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Achieving repeatable and reliable timing (s the designer’s
ultimate goal. Xilinx provides the tools and techniques to
simplify timing closure.

ABSTRACT

The world is a big place filled with digital designs from many different
types of companies. Each company has their own set of requirements
and deadlines that drive their methods and techniques for developing
customized designs.

One thing that designers all have in common is the need to ensure that
their designs work reliably given process, voltage, and temperature
variations over time. The task of writing timing constraints and
validating the design against those constraints is commonly referred to
as timing closure. Timing closure is essential for every design.

But how long does it take to close timing on a design? How do
companies measure the progress of a design toward timing closure?
How does one determine whether a given design is stable or unstable
from a timing perspective? These questions, and others like them, are
the subject of great debate across the industry. As the world's leading
provider of all programmable FPGAs, SoCs, MPSoCs, and 3D ICs, Xilinx
offers a unique perspective.
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Understanding the Impact of Resource Utilization

Xilinx offers a wide variety of devices, with each device having a specific mix of available resources.
To the extent that a design uses these resources, it either becomes easier or more difficult to close
the timing on the design. As resource utilization increases, the solution space for closing timing on
a design decreases. Finding a good placement/routing solution for a design that uses a fraction of
the available resources is easier than finding a good solution for a design that uses a larger
percentage of the device.

Any serious review of timing closure methodology must begin with an assessment of the resources
consumed by a design versus the available resources in the selected device. To that end, Xilinx's
Vivado® HLS and Vivado Synthesis provide designers with a wide array of tool options, directives,
switches, and code attributes that allow the designers to make informed decisions about how to
target their designs to the devices they have chosen. Seemingly low-level decisions such as
whether to unroll a loop in C++, or what type of memory should be inferred in VHDL or Verilog, can
be the difference between whether or not a design is timing-closed. Mastering control over high-
and low-level synthesis tools to deliver consistent timing results is a key differentiating factor
between designs that exhibit consistent timing closure and those that “don’t.”

Xilinx offers an extensive selection of training and user guides explicitly designed to help designers
increase their level of efficiency and reduce their time-to-market by delivering consistent results.
Ensuring that a design is optimally synthesized and properly constrained are necessary to achieve
the best possible performance with Xilinx devices. It is important for designers to review utilization
for lookup table (LUT), flip-flip (FF), RAMB, and DSP components independently. For example, a
design with low LUT/FF utilization might still experience placement difficulties if RAMB utilization
is high, and vice versa. A broad discussion of how to create a clean set of timing constraints and
manage synthesis options is provided in the design creation and implementation sections of
UG949, UltraFast™ Design Methodology Guide for the Vivado Design Suite.

Measuring Quality of Results

In the UltraFast Design Methodology Guide, Xilinx offers important guidance on evaluating the
progress of the timing closure task after each step of the implementation build (optimization,
placement, physical optimization, routing). By checking timing after each implementation step,
designers can quickly isolate the point in the flow when the timing starts to diverge from closure.
For timing closure to be achieved for a design, three conditions must be met:

e Worst negative setup slack (WNS): Must be greater than or equal to zero
e Worst hold slack (WHS): Must be greater than or equal to zero
e Worst pulse width switching slack (WPWS): Must be greater than or equal to zero

Pulse width switching violations (WPWS) are physical limitations of the device such as the
maximum clock rate that can be supported. These are typically caused by user definition mistakes.
Hold time issues (WHS) are important because designs that have hold violations do not work
regardless of how slow they operate. Hold time violations are generally resolved by adding routing
delay. Since closing the setup timing (WNS) for a design is generally the most difficult part of the
timing closure exercise, the remainder of this white paper is restricted to dealing with closing the
setup timing.
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It is important to understand the meaning behind the numbers to determine how close or far away
the design is from being closed. The total negative setup slack (TNS) represents the sum of all WNS
violations for each timing endpoint. It is also important to understand that Vivado design tools
optimize designs to improve the WNS, not the TNS. The TNS is reduced as worst paths are resolved.
Evaluating the order of magnitude of the TNS, however, does give the designer a clear indication of
how close a design is to timing closure. Table 1 provides generic guidelines for WNS and TNS
values to help provide a qualitative understanding of the timing on a given design.

Table 1: Timing Quality of Results Guidance

WNS (ps)
+100 to —100 Excellent
—100 to —300 Good
—300 to —600 Fair
—600 and > Poor
TNS (ns)

0 to —10 Excellent
—10 to —100 Good
—100 to —1,000 Fair
—1,000 and > Poor

The first glimpse of the setup timing results can be obtained after the RTL synthesis step is
complete. Evaluating timing at this juncture is critical to ensuring the highest quality netlist prior to
placing the design. Ideally, the post synthesis design should have the setup timing-closed.
Designers should iterate on the synthesis task while modifying coding style, timing constraints, or
tool options to close the setup timing prior to placing the design. Evaluating and improving timing
results after synthesis is much more efficient and a better use of the designer's time than waiting
until the design is fully implemented. The higher the quality of the initial netlist, the more likely the
tools are to deliver better performance on a consistent basis.

Upon generating a timing-closed synthesis result, the design can be optimized and placed. Table 2
provides an example of how a designer can tabulate the timing closure results of a design at each
stage of the implementation process. The timing results after the placement phase are particularly
important because the route estimates are much more realistic when compared with the
pre-placement estimates. The improved route estimates are the result of the placement of each
design element being established. A careful review of the post placement timing gives an excellent
indication of whether or not setup timing closure can be achieved for the given placement.
Designers should iterate on the placement task while identifying potential RTL improvements,
timing constraints, placement constraints, and tool options to close the setup timing. Evaluating
post placement timing involves reviewing both the WNS and the TNS. Looking at both numbers
together is necessary to gain an understanding of the nature of the timing of the design. The closer
the WNS and TNS values are to the good and excellent range, the easier and more stable the timing
closure task becomes.
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Table 2: Timing Measurements of an Individual Build

Physical
Place A Route
. S Placer Optimization
Date Version | Description Directive
WNS TNS WNS TNS WNS TNS
4-Apr-16 verl Initial Build Explore —2.018 —7884 —-1.87 —1950 —1.544 —8316

Leveraging Multiple Placer Directives

The stated goal of the design engineer is to produce a timing-closed build. However, the ultimate
goal is to develop a procedure to close timing in a repeatable and reliable fashion. Closing timing
once is good, but having a set procedure to close timing over many design changes and bug fixes
is better. A mechanism is needed to gauge not simply whether a single build is timing-closed, but
the ease with which the tools were able to close the timing on a design.

To accomplish this task, additional runs are needed to create a set of data that can be analyzed and
measured. Fortunately, the Vivado placer comes with a set of tool directives that control the way
that the placer functions. These directives enable and disable tool algorithms that impact the
packing and placement of logic in the device. Using a subset of directives (e.g., four or
five—enough to make the data statistically relevant), the ease or difficulty of timing closure can be
measured, and a broader set of conclusions can be drawn about the design.

In Table 3, several common directives were used. The typical conclusion that designers might draw
is that the placer directive SSI_HighUtilSLRs is the "best directive” for their design. But there is a
different, broader conclusion that must be drawn. The timing results were poor for each of the
placer directives that were used. As such, rather than focusing on the one "good” directive and
moving forward in the timing closure task using traditional techniques, the observation should be
made that the design poses a difficult challenge for the tools across all of the directives used. A
broader goal that helps promote stability is to create design changes, constraint changes,
methodology changes, and/or floorplans that will drive all of the builds toward timing closure. A
steady, measured approach of making one change at a time and then measuring the results is
necessary to quickly help designers draw meaningful conclusions about each change. When many
variables are changed simultaneously, it is difficult to isolate which change helped or hurt the
timing closure cause. Measuring the effectiveness of design changes is paramount in helping push
the timing closure task quickly toward completion. For more details on timing closure techniques,
including the use of physical optimization, please refer to the Design Closure section of UG949,
UltraFast™ Design Methodology Guide for the Vivado Design Suite.

Designers can decide to use a different set of placement directives, depending on their designs.
The full list of available directives is available in UG904, Vivado Design Suite User Guide:
Implementation. The important principle is to choose directives that are not all the same. For
example, choosing ExtraNetDelay_high, ExtraNetDelay_medium, and ExtraNetDelay_low is not the
best choice for this analysis because they are very similar and only differ in the degree to which
extra weight is applied to net delays. A better choice is to use the directives Explore,
ExtraNetDelay_high, ExtraPostPlacementOpt, WLDrivenBlockPlacement, and either
SpreadLogic_medium (for 7 series) or AltSpreadLogic_medium (for UltraScale™/UltraScale+™
devices).
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Table 3: Timing Measurement Across Placer Directives

Physical
. I Placer Place Optimization Route
Date Version | Description Directive
WNS TNS WNS TNS WNS TNS
Explore —2.018 —7884 -1.87 —1950 —1.544 —8316
SpreadLogic
" medium —1.744 —1477 —1.744 —1218 —1.461 —6195
_ SSI ~1.859 | -6079 | -0.943 | -1067 | -0.62 | -3023
_HighUtilSLRs . . .
4-Apr-16 verl Initial Build
WLDrivenBlock
Placement —2.018 —7884 -1.87 —1950 —1.544 —8316
Average -1.91 —5831.00 —1546.25 —6462.50
Standard
BEviE e 0.13 3024.81 0.45 470.27 . 2501.51

Evaluating Progress

Upon completion of the placement phase of a set of runs, designers can gather a set of statistics
from the runs to measure the impact of a given change. In the example below, a simple spreadsheet
was created to tabulate and track progress over time. The average value of the placed WNS shows
whether or not the worst setup slack values are trending toward zero. The average value of the
placed TNS shows whether or not the overall timing across the entire design is progressing toward
closure. The standard deviation of the placed TNS indicates whether the build results are
converging or diverging across the set of placer directives.

Figure 1 and Table 4 below illustrate the process. Note the progression of the design from a state
of unstable and poor timing results toward repeatable timing closure. Each of the changes
produced a significant change in the ability of the placer to deliver better performance. The
conclusion is that the timing of the build is becoming more stable with each change. In this case,
two placer directives produced designs that were timing-closed after routing.

Average Placed WNS Average Placed TNS Standard Deviation Placed TNS
or T T T T T or T T * 3500
4/3/16 4/4116 4/5/16 4/6/16 417116 4/8/16 4/9116  4/10/16 4/3/16 4/4/116 4 7 4/7116 4/8/16 4/9116  4/10/16
05 -1000 3000 \
: / -2000 / 2500
4 / 2000 \
- -3000 \
/ 1500
s -4000 / 1000 \
/ -5000 \
2 500 \
-6000
0
25 7000 4/4/16 4/5/16 4/6/16 47116 4/8/16 4/9116
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Figure 1: Timing Measurement over Time (Graphical)
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Table 4: Timing Measurement over Time (Parametric)

Date

Version

Description

Placer
Directive

Place

Physical
Optimization

Route

WNS TNS

WNS TNS

WNS TNS

4-Apr-16

verl

Initial Build

Explore

—2.018 —7884

-1.87 —1950

—1.544 —8316

SpreadLogic
_medium

—-1.744 1477

—-1.744

—-1218

—1.461 —6195

ssl
_HighUtilSLRs

—1.859 —6079

—0.943

—-1067

—0.62 -3023

WLDrivenBlock
Placement

Average

Standard
Deviation

4-Apr-16

verl

Initial Build

Explore

—2.018 —7884

—5831.00

3024.81

SpreadLogic
_medium

—0.968

ssl
_HighUtilSLRs

—0.846

WLDrivenBlock
Placement

Average

Standard
Deviation

4-Apr-16

verl

Initial Build

Explore

SpreadLogic
_medium

—-1.174

—-1.04

0.16 126.64

ssl
_HighUtilSLRs

—0.61

WLDrivenBlock
Placement

Average

Standard
Deviation

4-Apr-16

verl

Initial Build

Explore
SpreadLogic
_medium

ssl
_HighUtilSLRs

—0.794

—0.60

0.16 102.40

—0.647

—650.00

—170.25

-1.87 —-1950

—-1.61

0.45

—0.52

0.13

-0.44

0.08 33.16

—1546.25

470.27

—0.608

—286.50

142.66

—0.733

—51.50

WLDrivenBlock
Placement

Average

Standard
Deviation
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—1.544 —8316

-1.29 —6462.50

0.45 2501.51

—2650

—1139.75

—0.51
0.10 1014.27

=57

—2631

—0.53 —1131.75

0.16 1079.34
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Identifying Closure Bottlenecks across Placer Directives

The Vivado toolset offers a variety of reporting and diagnostic tools to help designers identify
timing bottlenecks. One of the most helpful reports called report_design_analysis helps designers
quickly answer commonly asked questions such as:

Does my design exhibit any routing congestion?

e Is my timing closure problem the result of long logic paths?

e Is my timing closure problem restricted to a few clock domains or many?
e  Which clock domains are failing most frequently?

e  Which clock domains are failing most severely?

Routing congestion can lead to degradation of timing closure during the routing phase. Using
report_design_analysis in congestion mode provides designers with visibility into congested
regions of a design. Using a congestion optimized synthesis strategy such as
"Flow_AlternateRoutability" or congestion optimized placement directives such as
AltSpreadLogic_high, AltSpreadLogic_medium, or AltSpreadLogic_low can reduce the impact of
routing congestion. For more information on identifying congestion and maximizing routability,
refer to the design closure section of UG949, UltraFast™ Design Methodology Guide for the Vivado
Design Suite.

Using report_design_analysis in timing mode allows designers to create a histogram of all of the
failing setup endpoints across the design. Tracking the results of the histogram over time gives
designers tangible, trackable evidence that their design changes are producing the desired effect.

Consider the two histograms defined in Figure 2. Note that the number of failing timing paths that
traverse 8-15 levels of logic has been drastically reduced from one build to the next. This indicates
progress toward a more stable, reliable timing closure task. Further note the reduction in overall
failing endpoints. The command used to produce these histograms provides a precise list of only
failing endpoints up to a maximum of 10,000:

report_design_analysis -logic_level _distribution -of_timing paths

[get_timing paths -max_paths 10000 -slack_lesser_than 0] -file
violations.rpt
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2. Logic Level Distribution
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Figure 2: Failing Path Histogram (By Logic Levels)

Conclusion

The final goal is not necessarily to close timing for every single placer directive, but rather to
improve the overall ease and consistency of closure for any given design. Using this approach helps
designers get the most value out of the Vivado software and, ultimately, out of their Xilinx device.
The result is that the final design is significantly easier to place and route, which translates to a
more reliable and reproducible timing closure task.

This timing evaluation flow is illustrated in Figure 3.
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Synthesize design/create timing constraints

| J
Improve Design Quality | *
( )

Post-synthesis timing evaluation

| J
Improve Design and Placement Quality | *
( 3\

Single post-placement timing evaluation

L J

Improve Timing Quality Across Tool Options | ‘

( )

Multi-placement timing evaluation

& J

WP480_03_062116

Figure 3: Timing Evaluation Flow

For more information on design creation and implementation techniques, refer to UG949,
UltraFast™ Design Methodology Guide for the Vivado Design Suite.
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Revision History

The following table shows the revision history for this document:

Date Version Description of Revisions
08/11/2016 1.0 Initial Xilinx release.
Disclaimer

The information disclosed to you hereunder (the “Materials”) is provided solely for the selection and use of Xilinx
products. To the maximum extent permitted by applicable law: (1) Materials are made available "AS IS" and with all faults,
Xilinx hereby DISCLAIMS ALL WARRANTIES AND CONDITIONS, EXPRESS, IMPLIED, OR STATUTORY, INCLUDING BUT NOT
LIMITED TO WARRANTIES OF MERCHANTABILITY, NON-INFRINGEMENT, OR FITNESS FOR ANY PARTICULAR PURPOSE;
and (2) Xilinx shall not be liable (whether in contract or tort, including negligence, or under any other theory of liability)
for any loss or damage of any kind or nature related to, arising under, or in connection with, the Materials (including your
use of the Materials), including for any direct, indirect, special, incidental, or consequential loss or damage (including loss
of data, profits, goodwill, or any type of loss or damage suffered as a result of any action brought by a third party) even
if such damage or loss was reasonably foreseeable or Xilinx had been advised of the possibility of the same. Xilinx
assumes no obligation to correct any errors contained in the Materials or to notify you of updates to the Materials or to
product specifications. You may not reproduce, modify, distribute, or publicly display the Materials without prior written
consent. Certain products are subject to the terms and conditions of Xilinx's limited warranty, please refer to Xilinx's
Terms of Sale which can be viewed at http://www.xilinx.com/legal.htm#tos; IP cores may be subject to warranty and
support terms contained in a license issued to you by Xilinx. Xilinx products are not designed or intended to be fail-safe
or for use in any application requiring fail-safe performance; you assume sole risk and liability for use of Xilinx products
in such critical applications, please refer to Xilinx's Terms of Sale which can be viewed at http://www.xilinx.com/

legal.htm#tos.

Automotive Applications Disclaimer

AUTOMOTIVE PRODUCTS (IDENTIFIED AS "XA" IN THE PART NUMBER) ARE NOT WARRANTED FOR USE IN THE
DEPLOYMENT OF AIRBAGS OR FOR USE IN APPLICATIONS THAT AFFECT CONTROL OF A VEHICLE ("SAFETY
APPLICATION") UNLESS THERE IS A SAFETY CONCEPT OR REDUNDANCY FEATURE CONSISTENT WITH THE ISO 26262
AUTOMOTIVE SAFETY STANDARD ("SAFETY DESIGN"). CUSTOMER SHALL, PRIOR TO USING OR DISTRIBUTING ANY
SYSTEMS THAT INCORPORATE PRODUCTS, THOROUGHLY TEST SUCH SYSTEMS FOR SAFETY PURPOSES. USE OF
PRODUCTS IN A SAFETY APPLICATION WITHOUT A SAFETY DESIGN IS FULLY AT THE RISK OF CUSTOMER, SUBJECT ONLY
TO APPLICABLE LAWS AND REGULATIONS GOVERNING LIMITATIONS ON PRODUCT LIABILITY.
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