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Core Area (Uum?)

s maximum flexibility and gives chip designers the ideal characteristics for

of the key functional blocks on the same die, with the same design toolset.

“TSMC FINFLEX™ — Ultimate Performance, Power
Efficiency, Density and Flexibility”, TSMC Blog
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The One Student One Chip (OSOC) Initiative

Launched in 2019 by UCAS(University of Chinese Academy of Sciences)
Learning-by-doing: Teach students to build real chips
Non-profit: Free learning for everyone, free tape-out for students
Open: Everyone is welcomed
Learn-on-demand
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libretto: An open-source library
characterizer for open-source VLSI design

Shinichi Nishizawa, Hiroshima Univ., nishizawa@hiroshima-u.ac.jp
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Digital circuit design and STA

m Static Timing Analysis (STA): estimation of path delay

O Calculate max/min path delay integrating the cells delay

= Max delay of i-th node: : a; = maX;eanin(i){a;} + tpd,i

O Need both timing information (.lib) calculation engine (STA)
x STA: OpenSTA (Open-ROAD), sta (yosis)
= .lib (Liberty): By characterizer

ag = 20ps
s O——

a, = 30ps
It Dr————

a, = 50ps
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Characterizer

m Simulate and extract delay and power of std. cell

0O Prop delay: t,q = xx ps. Trans delay: t;q = XX ps

= Arrival time: a; = maXjefanin(){a;} + tpa,i

2025/8/19

model delay as value

N~ A

Prop delay: t,q = xx ps.
Trans delay: t,q = XX ps
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Characterizer

m Simulate and extract delay and power of std. cell
0O Prop delay: t,q = xx ps. Trans delay: t;q = XX ps
HArrival time: a; = maxjeganiny{a} + tpa,
m Delay and energy are the function of input slope, output load

= Arrival time: a; = maxjefanin(i){aj} + tpd,i(tpd,PIj: Cload,i)

output load output load

A A

—} model delay as LUT  output  — | output  —
— S~— _—" || delay LUT _| | slew LUT |

| | | input | | | input
> slew > slew
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Characterizer

m Simulate and extract delay and power of std. cell
0O Prop delay: t,q = xx ps. Trans delay: t;q = XX ps
HArrival time: a; = maxjeganiny{a} + tpa,
m Delay and energy are the function of input slope, output load
XArrivaI time: a; = maxjefanin(i){4} + tpd,i (Epd,p1,» Cload,i)
m Each primary input (Pl) has different delay and energy

= Arrival time: @; = maX;jefanin(i){a;} + tpda,ipr; (Epd,p1» Cload,i)

Characterizer automates output load OUtDIUt I?ad _—
simulation & lib. creation T —T—T Kﬂ#PI | —T—T— Zﬂ#Pl
PI; _ . o
— model delay as LUT  ouput [ - output |
— PON— " || delayLUT |  slew LUT _H
2025/8/19 | | | —iinput | | | — input
> slew " slew




Related works

m Open-source characterizers w/ free SPICE are available

O LibreCell (Ictime) [1]: Widely used, well known
= Uses “template .lib” to specify char. condition
= Pro. tool (need to read/write .lib by engineer)

O CharLib [2]:
= Uses YAML to specify characterize condition
= Needs PySpice backend
= Supports multithread

O And many open characterizers that uses commercial SPICE

[1] T. Kramer, “Ictime.” https://codeberg.org/librecell/lIctime
[2] J. E. S. Jr., “CharLib.” https://github.com/stineje/CharLib.

2025/8/19 17


https://github.com/stineje/CharLib

Proposed characterizer (libretto)

m Open-source characterizer
O Language: Python3
O Simulator: ngspice, hspice (for comparison)
= Advantage
O Characterize both combinational and sequential cells
= Support Flip-Flops w/ pos/neg clock and async. set/reset
O Easy to add functions

= Two analysis engines: for combinational and sequential
o Do not prepare engines for each logic function
o Use truth table to handle different logic functions

O Nothing new. No advantage over commercial tools

= But open and free
2025/8/19 18



Operation flow

m Setup library and cells
m Branch to comb. or seq.

O Generates test bench
based on the target logic
function

O Launch simulator

= Multiple slew/load
cond. in multi-thread

Characterize next cell

m Seq. cell need iterations

O Find min. delay by
setup/hold search

2025/8/19
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Characterize: combinational cell

m Propagation delay: input 50% to output 50%
m Transition delay: output 20% to output 80%

= Dynamic power™ : integrate current from input start 1% to
output end 99%

m Static power : integrate current at the beginning of sim™
= Simulation times: time_step, end_time

O Set by designer, or use “auto” v _
Q—J/ﬁr .

Ilk

* Parameters can be changed by designer. >t

“1: This should be converted to energy L@Vp=99%

"2: Does not meas. input dependency P; = j Idt X Vg,
t@V;=1%

2025/8/19 20



Characterize: sequential cell delay

m C2Q delay, tsetup, thola :Calc. by min. D2Q delay
O Change D2C, find min. D2Q

s D2C= tgeryp, C2Q = D2Q - D2C

0O Set D2C= tsetyp, change C2D and find min C2D
= Min. C2D = thold

V4 bptip .
’ delay 4
e |V(D)/ S~/ vicLK) Y
N 1 /7 > t
% D2Qmink--.... :
"Clw_J' D2Qmin //(Q) g C2Q,ps9
| = ts D2C
e Vo) Jvickk) \
= Thoid ™ A .t Two def. for setup
i®) 1. D2C when C2Q increase 3~5%
2 //(Q) 2. D2C when D2Q is minimum
k! > { libretto use def. of 2. 21
2025/8/19



Library setting

= Common setting for lib.

O Library name
O Prefix, suffix of cells

O Units (volt, current, cap.)

O Power name

O Temperature

O Voltage

O Logical threshold

O High/low threshold
O Operation directory
O Simulator

O...

2025/8/19
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I common settings for library
set_lib_name

_dotlib_name
set_verilog_name v
set_cell_name_suffix ROHM1E80

set_cell_name_prefix _V1
ot _wvoltage_unit V
set_capacitance_unit pF
set_resistance_unit Ohm
SEt_EuPrﬂHt uHLt mﬂ

set pwell name hPW
set_nwell_name VNW

on conditions

et_lGHLc_thr Dld_high B.8
et_logic_threshold_low 8.2
et_logic_high_to_low_thresholc
et_logic_low_to_high_thresholc
et_work_dir work

set_simulator /fusr/local/bin/ngspice
set_run_sim true
set_mt_sim true

& true
old .01

conditions PVT_3P5V_25C

22



Setting for each cell

m Characterize conditions

add circult

add_cell -n ROHM18INVP@1@ -1 INV -1 A

O Add cell add_slope {0.1 @.7 4.9}

add_load {0.01 0.1 1.0}

: add_area 1
D InPUt Slope (In array) add_netlist rohmlib/ROHM1EINVPO1G.sp
add_model rohmlib/model_rohm18@.sp

O Output |Oad (ln array) add_simulation_timestep IL'.JL.ltD]
characterize
O Netlist
## add circuit
n ROHM1EDFP@1® -1 DFF_PCPU -1 DATA -c CLK

O Timestep®. sim. end® oD o 0 QN F Ge10 QRTDN

= Flip-Flop needs odd_load {0:01°0.1 1.0

clock_slope auto

* &;h area 1
D CIOCk Slope add_netlist rohmlib/ROHM18DFP@10.sp

add_model rohmlib/model_rohml8@.sp

O Setup Unit t|me* add_simulation_timestep IL'JL.HZIZ}J

add_simulation_setup_auto

" I * add_simulation_hold_auto
= HOld unlt tlme characterize F||p_F|op

export

Command example: logic function,

* Parameters can use auto set logic expression,
2025/8/19 23



Netlist gen. and simulation (comb. cell)

m characterizeFiles():def. of logic func., its truth table
m runCombInnOutm(): set input/output pin setting
m runSpiceCombDelay(): generate netlist, run spice

292 def characterizeFiles(targetlib, targetCell):

print ("characterize\n™) CharaCterizeFi/eS()
logic: INV, AND2, ...

elif(targetCell.logic == "ANDZ2'): i - /

print ("ANDZ2\n™) .
L . in1=1-0 rumCombIn20ut1()
expectationlistZ = [El?é[ -1- [?él% 0utO=1 —)O . ‘meas
['1','01','01'], L'HO AT
['1','1@','1@']] in1
iNn0: Vpp
. . . set 1 in1: PWL
Use a function for netlist gen., spice run, 0"
analysis (runSpiceCombDelay()) || Ooytu: .meas

* Pinis analyzed, connected proper

voltage sources and spice I’unSplchomee/ay()
measure statements Launch sim. accum. res.

2025/8/19 <




Netlist gen. and simulation (seq. cell)

m characterizeFiles():def. of logic func., its truth table
m runFlop():set input/output pin setting
m runSpiceFlopDelay(): generate netlist, run spice

elif(targetCell.logic == "DFF_PCPU_NRNS'):

print ("DFF, positive clock, positive unate, async neg-re CharacterizeFi/es()
Logic code:DFF_PCPU_NRNS

/

expectationlist2 = [['01','@101','1", '1', '@1'],p t runFlop()
o e )1 a0 X N meas
e e
SET: Vpp
; ! ) _ . {RST V RESET
return runfFlop(targetlib, targetCell, expectationlListZ) CLK PWL §>CLK
Truth table of code: DFF_PCPU_NRNS Q ' _
(pos. clk, pos. unate, neg. rst, neg. set) - <. .Meas lteration
D=0—1, SET=1, RST=1 v
CLK=0—-1 — 01 runSpiceFlopDelay()
Q=0—1 Launch sim. accum. res.




Registered logic family

m Support simple logic functions and several Flip-Flops

Inv/Buf
NAND
NOR
AND
OR

And-Or-Inv.
Or-And-Inv.

Exclusive

Selector

Inverter, Buffer

NAND2, NAND3, NAND4
NOR2, NOR3, NOR4
AND2, AND3, AND4
OR2, OR3, OR4

AOI21, AOI22

OAI21, OAI22

XOR2, XNOR2

SEL2

DFF_PCPU
*2

DFF_PCNU
DFF_NCPU

DFF_NCN
U

DFF_PCPU
NR

DFF_PCPU
_NRNS

pOS.

pOosS.
pOsS.
neg.

pOS.

poS.

pOosS.

neg.
neg.
neg.

poS.

poS.

neg.

neg. neg.

*1: Pos.: in/out are same direction (H/H,L/L). neg. in/out are opposite (H/L,L/H)
*2: D-Flip-Flop w/ pos. clock edge, positive polarity

2025/8/19
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Evaluation setup Cent 0S 7.8
Ryzen 2990wx 3GHz 32core

m Use commercial 180-nm for evaluation MEM 96GB, SSD 3TB

Proposed PrimeLib
Simulator ngspice hspice
#parallel 1 49 (#index) 32 64
Condition Typical (TT, 1.8V, 25°C)
Slew (ns) 0.1,0.2,04,0.8,1.6,3.2,6.4
Capacitance (pF) 0.01, 0.02, 0.04, 0.08, 0.16, 0.32, 0.64
Device Under INVx1, NAND2x1, NAND3x1, NAND4x1
Test NOR2x1, NOR3x1, NOR4x1, DFF (posedge)
Runtime 57.9h (1x) 4.00h (14.5x) 92.0s(2265x) 106 s (1966x)

m Large runtime: need more parallelism, poor search algorithm.

m Separated timing and power sim. is also issue (ngspice do not
support nesting of .meas)

2025/8/19 27



I {e S u I t Our work (libretto wi hspice)

—— Our work (libretto w/ ngpice) —— Baseline (SiliconSmart wf hspice)

m No difference in simulator
(ngspice vs HSPICE) :

| TWO CharaCte nze rs ShOW Flg 6: Pfopagation delay of Inverter.
different result (PrimeLib vs libreto)

—— QOur work (libretto wi/ ngpice) —— Baseline (SiliconSmart wf hspice)

O Delay of comb. cells might be
acceptable (Max error in prop.: e L
05%, trans 24%) Fig. 7: Transition delay of Inverter.

Our work (libretto w/ hspice)
—— OQur work (libretto wf ngpice) —— Baseline (SiliconSmart w/ hspice)

O Intl. energy has large error:
(Max 418%)

O Seq. has problem (C2Q delay:

Fig. 8: Internal energy of Inverter.

1 1 25%, 2407% peSS|m|St|C) TABLE II: Capacitance and leakage power of Inverter.

Characterizer libretto | SiliconSmart

m Setup/hold interdependence T e

(?) Input capacitance [fF] | 4.120 4.063 | 4.599

2025/8/19 28




Conclusion

= Open characterizer w/ open simulator
O Generates timing/power library as .lib
O Used for timing analysis (simulation, STA)
m Supports both combinational and sequential cells
m Evaluate delay, energy, and performance
O Slow processing speed (1/215),
O Combinational cell: delay and energy acceptable (?)
O Sequential cell: large gap
m Checked by LibraryCompiler Synopsys
m Users: 1in Japan, 1 in ltally
O Let me know if you use libretto (motivate me!)

2025/8/19
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