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525.442 VHDL / FPGA Design



Agenda

DDS Solution

Mini-topic

— Timing Analysis

— Timing Hazards

Final Project Presentations

DDS Demonstrations



DDS Solution

 Existing Macros used

— Soft
* Sine table (just a ROM)
« DAC
7 seqg decoder
— Hard
« DCM_SP



(An Aside...)

unpredictable delays cause
glitches, which are a problem
on edge triggered logic

combinatorial logi

This 1s a BAD pulse generator
very unpredictable 1n an FPGA
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Review: Setup / Hold Time

e Data on “D” of Flipflop must be present at
“setup time” before clk edge, and remain on
“D” for “hold time” after clk edge.
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Timing Issues

Combinatorial Delay in Synchronous
Design

Asynchronous Inputs

— Differing Clock Domains
— Synchronizer

Metastability
Clock Skew



Review:. Combinatorial Delay

Inputs

|

system clk

D-Register

Combinatorial

Logic

D-Register

outputs

Combinatorial Logic introduces
a delay, output of this logic

could be moving around during

this time

Time difference between time
when D 1nput 1s stable till
time that D input 1s
required to be stable is
called slack, 1.e.

clk period — delay = slack



Timing Variables

e Temperature :

— Propagation time through logic elements Is increased
with Increasing temperature

o Supply Voltage

— Propagation time through logic elements Is decreased
with increasing voltage

 Process Variation

— Timing Is affected by variations in the silicon,
resistance, capacitance of routing grid..etc.

FASTEST : High Voltage, Low Temperature, BEST process

SLOWEST : Low Voltage, High Temperature, WORST process



Static Timing Analysis

o Static Timing Analysis
— analyzes delay through the various logic paths in the
design
 pad to pad
 pad to register
* register to register
* register to pad

— Gives a timing report to the designer :
» what are the longest paths?
« if constraints are specified, are they met? by how much?



Static Timing Analysis

Static Timing Analysis can be run at various phases in the
design process
— after translate, map, orP & R

Benefits

— no test vector creation : static timing analysis does not depend on
exercising the FPGA’s functions in simulation — all paths are
covered

o fast, easy

Subtle issues are not handled, and some problems are not
apparent.

— simple 1-clock designs where the question is : “How fast can this
run?” are easily handled by STA.

— multiple clock domains require some thought. However, if
division is clear and managed, its just a matter of doing two
separate timing analyses.



STA In Webpack (similar in all design platforms)

1st level Done Automatically in P&R

Initializing temperature to 85.000 Celsius. (default - Range: -40.000 to
100.000 Celsius)
Initializing voltage to 1.140 Volts. (default - Range: 1.140 to 1.320 Volts)
INFO:Par:282 - No user timing constraints were detected or you have set the
option to ignore timing constraints ('par

-x""). Place and Route will run in "Performance Evaluation Mode'™ to
automatically improve the performance of all

internal clocks in this design. The PAR timing summary will list the
performance achieved for each clock. Note: For

the fastest runtime, set the effort level to "std". For best performance,
set the effort level to "high'. For a

balance between the fastest runtime and best performance, set the effort
level to "med".

Constraint | Check | Worst Case | Best Case | Timing | Timing

| | Slack | Achievable | Errors | Score
Autotimespec constraint for clock net dcm | SETUP | N/ZA| 4.684ns]| N/ZA| 0
_clko | HOLD | 1.175ns]| | 0] | 0
Autotimespec constraint for clock net clk | SETUP | NZA| 8.762ns]| NZA| 0

100 | HOLD | 1.276ns]| | ol 0



STA with Registers

Inputs

|

D-Register

system clk

by default, STA tool will
assume that data needs to
be ready by next clock

Combinatorial

Logic > Delay

False paths, can complicate STA.

D-Regist Telling the analyzer about
. —negister false, or multi-cycle

paths i1s different for
every tool.

outputs



Setting Constraints

[ Xilinx - ISE - C:MabB_wenstrand\labB8_wensirand.ise - [ Timing Constrainis®]
E File Edit “ew Project Source Process Window Help

DRPEG L dBDEX o RIiIPOHHSR (Hi% 3 MO : A K 00 b [CLN_FERIOD viQ iQOQR £
LA

Sources x
Constraint Files Clu:uck_ Met Mame =~ Ferind Pad to Setup Clock to Pad
| top. ucf v| clk50_in 20 e, HIGH 50%

) Show Canstraints fram Specified File only
) Show Constraints from Al Files

Constraint Type

(= Timing Constraints ~
- Global
- Puortz Er
- Advanced “
|Et[3 Source" [ Files ||ﬁ Snap:” [ Librarie {{25 Timing Con |
R o
Processes x (2

Processes for: top.uck

0 Add E;-:isting Source
= [ Create Mew Source
=3 User Constaints

@ Edit Congtraints [Text) DOUbIe_CIiCk On UCf file:




Setting Constraints

NET "switches<5t>" LOC = "L13" ;
NET "'switches<6>" LOC = "N17" ;
NET "'switches<7>" LOC = "R17" ;

NET "DACout™ LOC = "L15" |I0STANDARD="LVTTL" |DRIVE=16;
NET "clk50_in" TNM_NET = clk50 _in;
TIMESPEC TS _clk50 _in = PERIOD "clk50_in" 20 ns HIGH 50%;



STA with constraints (cont)

Derived Constraints for TS _clk50_in

e Fom e Fom e Fomm Fom e Fom e Fomm e Fom e +
| | Period | Actual Period | Timing Errors | Paths Analyzed |
| Constraint | Requirement |---—————-—-—-—- Fom e |- Fomm e - Fomm e |
| | | Direct | Derivative | Direct | Derivative | Direct | Derivative |
e o Fo Fom o Fom Fom Fom +
| TS_clk50_in | 20.000ns| N/ZA| 19.850ns] ol ol ol 4593]
| TS_clk1001 | 10.000ns| 9.925ns]| NZA| ol o] 4367] o]
| TS_dcm_clk01l | 20.000ns| 5.367ns]| N/ZA| (0] o] 226] o]
e o o o o o o o +
All constraints were met.

Derived Constraints for TS _clk50_in

e Fom e Fom e Fomm Fom e Fom e Fomm e Fom e +
| | Period | Actual Period | Timing Errors | Paths Analyzed |
| Constraint | Requirement |---—————-——-—- Fom e |- Fomm e - Fomm e |
| | | Direct | Derivative | Direct | Derivative | Direct | Derivative |
e o Fo Fom o Fom Fom Fom +
| TS_clk50_in | 15.000ns] N/ZA| 16.028ns]| (0] 5] (0] 4593]
| TS_clk1001 | 7.500ns]| 8.014ns]| NZA| 5] (o] | 4367 o]
| TS_dcm_clko1l | 15.000ns| 5.097ns]| NZA| (0] | o] 226] o]
e o o Fmm e o o Fmm o +

1 constraint not met.



Proceszses for: lab8_top - Behavioral
= Ly IMplEment Lesign

-2 1\ Translate

T D Map

=31\ Place & Route
@OF‘I&CE # Foute Report
@ Clack Region Report
@O.ﬁ.synchmnuus Delay Report

@O Fad Report

@ Guide Results Beport

% MPPR Results Utiities
P 2D Generate Post-Place & Route Static Timi
Analyze Pozt-Place & Foute Static Ti
-
@ Wigw/Edit Placed D ezsign [Floarplanner)
@ Wieve/Edit Bouted Design [FPGA Editor)
i
8

.-;?)'

+

Generate Primetime Metlizt

mPower Analyzer
Generate Power Data
}L\.Generate Post-Place & Foute Simulation
EO Post-Place & Route Simulation Mode
P2  Generate IBIS Model v
£ >

E‘—t Processes

+

Minirmum period iz 8.014n0=.

Slack:-0.514n= {requirement - (data path - clock path skew + uncertainty))
Source: theta 1 (FF) clk: clk100 rizing at 0.000ns

Destination: DAC instizigmalatch 11 (FF) clk: clk100 rizing at 7.500ns

Requirement Data Path Delay Clock Path Skew: Clock Uncertainty

7.a00ns G.0M4nz (Levels of Logic = 8) 0.000ns 0.000ns
Timing mprovement Wizard
Mazimum Data Path: theta 1 to DAC instsigmalatch 11
Delay type Delayins) Logical Resource %
Tcko 0592 theta 1
net (fanout=12 0727 theta=1=
Tila 0759 B S
net (fanout=4) 0348 szines=E=
Tl 0759 Shi3 S
net [fanout=2) 0435 MWi101
Tila 0759 Shid
ret [fanout=11 0023 Shi3a
Tl 0759 Shi360
net [fanout=2 0453 Shi3
Topoyf 1162 DAC inztMadd sigmatdder bMadd hui=4=

DAC instadd sigmatdder Madd cy=4=
DAC instadd sigmatdder Madd cy=5=

net (fanout=11 0000 DAC instMadd sigmatdder Madd cy=5=




sine_unsigned <= unsigned(not sine(9) & sine(8 downto 0)) when rising edgE(clkl1l00);

Derived Constraints for TS _clk50_in

e Fom e Fom e Fomm Fom e Fom e Fomm e Fom e +
| | Period | Actual Period | Timing Errors | Paths Analyzed |
| Constraint | Requirement |---—-————-—-—-—- Fom e |- Fomm e - Fomm e |
| | | Direct | Derivative | Direct | Derivative | Direct | Derivative |
e o Fo Fom o Fom Fom Fom +
| TS_clk50_in | 15.000ns| N/ZA| 14.268ns]| ol ol ol 1890]
| TS_clk1001 | 7.500ns]| 7.134ns]| NZA| o] o] 1640] o]
| TS_dcm_clk01l | 15.000ns| 5.693ns]| NZA| ol o] 250] o]
e o o e o o o o +

All constraints were met.



Multiply Timing Example

Let’s call this a multi-cycle path

-

N

FDE FDC
TR o —— D
Peatg> |
[clk> CE
> c
[reset ——HI
FDE
b(15:0

c(31:0)



Multiply Example

Built

Max clock ~20.5 ns

Set constraint to 18 ns, 50% high
Met by re-routing

Set constraint to 12 ns, 50% high
28 setup errors

Set multipath

— TIMESPEC “TS_MULT” = FROM “INPUT_REGS” to “outputs” “TS_CLK” *3;



Setting Constraints
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Using Timing Analyzer

Dezign File

IINDDWS WDezktophloopback 2 falzepathhfp_map. nod

Fhwzizal Constraintz File

II::"-.WI MWD OWSADeskiophloopback2hfalsepathtfp. pof

k. Cancel |

Help

to set limits on
how many paths to
report..etc.

Fath Endpaints | Options | Filter Paths by Met | Path Tracing

¥ Use all destinations

Selecteg/ Source | Destination Endpoint Type | Show
1 / = 3 Flip-Flops =
2/ O r Mets O
3 / v 3 Pads v
s r | Pins r

Find what: aof type:

| Ay =] FEind |
Path endpaints:

Selected | Source | Destination Endpoint Type = | =
1 ¥ i dirt_0 Flip-Flap [
2 Il ~ dirt_1 Flip-Flop
5 ¥ i dirt_2 Flip-Flag
4 Il ~ dirt_3 Flip-Flop
5 ¥ i dirt_4 Flip-Flag
g Il ~ dirt_5 Flip-Flop
7 ¥ i dirt_& Flip-Flag
g Il ~ dirt_7 Flip-Flop
g W ™ dout_0 Flip-Flop
10 [+ ™ clout_1 Fiip-Flop | 4

k. I Cancel Help




Constraints Setting

« Set overall clock requirement

o After P+R, If constraints can not be met, examine
the report to discover what the problem is

— multi-cycle paths, or false paths can be ignored
o Tell it to ignore, and redo analysis
 or, run STA on what you know to be longest paths

 design can be modified to not have the multi-cycle
paths (l.e. change design to include registers
between sections...etc.)



Timing Issues

Combinatorial Delay in Synchronous
Design

Asynchronous Inputs

— Differing Clock Domains
— Synchronizer

Metastability
Clock Skew



Timing Hazards

U2
" U1 ﬁ, , Edge_Detected
AD Y 1 D 0 3 2
e /.

INBUF 2 K XOR2

IT this 1s used as the control i1nput to a state machine,
what could happen?



Timing Hazards (2)

U2 Ul

" U1 ﬁ , . , Edge_Detected
-PAD —|>Y 1 3 2 D Q]

CLK

INBUF 2 CLK XOR2

DF1

DF1

IT this 1s used as the control i1nput to a state machine,
could we get 1n an i1llegal state?

Is there a timing hazard here? If so, what i1s 1t?



Timing Hazards (3) : synchronizing
asynchronous inputs

Lz . . : output

DF1

What 1f the signal output went to 200 destination
registers? Any additional problems?

(Synthesizer may replicate flipflop)



Summary

e Glven synchronous design, we must
guarantee:

— delay of combinatorial logic between flip flops
must be small enough to:
e get there in time for next clock
 not violate setup/hold time requirements for the ff.
 Get to all destination clocks on the same cycle

— asynchronous inputs WILL violate the
setup/hold time of a ff, so we must manage that
e async input only goes one place

* Need to double register if output goes lots of other
places



http://www.x1linx.com/bvdocs/appnotes/xapp094.pdf

Metastability : see Xapp094

Ul

U3 |
1 _PAD I Y 1y 0 3
INBUF 2 b CLK )
S not 1In
= — xxx1¢_ stable
Oor 1l
- state

when transition on D occurs NOT ONLY within the setup/hold
window, but within the much smaller window of time where
the flop “accepts” new data, flipflop may be in an i1llegal
state for indefinite period of time

Could theoretically be infinite amount of time before state
resolves to legal state. Practically there i1s enough noise
to push 1t one way or the other.

Still, resolution time will be variable, and events with
longer resolution times are possible, but their likelirhood
decreases exponentially with time.



Metastability

synchronizer

Ul

Combinatorial
u3 Logic

PAD [ Lo = Delay : Tpdl
INBUF 2 bcLk \

DF1

Combinatorial
Logic
Delay : Tpd2

DF1

Under what conditions i1s this a problem?



Metastability Quantified

MTBF = e”K2*1) / ( K1 x Fclock x Fdata)

t = slack time available for settling,
K1 and K2 are flipflop constants:
K1= size of window
K2 = time to get out of metastable state
Fclock and Fdata are the frequency of the synchronizing clock
and asynchronous data.



http://www.x1linx.com/bvdocs/appnotes/xapp094.pdf

Xilinx Metastability Test Ckt.

L fﬂJ——-D :£Zji:j>_L-n ]

NC ERROR

ERROR
ERROA




Xilinx Metastability Params

MTBF = e(K2*t) / ( K1 x Fclock x Fdata)

XC4000 : K1 = .1ns, K2 = approx 10/ns
so - assume Fclock = 50Mhz, Fdata = 1 MHz

MTBF = e™10t/5000 where t = slack 1In ns

1ns of extra slack MTBF of 4.4 seconds
2ns of extra slack 97000 seconds = 26 hours
3ns of extra slack = 67 years

500 ps extra delay increases MTBF by a factor of 199.6 exp (500/212) = 266 000
1000 ps extra delay increases MTBF by a factor of 199.6 exp (1000/212) 7 x 10 exp 10

2000 ps extra delay increases MTBF by a factor of 199.6 exp (2000/212) 5 x10 exp 21



Timing Simulation

 After synthesis and/or map and P&R

e Tools create a VHDL model based on the
synthesis output

— Consists of raw technology dependent modules which
are in vendor supplied library files

— Synthesis / functional simulation mismatches appear
here
* Tools also create a file with the delays under
certain conditions through each of those
aforementioned modules.



Example of Post-Map sim. file

I_c - X_LUT4 Structure and code from behavioral
generic map( __Model (the one you wrote) is gone —
N INIT => X"000F ] Though some signal names

port map ( Will be preserved.

ADRO => VCC,
ADR1 => VCC, This code is for modeling only
ADR2 => a_IBUF,
ADR3 => b IBUF,
O => c_OBUF_GROM
);
c_OBUF_YUSED : X BUF
port map (
I => c_OBUF_GROM,
O => c_OBUF
);
NIwlnverterBlock c OUTBUF GTS TRI CTL : X _INV
port map (
I => GTS,
O => NlwlnverterSignal _c OUTBUF_GTS TRI_CTL
);




Simulating the structural file

In Modelsim :
1) Quit any simulation processes running
quit —sim
2) Compile the structural model
vcom alu_16c54 timesim.vhd
3) Simulate :
vsim alu_16c¢c54
view *
You will explicitly have to put things on
the wave window ..etc.

/

Structure and code from behavioral
Model (the one you wrote) is gone —
Though some signal names

Will be preserved.

This code is for modeling only



Standard Delay File (SDF)

o “ SDF” file contains delays through
modules under typical, minimum, and

maximum delay conditions

(DELAYFILE
(SDFVERSION ""2.1™)
(DESIGN "norgate™)
(DATE "'[Mon Jun 10 23:59:35 2002] ')
(VENDOR "'Xilinx')
(PROGRAM "Xilinx SDF Writer™™)
(VERSION "E.38")

(DIVIDER /) -

(VOLTAGE 2.375:2.375:2.375)
(PROCESS "best=1.0:nom=1.0:worst=1.0")
(TEMPERATURE 85:85:85)
(TIMESCALE 1 ps)
(CELL (CELLTYPE *X_BUF™)

(INSTANCE a_IBUF_2)

(DELAY
(ABSOLUTE
(1I0PATH 1 O (773:773:773)(773:773:773))

D))

Example From Webpack
ONLY simulates the worst

Case conditions
I




Simulating with sdf timing info

In Modelsim : Structure and code from behavioral
| Model (the one you wrote) is gone -

1) Quit any simulation processes runnin
) ziluit —sim i ) «— | Though some signal names
2) Compile the structural model Will be preserved.
- veom alu_16c54_timesim.vhd This code is for modeling only
3) Simulate :

vsim -sdftyp /=alu_16¢54 timesim.sdf alu_16c¢c54

the wave window ..etc.

view *
You will explicitly rj/ve to put things on

/

sdftyp, sdfmax, sdfmin are accepted choices
| = sdffilename (this means root level is associated with that sdf file)



IF A TESTBENCH IS CREATED :

B e

Webpack automation

E| E:a we2ehl-Btgl44-=5T WHOL
i[F] constants2 vhd

= E progetr [progetr.whd]

Y b vhd

vcom -just e -87 -explicit
vcom -skip e -87 -explicit
vcom -just e -93 -explicit
vcom -skip e -93 -explicit

-work work progctr_timesim.vhd
-work work progctr_timesim.vhd
-work work tb.vhd
-work work tb.vhd

vsim -t 1ps -sdfmax /UUT=progctr_timesim.sdf -lib work testbench

do tb.udo
view wave
add wave *

view structure
view signals
run 1000ns

script file created

N B2 hitocule Wisw l 3 Snapzhot View I TE] Library Wiew I

Proceszes far Current Source:;

E--E ModelSim Simulator
------- | Simulate Behavioral YHDL M odel
-] Simulate Post-Translate YHOL Model
- Simulate Post-tap YHOL Model
Sirnulate Post-Place & Route VHDL Model




Timing Simulation

ALU_OP changes from

/ slow path is
In OR to AND

result bits are changing Z-flag

at different times

7t; wave - default

Eile Edit Cursor Zoom Bookmark Format  Window

B LK leof | RS Q@B | EF D ELEIEEE

W

s

11111111 T R B R (94911111
il 0ooo [HNH]
t_a (10701010 1001

oo 0o ot

B0 ps | e
500471 ps B00471 ps
D = T

41
488016 ps to 526786 ps

(I N

Summary for those reading the notes: all the detail of the SDF
File and what i1t looks like i1s for your information. |ISE
Automates the processing of this such that you can just
Simulate the timing model with your testbench.




Pros / Cons

Timing Simulation has the capability to catch
anything that could go wrong on the real circuit

In order to catch behavior you must simulate it
— slow
— time consuming to generate the test stimulation

For large designs, full coverage becomes
Impossible with manual tools

Use for potentially problematic areas, with Static
timing analysis used for coverage.
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