_compiler:4.0

[ < Back ]Pagesafﬁl Next > HC_-enerateH Cancel I[ Help ]

Documents  View
IP Symbol

This process may take a whidat we ultimately shouldsee the following options in the ISE Webpack

4 TP Symbol 4] Resource Estimation
S —————————

process window:
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EQQ'CQRL DDS compller xilinx.com:ip:dds_compiler:4.0
Summary (Page 2)
Channels Phase Increment Phase Offset
HEX value Actual MHz HEX value Actual cycles
1 ATFC (0.0009998679161071777) 0 (0.0000000000000000)
2 0 (0.0000000000000000000) 0 (0.0000000000000000)
3 0 (0.0000000000000000000) 0 (0.0000000000000000)
4 0 (0.0000000000000000000) 0 (0.0000000000000000)
5 0 (0.0000000000000000000) 0 (0.0000000000000000)
6 0 (0.0000000000000000000) 0 (0.0000000000000000)
7 0 (0.0000000000000000000) 0 (0.0000000000000000)
8 0 (0.0000000000000000000) 0 (0.0000000000000000)
9 0 (0.0000000000000000000) 0 (0.0000000000000000)
10 0 (0.0000000000000000000) 0 (0.0000000000000000)
11 0 (0.0000000000000000000) 0 (0.0000000000000000)
12 0 (0.0000000000000000000) 0 (0.0000000000000000)
13 0 (0.0000000000000000000) 0 (0.0000000000000000)
14 0 (0.0000000000000000000) 0 (0.0000000000000000)
15 0 (0.0000000000000000000) 0 (0.0000000000000000)
16 0 (0.0000000000000000000) 0 (0.0000000000000000)
< Back |Page6of6 | Mext> | [ Generate ] I Cancel I [ Help ]
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o | View: @ I.rnplerneniz:ﬁon ® @Simulaﬁon
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- 18] AlphaSine
B EF xc3s100e-dtqlad
'q MySine (U\spawick\Documents\Xilin\AlphaSine\ipcore_dir\MySinexca)

7

| | G | 69 fn =

f2 Mo Processes Running

Processes: MySine

{CORE Generator
Manage Cores
Regenerate Core

Lo
2
=
%
m

| & Start | ®3 Design ]TD Fles | (1Y Libraries |
Console

Generating README file...
Generating FLIST file...

) INFCO:=3im: 948 - Finished FLIST file generation.
Launching BREADME viewer...

4 - ||-| i
Console Fé Errors | 1\ Warnings | 9 Find in Files Resuits

Figure55: The newly generated IP Core in the ISE Webpack.

10.2 Implementing our Sinewave Synthesizer

ISGQa ONBIGS | G2 Y2Rdz S GKF G A ysidioutyufitd duriSiga G K S
Delta PWM (DAC) module. Add a new Verilog source to the proje@dzhtivoports to it: sys_clikand

PWM out

MySine SigmaDeltaPWM
sys_ck clk
clk_in PWM_out

sine(7:0) x_in(7:0)

Figure56 Sinewave SynthesizeNote: you must add 128 to sine(7:0) to change the output values into positive numbers.
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Add a copyf the PWM_Modules.v modules to your project fragd pub_MXRAIpha Workshop FPGA
2013 CDExerciséflpha_SineWavilder and instantiate the Sigma Delta module in the top module.

The only thing left, besides assigning pins, is to implement the IP Core. Again, the ISE Webppack
provides us generously withtemplate which we can find by clickiimgthe Process windown the
G+ASé 15[ Lyai.k @éFiguier52above.)S IYisdhdwi Selow:

MySine your_instance_name (
.clk(clk), // input clk
.sine(sine) // output [7 : 0] sine

).

(Youmaynod S Fl YAETAIFI NI 6AGK GKS aR20G¢ y20lGA2y FT2N AyL
notation you do not have to keep the order of the ports or even list all the ports during an instantiation.
For now, simply replace the signal names in brad#s tive names of your signal, such as for example:

.clk(sys_clk)

Copy and paste the code into your top module. Link your internal sigaiadtias thesys_clko the Sine
input, and the8 bitwired & A y S ¢ 2 dzi LJdzi G 2 x_iniKpBt af skakYnIFigse®s. G t 2 a

Important: the output form the IP Core produces signed values; however, the input to the PWM module
expects only positive values, therefore, add the value 128 to the sine output as shown below:

SigmaDeltaPWM MySigmaDelta(sys_clk, x_inl28, PWM_out); ‘

(If you get stuck, the code of the top module is given at the end of this chapter.)
Assigrpins for thesys_clknput anduse JA_1 foPWM_out

Compile the code and transfer it to your boar@nnect a 39 Kresistoranda 0.01uF capacitoto the
output to form a low pass filter. Connect it to the scope and observe your Sine fun&ambelow for
a screen capture of the sine wave:
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Figure57: PWM Sine wave signal on the scope

One coull turn this into a moresophisticatedsine wave synthesizer by, for example, driving the MySine
IPcore with the programmable timer module fraime adjustable coincidence width exercise, section
6.2

module TopSine(sys_clk, PWM_out );

(* LOC ="P54" *) input sys_clk;

76



