Using the
Timing Analyzer

For Quartus® Prime 21.1

1 Introduction

This tutorial provides an introduction to the Timing Analyzer. It demonstrates how to set up timing constraints and
obtain timing information for a logic circuit.

The reader is expected to have a basic understanding of the Verilog hardware description language, and to be familiar
with the Intel® Quartus® Prime CAD software.
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2 Background

Timing analysis is a process of analyzing delays in a logic circuit to determine the conditions under which the circuit
operates reliably. One example of a timing analysis computation is to find the maximum clock frequency for a
circuit, illustrated in Figure 1.

clock

Figure 1. A example for timing analysis.

In this example, flip-flops on the left-hand side drive a combinational circuit that generates an output that is later
stored in the flip-flop on the right-hand side. To operate correctly, the clock period has to be long enough to ac-
commodate the delay on the longest path in the circuit. If we assume that the clock-to-Q and setup times for each
flip-flop are 1 ns, and the delay through each gate is 1 ns, then the maximum clock frequency for this circuit is:

1

1
= = =200 MHz
fmax leg+3Xtagng+tsy 5HMNS

Computing the longest delays in a circuit and comparing these delays to the clock period is a basic function of a
timing analyzer. The timing analyzer can be used to guide computer-aided design (CAD) tools in the implementation
of logic circuits. For example, the circuit in Figure 1 shows an implementation of a 4-input function using 2-input
AND gates. Without any timing requirements, the presented solution is acceptable. However, if a user requires
the circuit to operate at a clock frequency of 250 MHz, then the above solution is inadequate. By placing timing
constraints on the maximum clock frequency, it is possible to direct the CAD tools to seek an implementation that
meets those constraints. As a result, the CAD tools may arrive at a solution shown in Figure 2. The new circuit has
fmax =250 MHz and thus meets the required timing constraints.
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Figure 2. Functionally equivalent circuit with a different logic structure.

In this tutorial, we demonstrate how to obtain timing information and how to set timing constraints using the Timing
Analyzer.

The example circuit provided with this tutorial contains only one clock signal, which is connected to all flip-flops.
Performing timing analysis for circuits that have multiple clock signals is discussed in section 6.

3 Design Example

As an example we will use an adder that adds three 8-bit numbers and produces a sum output. The inputs are A, B,
and C, which are stored in registers reg_A, reg_B and reg_C at the positive edge of the clock. The three registers
provide inputs to the adder, whose result is stored in the reg_sum register. The output of the reg_sum register drives
the output port sum. The diagram of the circuit is shown in Figure 3.

reg_A
AX— oo
reg_B
B 2 D Q
reg_sum
10,
D Q|4 sum
reg_C
c 2 D Q
clock

Figure 3. Diagram of the example circuit.
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The Verilog source code for the design is given in Figure 4. Note that the ”synthesis keep” comment is included in
this code. This comment is interpreted as a directive that instructs the Quartus Prime software to retain the specified
nodes in the final implementation of the circuit and keep their names as stated. This directive will allow us to refer
to these nodes in the tutorial.

module add_three_numbers (clock, A, B, C, sum);
input clock;
input [7:0] A,B,C;
output [9:0] sum;

reg [7:0] reg_A, reg_B, reg_ C ;
reg [9:0] reg_sum ;

always (@ (posedge clock)
begin
reg_A <= A;
reg_B <= B;
reg_C <= C;
reg_sum <= reg_A + reg_B + reg_C;
end
assign sum = reg_sum;
endmodule

Figure 4. Verilog code for the example circuit.

To begin the tutorial create a new Quartus Prime project for the design of our example circuit. Select as the target
device the EPACE115F29C7, which is the FPGA chip on the Intel DE2-115 board. Type the Verilog code in Figure 4
into a file and add this file to the project.

You do not need to make any pin assignments for this example. Compile the project to see the results of timing
analysis. These results will be available in the compilation report, once the design is compiled.

4 Using the Timing Analyzer

As illustrated in Figure 5, open the Timing Analyzer section of the Compilation Report, and click on the Clocks
item to select it. In the Clocks display panel that opens on the right-hand side of the Quartus Prime window, notice
that the clock signal from the example design has been given a clock period constraint of 1 ns (frequency of 1000
MHz). This is a default constraint that the Quartus Prime CAD tool places on any clock signal in a design project
that does not have any user-provided timing constraints.

4 FPGAcademy.org
Mar 2022


https://www.fpgacademy.org

USING THE TIMING ANALYZER

For Quartus® Prime 21.1

G Quartus Prime Standard Edition - C/Desktop/add_three_numbers/add_three_numbers - add_three_numbers - [m] x
File Edit View Project Assignments Processing Tools Window Help Search altera.com
R ’ , "
Nred<0d womnme v/ GEQ D> $ 5. OOQAVMN O
Project Navigator ] Fites ~lamse x| ¢ add_three_numbersy [ x] [~ Compilation Report - add_three_numbers [
add_three_numbers.v EE Flow Summary ~ || & <<Filter>>
BB Flow Settings Clock Name  Type  Period Frequency Rise Fall Duty Cycle  Divide by = Mul
FF Flow Non-Default Global Settin | |4 ---
EE Flow Elapsed Time Copy EEE
BE Flow 05 Summary Select All Ctri+A
@ Flow Log Undo Sort
Analysis & Synthesis
Collapse All
Fitter
Expand All
Tasks Compilation v =48 x © Flow Messages
© Flow Suppressed Messages Edit Clock Constraint... (In Timing Analyzer Ul)
~
Task Assembler Create Setup Slack Histogram (In Timing Analyzer Ul)
¥ ¥ P Compile Design ~ I Timing Analyzer Report Timing...(In Timing Analyzer UI)
v P Analysis & Synthesis E8 summary Remove Clock...(In Timing Analyzer I}
v P> Fitter (Place & Route) EH Parallel Compilation Locate Node »
v P Assembler (Generate programming files) B Clocks
v P Timing Analysis Slow 1200mV 85C Model
P EDA Netlist Writer v Slow 1200mV 0C Model
< > < - ~ > < >
x [
oAl @ &4 (A <<Filters» B8 Eind.. | |88 Find Next
1
= || Type ID Message -~
@ 332102 Design is not fully constrained for setup requirements
@ 332102 Design is not fully constrained for hold requirements
Quartus Prime Timing Analyzer was successful. 0 errors, 5 warnings
@ 293000 Quartus Prime Full Compilation was successful. 0 errors, 11 warnings
P -
;‘m_ﬁ < >
| System Processing (107)
100% 00:00:47

Figure 5. The Timing Analyzer section of the compilation report.

As indicated in Figure 5, right-click on the name of the clock signal and select the command Report Timing ... (In
Timing Analyzer Ul). This action opens the Report Timing dialog shown in Figure 6. Click the drop-down arrow in
the From clock item and select the clock signal. This selection is used to instruct the Timing Analyzer to analyze all
paths in the example circuit that start and end at flip-flops that are clocked by the clock signal. The various settings
displayed in Figure 6 are described in Section 5.

Accept all of the other default selections in Figure 6 and click on the Report Timing button. This command opens
the Timing Analyzer Graphical User Interface (GUI), as depicted in Figure 7.
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Figure 6. The Report Timing dialog.
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Figure 7. The Timing Analyzer GUIL

The Timing Analyzer GUI consists of several sections. They include the main menu at the top, the Report pane in
the top-left corner, the Tasks pane on the left, the detailed results panes in the middle, and the Console display at the
bottom of the window. The main menu is used to interact with the Timing Analyzer tool and issue commands. The
Report pane contains any reports generated when using the tool, and the Tasks pane contains a sequence of actions
that can be performed to obtain timing reports. The View pane hosts any windows that are opened, such as details

about the timing information. The Console window at the bottom provides access to a command line for Timing
Analyzer.

We will focus on the panes in the middle of the Timing Analyzer GUI, which show detailed results of the timing
analysis. The Slow 1200mV 85C Model pane lists the analyzed paths in the circuit from source to destination
flip-flops for that particular timing model. The first column in this pane shows the Slack of each path with respect to
the (default) clock constraint of 1 ns. For each path in the circuit the slack value represents the difference between
the clock period constraint and the path delay; a positive slack means that the delay is smaller than the constraint,
and a negative slack represents a delay that is larger than the constraint. The slack values in the report are negative,
and shown in red, because the timing results fail to meet the required constraint. The maximum negative slack value
shown is -2.432 ns, which means that the worst-case delay path is 1 — (—2.432) = 3.432 ns long. This corresponds to
a maximum usable clock frequency, F, 4, of about 291.38 MHz.
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The waveforms shown for path #1 in Figure 7 illustrate the detailed timing situation. The waveforms show that the
clock signal takes 3.048 ns to propagate from its input pin to the source flip-flop, and then this flip-flop produces data
that takes 3.349 ns to reach the destination flip-flop. Also, the clock signal takes 2.935 ns to reach the destination flip-
flop. The clock delays at the source and destination flip-flops represent a clock skew e, = 2.935—3.048 = —0.113.
A value of 0.032 to account for Clock Pessimism is added to the clock skew, making the final clock skew value to be
-0.081 ns. The difference in the required arrival time of the data on this path and the actual arrival time is shown by
the negative slack value of 1 —3.349 + ¢,y = —2.430 ns. Timing Analyzer adds a value of —0.002 ns to account for
Clock Uncertainty, leading to the final slack value of -2.432 ns.

4.1 Setting Up Timing Constraints for a Design

In the Timing Analyzer GUI, select Constraints > Create Clock, which leads to the Create Clock window shown
in Figure 8. Set the Clock name to clock and the Period to 4.000 ns. It is necessary to tell the Timing Analyzer which
signal in our design this clock constraint applies to. To do this, click the ... button to the right of the Targets field,
leading to the Name Finder window shown in Figure 9. Click List to show all of the ports in the design. In the list of
ports, highlight clock, which is the clock signal in our circuit, press >, then click OK. Finally, click the Run button
in the Create Clock window to apply the constraint.

In order to use this clock constraint for all future compilations and timing analysis of this project, we must save
the constraint to a file of the type sdc which stands for Synopsys* Design Constraint. This file uses an industry-
standard format for specifying timing constraints. Select Constraints > Write SDC File... to write all of the
currently set constraints (in our case just the one clock constraint) to an SDC file. This leads to the dialog shown in
Figure 10. Specify the file name add_three_numbers.sdc (note that this is different from the default file name) and
press OK. Note that Quartus will by default try to locate and use the sdc file whose file name matches the project
name (except for the .sdc extension).

Now, navigate back to the previous screen by going to the Report pane on the left hand side of the Timing Analyzer
GUI and selecting Setup: Clock > Slow 1200mV 85C Model. You will notice that our clock timing report
Setup clock is now out of date, as indicated by the yellow font and highlighting. Right-click the report and select
Regenerate, as shown in Figure 11, to re-run the timing analysis using the new 4 ns clock period constraint. This
analysis results in a positive slack of 0.568 ns. The corresponding waveforms are depicted in Figure 12.
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Figure 12. Timing analysis results using the 4 ns clock period constraint.

Close the Timing Analyzer GUI. A dialog will appear, asking if you want to save the SDC file. Select No, since we
have already saved the SDC file.

Since we have not recompiled the example design after adding the 4 ns clock period constraint, the timing analysis
is based of the circuit that was produced by Quartus Prime when using the (default) 1 ns clock period constraint. To
see the effect of the new timing constraint on the compilation results, recompile the project. Then, follow the steps
described previously to perform a new timing analysis using the Timing Analyzer. The 4 ns timing constraint will
cause the Quartus Prime optimization algorithms to make different decisions from those made when the (default) 1
ns constraint was used. In particular, the optimization algorithms will likely take less time to execute, because once
the generated circuit has sufficient positive slack to meet the constraint, the algorithms can terminate. Figure 13
shows the results of timing analysis, with a positive slack of 0.718 ns.

FPGAcademy.org 11
Mar 2022


https://www.fpgacademy.org

USING THE TIMING ANALYZER

For Quartus® Prime 21.1

File View Netlist

Constraints

° Timing Analyzer - C:/Desktop/add_three_numbers/add_three_numbers - add_three_numbers

Reports Script Tools Window Help

Search altera.com e

Set Operating Conditions

= - ( Slow 1200mV 85C Model

@
@® Slow 1200mV 85C Model Command Info Summary of Paths
O Slow 1200mV 0C Model Slack From Node To Node Launch Clock Latch Clock Relationship Clock Skew Data Delay ~
O East 1200mV OC Model 1 0.718 reg_A[2] reg_sum[9] clock clock 4.000 0.333 3613
2 0749 reg_A[0] reg_sum[9] clock clock 4000 0333 3582
3 0750 reg A1l reg sumfi9l  clock clock 4.000 0.333 3.581 hd
Report p & Path#1:Setup slack is 0.718 Path #1: Setup slack is 0.718
E2 Timing Analyzer Summary ~ ~| Path Summary Statistics. Data Path Waveform Extra Fitter Infor * | * Path Summary Statistics. Data Path Waveform Extra Fitter Infor ’J
Advanced IO Timing Data Arrival Path
B sDCFile List Total Incr RF  Type Fanout Location “
v I Setup-clock 1 0.000 0000 6668 ns
]
w Slow 1200mV 85C Model 2 v 3067 3.067 [ ——
- OO OF Model ¥ Data Arrival
- S — 1 0.000 0.000
< > v
Tasks e x g >
% Open Project... ~ | Data Required Path
Netlist Setup Total Incr RF  Type Fanout Location " ol
ns
imi i Slack
P> Create Timing Netlist 1 £.000 4.000 ac) f——
P> Read SDC File 2 @ mn -
P Update Timing Netlist ’ Data Required )(
. 1 4.000 0.000
P> Reset Design w v
< > < > v
= © High junction temperature is 85 degrees C "
& teh read_sdc
i} © Reading SDC File: "add_three_numbers.sdc’
2 teb update_timing_netlist
e report_timing -from_clock { clock } -to_clock { clock } -setup -npaths 10 -detail full_path -panel_name {Setup: clock} -multi_corner
© Report Timing: Found 10 setup paths (0 violated). Wworst case slack is 0.718
< 10 0.718
N el v
K >
c
S |\_consale History

0% 00:00:00 Ready

Figure 13. Updated compilation results with the 4 ns clock period constraint.

5 The Timing Analyzer Graphical User Interface

In the above sections we accessed the Timing Analyzer via the Quartus Prime Compilation Report. Another way
to open the Timing Analyzer GUI is to use the command Tools > Timing Analyzer from the main Quartus Prime

window. The Timing Analyzer window shown in Figure 14, will appear.
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Figure 14. The Timing Analyzer window.

To demonstrate some of the commands available in the Timing Analyzer GUI, we go through a set of basic steps to
obtain timing data for the example design. In the Tasks pane, begin by double-clicking the Create Timing Netlist
command to create a timing netlist, which will be used to perform the analysis. Note that while this netlist was
generated automatically when performing a timing analysis as described in the previous sections, the netlist can also
be generated manually by using the Tasks pane. Next double-click Read SDC File to instruct the analyzer to read
a Synopsys Design Constraints (SDC) file and apply the constraints during analysis. The SDC file can be edited
manually (using any text editor) at any time, and the timing analysis can then be re-run using the new constraints.
Finally, double-click the Update Timing Netlist command to use the specified constraints to determine which parts
of the circuit fail to meet them. Once the timing netlist is updated, reports can be generated.

5.1 Timing Analysis Reports

To generate a report, double-click on a report name in the Tasks pane. For example, double-click on the Report
Setup Summary. This command will bring up a window in the view pane as shown in Figure 15. Right-click
on the clock name then click on Report Timing... to open the Report Timing dialog in Figure 16. Although we
previously showed this dialog in Figure 6 we now describe it in more detail.
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Figure 15. Setup summary.

There are several fields in Figure 16 that help specify the data to be reported. The first field is the Clocks field,
which specifies the types of paths that will be reported. More precisely, it specifies the clock signal at the source
flip-flops (From clock) and the clock signal at the destination flip-flops (To clock). For this example, choose the

signal named clock for the To clock and From clock fields. This will limit the reporting to the register-to-register
paths only.
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Figure 16. Timing report generation window.

The next field is the Targets field. It can be used to refine the report by focusing only on certain paths in the design.
We can specify the starting and the ending point of the paths of interest by filling the From and To fields. In addition,
we can look at only the paths that pass through certain nodes in the design. For this example, we leave these fields
blank to indicate that every path should be taken into account for the report.

The next two fields are the Analysis type and Paths fields. The Analysis type field specifies if the report should
contain setup, hold, recovery, or removal information. Each of these analyses looks for distinct timing characteristics
in your design. For example, the setup analysis determines if the data arrives at a flip-flop sufficiently early for the
flip-flop to store it reliably, given a clock period. On the other hand, the hold analysis determines if the data input
at any given flip-flop remains stable after the positive edge of the clock long enough for the data to be stored in a
flip-flop reliably. The Paths field specifies the maximum number of paths to be reported and the maximum slack
required for a path to be included in the report. For this example, choose the type of analysis to be Setup and select
10 paths to be reported. This will generate a setup analysis report and show 10 paths with the least slack.
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The next set of fields specify the Output format and the level of detail in the report. The output could be to a window
or a file. Set the Detail level to Path Only, then set the output to a window by checking the Report panel name
check box (and not the File name check box). The window should be named Setup: clock by default, and that
name will identify the report in the report pane.

Finally, the last field is the Tcl command field. This field shows a command that will be executed to generate the
requested report. You do not need to edit this field.

5.2 Creating Timing Constraints in the Timing Analyzer GUI

Timing constraints can be entered by using the Constraints menu in the Timing Analyzer GUI. To assign a clock
constraint, select Create Clock... from the Constraint menu. A window shown in Figure 17 will appear.

e Create Clock >
Clock name: || |
Period: |‘I 0.000 | ns
Waveform edges ‘
Rising: | | ns |
Falling: | | ns 0.00 5.00 10.00
Targets: | |
[] bon't overwrite existing clocks on target nodes
SDC command: |create_clock -period 10.000 |
Cancel Help

Figure 17. The Timing Analyzer window to create a clock constraint.

In the figure the clock constraint is given the name clock in the top field. The clock period is assigned to be 4 ns in
the field below. The next two fields define the time at which the clock changes from 0 to 1 and 1 to 0. Leaving these
fields empty indicates that the rising edge of the clock should appear at time 0, and the falling edge at one half of
the clock period. Finally, the Targets field is set to the signal name clock as shown in the figure, to indicate that the
given constraint is for the signal named clock. Pressing the Run button applies the constraint. The constraint can be
saved into an SDC file by double-clicking on the Write SDC File... task as shown in Figure 18.
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Tasks x

.n!: Open Project...
Netlist Setup
P Create Timing Netlist
P> Read SDC File
P Update Timing Netlist
P Reset Design
. Set Operating Conditions. ..
Reports
Slack
Datasheet
Device Specific
Diagnostic
Custom Reports.
> Macros
W virite SDC File...
] [ r

Figure 18. Saving a constraints file.

Once the constraints file is saved, it can be used by Quartus Prime when compiling a project. This is done in
Quartus Prime by going into Assignments > Settings... > Timing Analyzer, and adding the SDC file to the
Timing Analyzer settings as shown in Figure 19. The Quartus Prime project can then be recompiled to use the

constraint.

FPGAcademy.org
Mar 2022

17


https://www.fpgacademy.org

USING THE TIMING ANALYZER For Quartus® Prime 21.1

" Settings - add_three_numbers - O X
General
Files Specify Timing Analyzer options.

Libraries
~ Ip Settings SDC files to include in the project
IP Catalog Search Locations
Design Templates Eile name | | Add
~ Operating Settings and Condition | LY b4 | Remove
Voltage
Temperature File Name  Type Up
~ Compilation Process Settings add_... Synopsys Design Constraints File S
Incremental Compilation
¥ EDATool Settings
Design Entry/Synthesis
Simulation
Board-Level
~ Compiler Settings
WHDL Input . . .
Enable Advanced /O Timing O Report worst-case paths during compilation
Verilog HDL Input
Default Parameters Tcl Script File for customizing reports during compilation

Timing Analyzer Tcl Script File name

Assembler
¥ _ : ; -
Design Assistant Run default timing analysis before running custom script
5 | Tap Logic Anal
fgnat Tap Loglc Anstyzer Metastability analysis
Logic Analyzer Interface
Power Analyzer Settings Synchronizer identification: | Auto <

SSN Analyzer

Description:

Associates a Synopsys Design Constraint File (.sdc) with this project.

< > OK Cancel Apply Help

Figure 19. Including a constraints file in Quartus Prime project.

6 Circuits with Multiple Clock Signals

The Timing Analyzer is capable of analyzing circuits that contain multiple clocks. This includes cases where the
designer uses several clocks, or where clock signals are generated automatically to support features such as the
SignalTap Logic Analyzer or a JTAG* interface. Should the reader work with such designs, it is important to note
that the experience with the Timing Analyzer may differ from that described above. In designs with multiple clocks,
it is important to apply constraints to each clock before performing timing analysis. Doing so will make the analyzer
provide the same reports as described in previous sections.

7 Conclusion

This tutorial demonstrated the basic use of the Timing Analyzer. While the descriptions of timing analysis and
setting up timing constraints were limited to clock constraints in a simple circuit, the Timing Analyzer provides even
more powerful tools to specify timing constraints for larger and more complex designs.
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