SignalTap Il with VHDL Designs

This tutorial explains how to use the SignalTap Il featur¢himi Altera’s Quartus® Il software. The Signal-
Tap Il Embedded Logic Analyzer is a system-level debuggotd that captures and displays signals in circuits
designed for implementation in Altera’s FPGAs.
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Quartu@ Il software includes a system level debugging tool callegn&iTap Il that can be used to capture
and display signals in real time in any FPGA design.

Doing this tutorial, the reader will learn about:
¢ Probing signals using the SignalTap software

e Setting up triggers to specify when data is to be captured

This tutorial is aimed at the reader who wishes to probe $$gnacircuits defined using the VHDL hardware
description language. An equivalent tutorial is availdblethe reader who prefers the Verilog language.

PREREQUISITES
The reader is expected to have access to a computer that hasiQl software installed. The detailed examples
in the tutorial were obtained using the Quartus Il versidh But other versions of the software can also be used.

1 Example Circuit

As an example, we will use the switch circuit implemented HDL in Figure 1. This circuit simply connects the
first 8 switches on the DE2 board to the first 8 red LEDs on theddadoes so at the positive edge of the clock
(CLOCK_50) by loading the values of the switches into a regisshose output is connected directly to the red
LEDs.

LIBRARY ieee;
USE ieee.std_logic_1164.all;

ENTITY switches IS
PORT (CLOCK 50 :IN STD_LOGIC;
SwW T IN STD_LOGIC_VECTOR(7 DOWNTO 0);
LEDR :OUT STD_LOGIC_VECTOR(7 DOWNTO 0)); -- red LEDs
END switches;

ARCHITECTURE Behavior OF switches IS
BEGIN
PROCESS (CLOCK_50)
BEGIN
IF(RISING_EDGE(CLOCK_50)) THEN
LEDR <= SW;
END IF;
END PROCESS;
END Behavior;

Figure 1. The switch circuit implemented in VHDL code.
Implement this circuit as follows:

e Create a projecwitches



Include a fileswitches.vhdwhich corresponds to Figure 1, in the project. For convaree this file is
provided in the directorfDE2_tutorials,design_fileswhich can be found on Altera’s DE2 web pages.

Choose the Cyclone Il EP2C35F672C6 device, which is the FEi@g\on Altera’s DE2 board.

Import the csv file calle®E2_pin_assignments.cBy clicking Assignments->Import Assignments. The
node names used in the sample circuit correspond to the nasadsn this file.

Compile the design.

2 Usingthe SignalTap Il software

In the first part of the tutorial, we are going to set up the 8igjap Logic Analyzer to probe the values of the 8
LED switches. We will also set up the circuit to trigger whéee first switch (LEDI[O0]) is high.

1. Open the SignalTap Il window by selectiRge > New, which gives the window shown in Figure 2. Choose
SignalTap Il Logic Analyzer File and clickOK.
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Figure 2. Need to prepare a new file.

2. The SignalTap Il window with th8etup tab selected is depicted in Figure 3. Save the file under theena
switches.stp In the dialog box that follows (Figure 4), cliodRK. For the dialog "Do you want to enable
SignalTap Il file 'switches.stp’ for the current project¥tk Yes (Figure 5). The fileswitches.stfis now
the SignalTap file associated with the project.

Note: If you want to disable this file from the project, or tealle SignalTap from the project, goAs-
signments > Settings. In the category list, sele&ignalTap Il Logic Analyzer, bringing up the window

in Figure 6. To turn off the analyzer, uncheEkable SignalTap Il Logic Analyzer. Also, it is possible

to have multiple SignalTap files for a given project, but oohe of them can be enabled at a time. Having
multiple SignalTap files might be useful if the project isyw&arge and different sections of the project need
to be probed. To create a new SignalTap file for a project, lsifigiow Steps 1 and 2 again and give the



new file a different name. To change the SignalTap file asstiaith the project, in th&ignalTap Il File
name box browse for the file wanted, cliodkRpen, and then clickOK. For this tutorial we want to leave
SignalTap enabled and we want the SignalTap Il File name t®aliiehes.stp Make sure this is the case
and clickOK to leave the settings window.
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Figure 3. The SignalTap Il window.
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Figure 5. ClickYes to this dialog.
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Figure 6. The SignalTap Il Settings window.

3. We now need to add the nodes in the project that we wish tieeprin the Setup tab of the SignalTap Il
window, double-click in the area label&buble-click to add nodes, bringing up the Node Finder window,
as shown in Figure 7. For tHelter field, selectSignalTap II: pre-synthesis. Click List. This will now
display all the nodes that can be probed in the project. ltjghlSW[0] to SW[7], and then click the >
button to add the switches to be probed. Then diék



Mamed: |" j Filter: | SignalTap II: pre-synthesis j Custarnize. .. | List | Q (] |
Look in: |l jJ W Include subentities | Cancel |
Modes Found: Selected Nodes:

Mame Assignments A | Mame Azsignments | T
& LEDR[3]"reql Unassigned B |zwitches|SWw0] PIN_MNZ5 Ir
4 LEDR[4] PIN_aD22 B |switches|SW(1] PIN_N26 Ir
& LEDR[4]reql Unassigned B |zwitches|SWwW2] FIN_P25 Ir
4 LEDR[5] PIN_&D23 B |switches|SWI[3] PIN_&E14 Ir
& LEDR[5]"reql Unassigned B |zwitches|Siwi4] FIMN_&F14 Ir
4 LEDR[E] PIN_aD21 B |switches|SWI(5] PIN_&D13  Ir
& LEDR[E]"reql Unassigned A B |zwitches|SWIE] PIMN_&C13 Ir
4 LEDR[7] PIN_&aC21 B |switches|SWI7] PIN_C13 Ir
& LEDR[7]"reql Unassigned ﬂ
I 5w Unassigned
= 5w0] PIN_N25 ﬂ
= S5w[1] PIN_N26 <
B Sw[2] PIN_P25 J
B Sw/[3] PIN_&E14
B Sw[4] PIN_4F14
B Sw/[5] PIN_&D13
B Sw/[6] PIN_&C13
B 5[] PIN_C13 =

b
b L4 b I L4

Figure 7. Add nodes in the Node Finder window.

4. Before the SignalTap analyzer can work, we need to spedifit clock is going to run the SignalTap mod-
ule that will be instantiated within our design. To do thisthie Clock box of the Signal Configuration pane
of the SignalTap window, click ..., which will again bring tiee Node Finder window. Selekist to display
all the nodes that can be added as the clock, and then dolitkezt OCK_50, which results in the image
shown in Figure 11. CliclOK.
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Figure 8. Set CLOCK_50 as the clock for this SignalTap instan




5. With theSetup tab of the SignalTap window selected, select the checkbaanrigger Conditions col-
umn. In the dropdown menu at the top of this column, seBatic. Right-click on the Trigger Conditions
cell corresponding to the node SW[0] and seldizh. Now, the trigger for running the Logic Analyzer
will be when the first switch on the DE2 board is set to high,resas in Figure 9. Note that you can right
click on the Trigger Conditions cell of any of the nodes bgimgbed and select the trigger condition from
a number of choices. The actual trigger condition will beetwhen the logical AND of all these conditions
is satisfied. For now, just keep the trigger condition as SWIto high and the others set to their default
value,Don'’t Care.

auto_signattap_0 |é\A"DW all changes j
Hode Data Enable | Trigger Enable | Trigger Conditions
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Figure 9. Setting the trigger conditions.

6. For SignalTap Il to work, we need to properly set up the waré. First, make sure the DE2 board is plugged
in and turned on. In the Hardware section of the SignalTapnbaw, located in the top right corner, click
Setup, bringing up the window in Figure 10. Double click USB-Blastn the Available Hardware ltems
menu, then cliciClose.

Hardware Setup E|

Hardware Settings l JTAG Settings ]

Select a prograrmming hardware setup to use when programming devices. Thiz programming
hardware setup applies anly to the current programmer window.

Currently zelected hardware: | |J5E-Blaster [USEB-0] ﬂ

Awailable hardware items:

Hardware | Server | Port | Add Hardware. .. |
IISE-Blazter Local J5B-0 |

Cloge

Figure 10. Setting up hardware.



7. The last step in instantiating SignalTap in your desigtoisompile the design. In the main Quartus Il
window, selecProcessing > Start Compilation and indicate that you want to save the changes to the file
by clicking Yes. After compilation, go tdlools > Programmer and load the project onto the DE2 board.

3 Probingthe Design Using SignalTap 1|

Now that the project with SignalTap Il instantiated has bleaded onto the DE2 board, we can probe the nodes
as we would with an external logic analyzer.

1. Onthe DE2 board, first set all of the switches (0-7) to love WMl try to probe the values of these switches
once switch 0 becomes high.

-
2. In the SignalTap window, seleBrocessing > Run Analysis or click the q icon . Then, click on the
Data tab of the SignalTap Il Window. You should get a screerilar to Figure 11. Note that the status
column of the SignalTap Il Instance Manager pane says "Witr trigger.” This is because the trigger
condition (Switch 0 being high) has not yet been met. (Thisfisourse if Switch O is actually low as
instructed in the previous step. If it is not, set it to low dahdn click Run Analysis again).

Instance Manager: | | Acquisition in pragress ) X | JTAG Chain Configuration:  [JTAG ready 2) x
Instance | status | LEsdes|  Meman: 1024] ME12MLAE:
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Figure 11. SignalTap Il window after Run Analysis has bedérkel.

3. Now, to observe the trigger feature of the Logic Analyset, Switch 0 on the DE2 board to high. The data
window of the SignalTap Il window should display the imagerigure 12. Note that this window shows



the data levels of the 8 nodes being tapped before the traggetition was met and also after. To see this,
flip on any of the switches from 0-7 and then cliRkin Analysis again. When switch 0 is set to high again,
you will see the values of the switches displayed on the $iapal Logic Analyzer.
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Instance | Status LEs 468 |  Memany 1024 | 512 MLAB:
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Figure 12. Graphical display of values after trigger candiis met.

4 Advanced Trigger Options

Sometimes in a design you may want to have a more complicatggeting condition than SignalTap’s basic
triggering controls allow. The following section descslgow to have multiple trigger levels as well as how to
create advanced triggering options.

4.1 MultipleTrigger Levels

In this section, we will set up the analyzer to trigger whegr¢his a positive edge from switch 0, switch 1, switch

2, and then switch 3, in that order.

1. Click theSetup tab of the SignalTap Il window.

2. In the Signal Configuration pane, select 4 from Trigger dfions dropdown menu as in Figure 13. This
modifies the node list window by creating three new Triggenditions columns.



Trigger
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Figure 13. Set trigger levels to 4.

3. Right click the Trigger Condition 1 cell for SW[0], and seli®ising Edge. Do the same for the Trigger
Condition 2 cell for SW[1], Trigger Condition 3 for SW[2], andidger Condition 4 for SW[3]. You should
end up with a window that looks like Figure 14.

trigger: 2008/06/26 16:11:14 #1 | " #llows all changes |
Hode Data Enable | Trigger Enable Trigger Conditions

Type |Alias Hame 8 8 1% | Basic j|2|7| Basic j|3|7| Basic j|4|7| Basic  _v|
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4. Now, recompile the design and load it onto the DE2 boarihaga

Figure 14. Multiple trigger levels set.

5. Go back to the SignalTap Il window, click on the Data tald &men clickRun Analysis. Note that the
window will say "Waiting for trigger" until the appropriateigger condition is met. Then, in sequence, flip
to high switches 0, 1, 2, and then 3.

After this has been done, you will see the values of all theches displayed as in Figure 15. Experiment
by following the procedure outlined in this section to sebtiper trigger conditions and use the DE2 board
to test these trigger conditions.

If you want to continuously probe the analyzer, instead iwkahg "Run Analysis," click "Autorun Analy-
sis" which is the icon right next to the "Run Analysis" icofiybu do this, every time the trigger condition
is met the value in the display will be updated. You do not havee-select "Run Analysis.” To stop the

"Autorun Analysis" function, click the B icon.
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Figure 15. Logic Analyzer display when all four trigger citimhs have been met.

4.2 Advanced Trigger Conditions

In this section we will learn how to create advanced triggerditions. Our trigger condition will be whenever any
one of the first 3 LED displays have a positive or negative edtds means that the Logic Analyzer will update
its display everytime one of these inputs changes. Notenbaipuld have any logical function of the nodes being
probed to trigger the analyzer. This is just an example. rAftel implement this in the next few steps, experiment

with your own advanced triggers.

1. Have theswitcheproject opened and compiled from the previous exampledsrdkorial.

2. Open the SignalTap window and select the Setup tab. Initr@BSConfiguration pane make sure that the
number of Trigger Conditions is set to 1.

3. Inthe Trigger Conditions column of the node list, make=gtie box is checked and seléatvanced from
the dropdown menu as in Figure 16. This will immediately gnirp the window in Figure 17. This window
allows you to create a logic circuit using the various nothes you are probing with SignalTap.

trigger: 2008/06/26 16:29:44 #0 | " #llows all changes |
Hode Data Enable | Trigger Enable | Trigger Conditions

Type |Alias Hame 8 8 1% | Basic |
> 0] 3 3

> Sn1] v 3 i

" S 3 3 ]

" 3] 3 3 ]

" Si4] 3 3 ]

" SIS 3 3 ]

" SIME] 3 3 ]

" ST 3 3 ]

Figure 16. Select Advanced from the Trigger Level dropdovemm
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MNode List: Advanced Trigger Condition Editor: Level 1

Type |Alias Hame Result:
[ 0]
[ Sn1]
[ 2]
> N3]
[ 4] v

Object Library:

# Edge & Level Detector
Input Objects
Carnparizon Operators

E

»

# Bitwize Operators
E

E

E

D

Logical Operators
Reduction Operators Object has an incorrect number of inputs. "

Shift Operators < S

F [

B Data |Fd Setup &1 Advanced Trigger 1

Figure 17. The Advanced Trigger editing window.

4. In the node list section of this window, highlight the 3 BeEW][0] to SWI[2], and click and drag them into
the white space of the Advanced trigger window, resultingiure 18. Note that you can also drag and
drop each node individually.

Mode List: *1 | Advanced Trigger Condition Editor: Lewvel 1
Type |Alias Hame | Result: -~
[ Swa) SW[2]

> SW1] SW[1]

L1 ] 2] SWI[O0]

[ 3]

[ 4] v

Siw[0) =
Object Library:
# Edoe & Level Detector gl m

7 3 Conpotiont

+- @ Comparizon Operators Sl

+- @ Bitwise Operators

+-® Logical Operators

+-# Reduction Operators Object haz an incomect number of inputs. v
+ - Shift Dperatars P 3

B Data |F Setup & Advanced Trigger 1

Figure 18. The three input nodes of interest dragged inté\thenced Trigger Editing Window.

5. We now need to add the necessary logical operators to muitciWe will need an OR gate as well as three
edge level detectors. To access the OR gate, click on thesfasext toLogical Operators and select
Logical Or, as in Figure 19. Then drag and drop the operator into theagditindow.
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Dbiject Librany:

# |nput Objects -
#® Comparizon Operators
+- 3 Bitwize Operators
# Logical Operators
# Logical Mot
# Logical &nd
t B | ogical Or
#* Logical =or
+- # Reduction Operators Vg

Figure 19. Select the Logical Or operator from the Objectduiip window and drag this into the editing window.

6. In the object library clickedge and Level Detector and drag this into the editing window. Do this three
times and then arrange the circuit as in Figure 20. The timet$ should each be connected to the input
of an edge and level detector and the output of each of thasetdes should be connected to the OR gate.
The output of the OR gate should be connected to the outpatiEady in the editing window.

Mode List: Advanced Trigger Condition Editor: Lewel 1
Type |Alias Hame Result: ELD({SW[O0] }) | |ELD{{SW[1] }) | |ELD({SW[Z] }) ~
» SWI0] —_—
= A1) IE| detectar_0 |
> SW2] data] result
=] n
ey 4] EDGE & LEVEL|
] W] DETECTOR
[ SWIE] [ detector i E  logical 0
[ ST [ J dﬂt_\

datal] result result
Obiect Library: -0——-—c —"_ﬁa[u] | —= [© Result |

# Edoe & Level Detector EDGE & LEVEL LOGICAL OR

+- # Input Objects DETECTOR
= Comparison Operators ———————
- # Bitwise Operators |E| lctiEn 2 ]
+- # Logical Operators datal] Teeul
5 Recucton Opersiors =
= Shift Dperatars

EDGE & LEVEL]

DETECTOR
v
< »

[® Data |FA Setup &1 Advanced Trigger 1

Figure 20. Arrange the elements to create a circuit thatddiak this.

7. We now need to set each edge and level detector to senseaftiling edge or a rising edge. Double click
one of the edge and level detectors, bringing up the winddwigare 21. Type E in the setting box and then
click OK. This will mean that the detector will output 1 whenever éhir either a falling edge or a rising
edge of its input. Repeat this step for the two remaining edgklevel detectors.
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& Ob ject Properties

General Parameters l

Parameter =
M ame: Edge & Level Detectar Pattern ﬁ
Rezet Al
Setting: j

v

Description: |Specifies the pattern used to compare with inputs.
Create patterns uzing the fallowing legal characters:
1=High, 0=Low, H=High, L=Low. R=Rizing Edge.
F=Falling Edge. E=Either Edge, #¥=Don't Care.

Ewizting parameter sethings:

M ame: | Setting: | Configurable at runtime:
Edge & Level Detector Pattern E Alwayz
Fipeline 1] MHewver

(] | Cancel

Figure 21. Type E in the setting box so that the function &iggn both rising and falling edges.

8. To test this Advanced trigger condition, compile the gesi circuit again and load it onto the DE2 board.
Then run Signal Tap as described in the previous section.skould note that the Analyzer should sense
every time you change one of the first three switches on thedboa

5 Sample Depth and Buffer Acquisition Modes

In this section, we will learn how to set the Sample Depth af anealyzer and about the two buffer acquisition
modes. To do this, we will use the previous project and usmeated buffering. Segmented buffering allows us
to divide the acquisition buffer into a number of separatend sized segments. We will create a sample depth
of 256 bits and divide this into eight 32-sample segmentss Wil allow us to capture 8 distinct events that occur
around the time of our trigger.

1. Change the trigger condition back to Basic and have ordytagger level. Make the trigger condition to be
at either edge of SW[O].

2. In the Signal Configuration pane of the SignalTap Il windimwthe Sample depth dropdown menu of the
Data pane select 256. This option allows you to specify howynsamples will be taken around the triggers
in your design. If you require many samples to debug yourgmhesielect a larger sample depth. Note,
however, that if the sample depth selected is too largee timight not be enough room on the board to hold
your design and the design will not compile. If this happensreducing the sample depth. At a sample
depth of 256 you should have no problems in compiling our extardesign.
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3. In the Signal Configuration pane of the SignalTap Il windowthe Data section of the pane cheg&g-
mented. In the dropdown menu beside Segmented, select 8 32 sangpherts. This will result in a pane
that looks like Figure 22.

Clock: [CLOCK_50 |
Diata
Sample depth: |258 j R type: J

v Segmented:

Trigger

Trigger flow contral: |Sequential

Trigger position: |5ﬁ Pre trigger position

Ll Led Lo

Trigger conditions: | 1

[~ Triggerin

Source: |

Pattern: |

[~ Trigger out

Target: |

Ll Led | L [

Lewvel: |

Latency delay: |5 cycles

Figure 22. Select Segmented buffer acquisition mode with 8a3nple segments

4. Recompile and load the designed circuit onto the DE2 boblialv, we will be able to probe the design
using the Segmented Acquisition mode.

5. Go back to the SignalTap Il window and cliBkin Analysis. Now, flip SW[0] up and down, and in between
flips change the values of the other 7 switches. After you lifre this 8 times, the values in the buffer
will be displayed in the data window, and this will displagtralues that the 8 switches were at around each
trigger. A possible waveform is presented in Figure 23. Tegilted from the user flipping up one more
switch between each flip of SW[Q].

Alias Hame 015 0 16 0 16 0 15 0 18 0 18 0 16 0 16 0

AT AT
:

Figure 23. Possible waveforms that could result when usiagsegmented Acquisition mode.
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5.1 Useof 'Keep’ Attribute

Sometimes a design you create will have wires in it that thar@s compiler will optimize away. A very simple
example is the VHDL code below:

LIBRARY ieee;
USE ieee.std_logic_1164.all;

ENTITY threelnputAnd IS
PORT (CLOCK 50 :IN STD_LOGIC;
SW IN STD_LOGIC_VECTOR(2 DOWNTO 0);
LEDR :OUT STD_LOGIC_VECTOR(0 DOWNTO 0));
END threelnputAnd;

ARCHITECTURE Behavior OF threelnputAnd IS
SIGNAL ab, abc : STD_LOGIC;
ATTRIBUTE keep : BOOLEAN;
ATTRIBUTE keep OF ab, abc : SIGNAL IS true;
BEGIN
ab <= SW(0) AND SW(1);
abc <=ab AND SW(2);

PROCESS (CLOCK_50)
BEGIN
IF (RISING_EDGE(CLOCK_50)) THEN
LEDR(0) <= abc;
END IF;
END PROCESS;
END Behavior;

Figure 24. Using the 'keep’ attribute in Quartus II.

A diagram of this circuit is shown in Figure 25. The triangudgmbols labeledb andabc are buffers inserted

by Quartus. They do not modify the signals passing througmth
(2. 0] [ = § a0 o ey
| [ of—— =l FOR(0..0]

BUF (LCELL)

i BUF (LZELL
ENA
CLOCK_ 50 - CLE

Figure 25. The circuit implemented by the code in Figure 24.

We wish to instantiate a SignalTap Il module that will probe values of the inputs SW[2:0] and the outputs
LEDR[2:0]. We also want to probe the internal wak. However, normally when this VHDL code is compiled
(without the two ATTRIBUTE lines), the wirab is optimized away into one logic element, as in Figure 26.
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Figure 26. The same circuit without the 'keep’ attribute.

If you wish to probe this internal wire, however, you will leato direct Quartus that you do not want this wire
to be optimized away. To do so, first an attribute called 'ke¢pype BOOLEAN needs to be declared. This is
what the first line ATTRIBUTE keep : BOOLEANis for. Then, the attribute needs to be applied to the desire
signals (in this case, signadd andabc). This is achieved with the second lIn&TRIBUTE keep OF ab, abc :
SIGNAL IS true). Figure 24 already contains these lines. We will now dertratsshow this wire can be probed:

1. Create a new Quartus project threelnputAnd and copy thelVebde from Figure 24. Compile the project.

2. GotoTools > SignalTap Il Logic Analyzer, and then in the Setup pane of the SingalTap Il window, right
click and choos@&dd Nodes.

3. For theFilter field, selectSignalTap Il: pre-synthesis. Move the nodesb, SW[0Q], SW[1], SW[2], and
LEDR[OQ] into the Selected Nodes list and then click OK.

4. In the Signal Configuration pane, sel€tOCK 50 as the clock signal.
5. Set a Trigger Condition to trigger whab becomes high.

6. Import the pin assignment fiRE2_pin_assignments.cgor assign the pins manually, as described in Sec-
tion 5 of the Quartus Il Introduction tutorials).

7. Compile the project again.
8. Go toTools > Programmer and load the circuit onto the DE2 board.

9. Open the SignalTap window again, and select the Data #lallShe switches on the DE2 board to the low
position. Then, start the analysis by selectifrgcessing > Run Analysis.

10. Set the first two switches to the high position. The Triggendition should be satisfied.
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