WA UNIVERSITY of WASHINGTON L11: Static Timing Analysis EE/CSE 371, Spring 2026

VOl 0 G0N 70T V(50 T ATy (v
e L OLI) 0L QLI () U O OONO I LS
DmCE T R gl I il ol Y7 g

) U U fafat ) L

Static Timing Analysis

Instructor: Justin Hsia

Teaching Assistants:
Colton Carroll Grace Zhou
Hemil Patel Quinlyn Donohue

Rasya Fawwaz Rose Maresh



W UNIVERSITY of WASHINGTON L11: Static Timing Analysis EE/CSE 371, Spring 2026

Relevant Course Information

+» Lab 4 due Friday (5/8)

% Quiz 3 is this Thursday at 11:50 am (30 min)
= ASM and ASMD charts

+» Homework 5 (5/15) and Lab 5 (5/22) will be released on Thursday

" Lab 5is the longest “regular” lab, mostly because of debugging — careful with
number representation

+ Rest of course material will NOT show up in labs
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Review: Sequential Timing Constraints

+ Setup Time (t, or tg,): How long the input must be stable before the CLK trigger
for proper input read

+ Hold Time (t;): How long the input must be stable after the CLK trigger for
proper input read

«» “CLK-to-Q” Delay (¢, or tcp): How long it takes the output to change,

measured from the CLK trlgge1(
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When Can the Input Change?

+ When a register input changes shouldn’t violate hold time (t;) or setup
time (tg,,) constraints within a clock period (T)

= Let tynpye,i be the time it takes for the input of a register to change for
the i-th timein a @ssingle clozck cycle, measured from the CLK trigger:
" Thenweneed t, < tipyyr; < T — tsy, foralli

" Two separate constraints!
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Timing Constraint Questions

1) What are you solving for? Which constraint/inequality is relevant?
= t; — hold time constraint
= t., or T — setup time constraint

" Combinational logic delay = “max” means setup time constraint,
“min” means hold time constraint

2) Find the most relevant pathway to a register input
" Hold time constraint = shortest pathway
= Setup time constraint — longest pathway

3) Solve the inequality for chosen path using the given constants
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Practice Timing Constraint Question

+» Let T =300 ps,
ts, = 80 ps, t, =50 ps,
tCO - 100 pS.

1) If In changes exactly on clock triggers, what are the limits on the XOR gate delay

that ensure proper behavior?
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2) Now let typr = 100 ps and In change a fixed t;,, after each clock trigger, what
ranges of t;;, will result in proper behavior? Answer within a single clock cycle:
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What Affects Circuit Timing?

+» A more realistic picture:

Logic depth of circuit pathways | s+ o design process

Length, resistance, and capacitance of wir

Size of the transistors

Operating conditions: Voltage & Temperature} Huducions bised on conditions
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Review: FPGA-Based Design Flow
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Source: Figure 2.3 from "FPGA Prototyping" by P.Chu 3
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Static Timing Analysis Flow

+» STA = Static Timing Analysis
+» SDF = Standard Delay Format

Ready to perform STA
on a gate-level
synchronous design

using SDF

L11: Static Timing Analysis

-

EE/CSE 371, Spring 2026

Read required files

/_‘ Validate inputs
: | 2 Erros.f
Fix data
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Qnalyze Repnrts)/
PnimeTime
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y Corner and Mode
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Next step in design
flow
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Circuit Path Categorization

+ Data paths are between inputs, sequential elements, and outputs

+ Clock paths are from device ports or internally-generated clocks to the clock
pins of sequential elements

+~ Asynchronous paths are between inputs and asynchronous set and clear pins
of sequential elements

Async path
F’lRE Data path PRE
D Q —6—» D Q
p—— > > >

CLR CLR

7'y

Clock paths
CLK P’

Async path
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Data Path Validity

+ A data signal is considered valid when is has finished computing and is
stable

" Note that this remains true until the next round of computation begins, which can
cross clock cycle boundaries

+ For proper behavior (i.e., correct reads), the input to a register must
remain valid throughout the setup and hold time constraints
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Clock Edges

+» Looking at a single clock cycle
= Launch Edge: the clock edge that activates/launches the source register

= Latch Edge: the clock edge that latches the data into the destination register

REG1 REG2
™ a Com_b. N
Logic

> s > s
CLK
launch e J?e’[:ié =0 clock pernd T 7( / latch edge
CLK d 7 ) L
£, 2
DATA > Dafé‘valld > > t/fo':l"ta valid ><

Ttz g, T-tw -
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Timing Delays and Points of Interest: Definitions

» Clock Network Delay (t ;)

" How long it takes for changes in the clock signal to arrive at the register — the cause
of clock skew

= Clock-to-Q or Clock-to-out Delay (t;;, tcg, Of teo)

" How long it takes the output to change, measured from the register’s received
clock edge — a property of the FF/register

< Data Arrival Time (DAT)
"= The time at which the destination register’s input is settled

% Clock Arrival Time (CAT)
" The time at which a clock edge arrives at the destination register

13
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Timing Delays and Points of Interest: Formulas

+» Data Arrival Times (DAT) and Clock Arrival Times (CAT)

- DATsu = launCh Edge + tcIkl,max + tco,max + tdata,max
- DATh = launCh Edge + tcIkl,min t tco,min t tdata,min REG1 N L REG2
- CAT _ d + t DFREQ Comb. - DF'REQ
latch/launch — €dge clk2 t ., E logic )j
— > CLR — > CLR
CLK T tcll<2
Launch [ >— Latch
edee \ |7/ edge
CLK t L
— [
REG1.CLK | £ - L
| ; "
REG2.D ><| Data valid >k 2@ >k 'Data valid ><
]t_’l DATh DA-E“ n >
REG2.CLK i clk2 CAT‘amck ! clk2 CA-T\(;\;A |
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Data Required Time (DRT): Setup

+» Data Required Time for Setup (DRT )
" The minimum time required before the latch edge for data to get latched into the
destination register

REG1 _ : REG2
" Clock Arrival Time_,,., — Setup Time b Q D Q

> CLR - > CLR
tclkZ T
CLK su
Launch [ > Latch
edge \ edge
CLK ITK |
—
REG2CLK t clk2 |_
I Su I
ReG2D < Datavalid >< >k Datavaiid ><
M DRT,,
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Data Required Time (DRT): Hold

+» Data Required Time for Hold (DRT,)

" The minimum time required after the launch edge for the data to remain valid for
successful latching

REG1 _ : REG2
" Clock Arrival Time,,,.,, + Hold Time b Q o Q

> CLR . s > CLR
tclkZ _.E’_J

CLK h
Launch [ > Latch
edge \ edge

e o |7/ I
o
REG2.CLK ef L
——
REG2.D >< Data valid >K >< Data valid ><

regu i rgd
DRI,
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Setup Slack

’r4'qukz"t;u

+» Wiggle room forgetup time violations
\d L
" Setup slack = DRT,, = DAT,, "\ vz, 44 nn

= Depends on clock frequency (T) ¢
REG1 //-(W\ data REG2
DFREQ COI‘I‘IB. - DPREQ
t » ZE logic )—:
c > CLR > CLR
—_— tclkZ —_—
tCO tSU
Launch [ >— Latch
edge edge
CLK It |
=
REG1.CLK t oo Gl L
I Cco >
REG2.D >< Data valid >< > Datavalid >
—
setu tcl|<2

slac I:j_l
DRTSU\ tsu |_ 17

REG2.CLK
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Hold Slack

{clkl 4"6«: +téd’a,m'w\
+» Wiggle room forﬁold time violations
V L/\
" Hold slack = DAT, — DRT, ZgtEn
" Does not depend on clock frequency

REG1 //-(W\
DFREQ CO"TB' — DPREQ
tclkl logic
> CLR > CLR
—_— tclkZ —_—
tco th
Launch [ > Latch
e \ r‘?/ eage
CLK It |
—+]
REG1.CLK t DAT% |
data,min
REG2.D >< Data valid >< Datavalid >
't | hold
—I— slack
REG2.CLK DRT,, | 13




EE/CSE 371, Spring 2026

L11: Static Timing Analysis

=
O
—
O
=
2c
N
<
=
—
=
%)
jad
3]
-
=
-

O
)1
T4

19



WA UNIVERSITY of WASHINGTON L11: Static Timing Analysis EE/CSE 371, Spring 2026

Setup Slack Example

tdatamin = 3ns tsu=2ns
tco=2ns tdata,max = > NS tp=15ns
REG1 REG2
PRE Camh L PRE
D Q L D Q
logic
Wy Cwds N
B CLR ' [_cr

@gﬁ‘ > !

1ns 1ns

+» Assume 100 MHz clock; clock period T =10 ns

+ Setup slack = DRT,, — DAT,
=\min clock path — max data path

( fﬂk,i,m« * éfo,mm 4’{&:\‘\/‘#\“&)
— (1 +2+53)

Se“‘uf .Slo.c‘( = Zna >O/ s "N +imin5 violation
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Hold Slack Example

tdatamin = 3ns tsu=2ns
tco=2ns taatamax =2 NS tp=1.5ns

REG1 ﬂ REG2
PRE PRE
D ver Comb. D a

4 ags FAn N Tt "Ly S

D-fk' ;

1ns 1ns
+» Assume 100 MHz clock; clock period T =10 ns

+» Hold slack = DAT, — DRT,

= min data path —(max clock path
(écld,wn+ {(O/w\"— i{k\z‘/ml’»\)
(1L +2+3) -

hold slack = Lgﬂ 20O, 5 no timne violation
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Slack Exercise (1/2) e L

7 72
i, 6n D ig-—mk DA,

FF1 t. . 9n FF2
Cnin I ns i o D&Tk DK,

< tmax 2 ns tmax 2 ns
L
.1 1S / < tclk-q.mju 9 ns \
nin
ﬁgﬁ/ tclk-q.lnax 11 ns — V

nax ‘
(1LK—J S tm_in 2 ns - —__l>;- tm.in 2 1S j thold 2 ns

L tll'la'x 3 s \ tmax 3 ns tsenlp 4 ns

tmjn 5 ns
tmm; 9 ns

+ Calculate the setup and hold slacks:

= Assume 50 MHz clock; clock period T =20 ns /
" setup slack = rin clock path — max data path =1 ng |

(2+1\+2+9+42)= 26

" hold slack = min data path —max clock path =( ns |
(I+9+1+6t1) = |8

“hMi'\j VfD‘Cdt‘:U'\!

22
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Slack Exercise (2/2)

L11: Static Timing Analysis

tmin 6 ns
FF1 e 908 FE2
tmill R Umin ]l ns
- Q Unax 2 ns tmax 3 s D Q
Uni I ns / tf-‘lk-q.mju 9 ns
Em 2 ns ke 1.1 118
nax
CIK b 2 1S \ t . 2ns —
| b A / binas 3 1 tsel‘up 4 ns
Unin 5 ns
Unax 9 ns

«» What is the fastest clock we can use with this circuit?

neeA Sdb() S\a(.k ZO b\’ CL‘O"S"\j C.(O(—k Spee()/{)eh’b()\ CT)
so need(?-;— 2| ns| whith means :::ﬁ,'-(/?,é MH?W

EE/CSE 371, Spring 2026

23



EE/CSE 371, Spring 2026

W UNIVERSITY of WASHINGTON L11: Static Timing Analysis

Synopsys Design Constraints (SDC)

+ Synopsys Design Constraints describe timing constraints and exceptions

" Quartus uses . sdc files to define clocks, I/O constraints, and other information
that the fitter needs to make the best decisions

" You can make and edit these using the TimeQuestGUI or by editing the . sdc file in
a text editor (see Homework 5)

24
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/0 Constraints: Input Delays

+ set_input_delay

= Command to specify external External Device FPGA
delays feeding into the FPGA’s
input ports N
tco_ext 4

" https://docs.altera.com/r/docs/
683243/25.3/quartus-prime-pro-
edition-user-guide-timing-analyzer/
input-constraints-set input delay

Oscillator

cd_ext cd_altr

+» Applied to this setup: clock skew

" input delay,,, =(cd_ext_ . —cd_altr__)+tco_ext . +dd_ .

" input delay,,, =(cd_ext_ . —cd_altr_ . )+tco_ext _ +dd__
- “cd” = clock delay, “dd” = data delay, “altr” = Altera FPGA

25
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/O Constraints: Output Delays

+ set_output_delay

" Command to specify external FPGA External Device
delays leaving the FPGA’s
output ports

" https://docs.altera.com/r/docs/
683243/25.3/quartus-prime-pro-
edition-user-guide-timing-analyzer/
output-constraints-set output delay

1
tsu_ext/th_ext

+» Applied to this setup: clek skew
" output delay,; = (mxtmax) +dd_. —th_ext _

" outputdelay, = (cd_altr . —cd_ext . )+dd _ +tsu_ext .
« “cd” = clock delay, “dd” = data delay, “altr” = Altera FPGA
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|/O Constraints: Datasheets

«» Check the datasheet!

READ/WRITE CYCLE SWITCHING CHARACTERISTICS (Over Operating Range)

-166 -133
Symbol Parameter Min. Max. Min. Max. Unit
fuax® Clock Frequency — 166 — 133 MHz
tkc® Cycle Time 6 — 75 — ns
tkH Clock High Time 24 — 2.8 — ns
tkL Clock Low Time 24 — 28 — ns
tka® Clock Access Time — 35 — 4 ns
trox™ Clock High to Output Invalid 3 — 3 — ns
tkoLz"2 Clock High to Output Low-Z 0 — 0 — ns
tkanz(1d Clock High to Output High-Z 1.5 35 15 35 ns
toea® Output Enable to Output Valid — 35 — 38 ns
toeax'™ Output Disable to Output Invalid 0 — 0 — ns
toeLz(12 Output Enable to Output Low-Z 0 — 0 — ns
toenz"2 Output Disable to Output High-Z 2 4.5 2 5 ns
tas® Address Setup Time 2.1 — 2.1 — ns
tss®) Address Status Setup Time 1.5 — 15 — ns
tws® Write Setup Time 15 — 15 — ns
tces® Chip Enable Setup Time 15 = 15 - ns
tavs® Address Advance Setup Time 1.5 — 15 — ns
taH® Address Hold Time 1.0 — 1.0 — ns
tsH Address Status Hold Time 05 — 05 — ns
twH® Write Hold Time 05 — 05 — ns
tcen® Chip Enable Hold Time 05 — 05 — ns
tave® Address Advance Hold Time 0.5 — 05 — ns

EE/CSE 371, Spring 2026
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Clock Effects: Latency

+ Clock Latency: Delay for clock signal to reach components

= Source latency: The delay between the clock definition and its source

= Network latency: The delay between the clock definition and register clock pins

- [extra] Often dealt with using an onboard phase-locked loop (PLL) — see derive_pll_clocks
command

Clock PLL
Source

Clock || I '
Source — > ’ FD D

Source | J 1 [

Latency '
Network Network

Latency Latency
Removed
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Clock Effects: Uncertainty

+ Clock Uncertainty: Clock signal does not arrive at every clock pin

simultaneously
= Skew: Differences in arrival time of a clock signal to different components

= Jitter: Deviations from defined period
= Synchronous clock domain crossings (future lecture)
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Timing Closure

+ Timing constraints need to be met simultaneously

. . . . . . . —
= Sometimes fixing one violation will introduce another &

+ Hold violations: Fast data path and/or destination register’s clock latency

= Fix: Add delay in data path with buffers or pairs of inverters (Quartus does this
automatically!)

+» Setup violations: Data arrives too late compared to the destination
register’s clock speed
= Slow down the clock (undesirable)
= Tell fitter to try harder or confine logic to a smaller area
= Rewrite code to simplify logic
= Add pipelining (next lecture)
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