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Borivoje Nikolić

EECS251B : Advanced Digital Circuits
and Systems

Lecture 12 – Standard Cells

Aries v.3.0

The ARIES v3.0 is a fully indigenous and a “Made in India” product 
to get started with basic microprocessor programming and 
embedded systems. This board is built upon a RISC-V ISA 
compliant VEGA Processor with easy-to-use hardware and 
software. The VEGA SDK also provides full ecosystem with 
numerous examples and support documentation.
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https://vegaprocessors.in/devboards/ariesv3.php



Announcements

• Lab 5 waiting on PDK correction

• Start project phase 1

• Homework 2 due next week

• Quiz 1 today!
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Transistor Leakage
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Transistor Leakage

Subthreshold slope

Leakage current is exponential with VGS

VDS = 1V
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Subth

		VOLTS`V		i_vd=/i(5)`A				i_vd=/i(5)`A

		0		1.64E-07		1.64E-01		3.37E-08		3.37E-02		-0.7853680546

		0.01		2.08E-07		2.08E-01		4.29E-08		4.29E-02		-0.6827684669

		0.02		2.63E-07		2.63E-01		5.45E-08		5.45E-02		-0.5806176344

		0.03		3.32E-07		3.32E-01		6.93E-08		6.93E-02		-0.4789718119

		0.04		4.19E-07		4.19E-01		8.81E-08		8.81E-02		-0.3778906764

		0.05		5.28E-07		5.28E-01		1.12E-07		1.12E-01		-0.27743353

		0.06		6.64E-07		6.64E-01		1.42E-07		1.42E-01		-0.1776651679

		0.07		8.34E-07		8.34E-01		1.80E-07		1.80E-01		-0.0786496477

		0.08		1.05E-06		1.05E+00		2.27E-07		2.27E-01		0.0195441402

		0.09		1.31E-06		1.31E+00		2.87E-07		2.87E-01		0.1168467394

		0.1		1.63E-06		1.63E+00		3.63E-07		3.63E-01		0.2131882588

		0.11		2.03E-06		2.03E+00		4.58E-07		4.58E-01		0.3084918472

		0.12		2.53E-06		2.53E+00		5.76E-07		5.76E-01		0.4026860094

		0.13		3.13E-06		3.13E+00		7.24E-07		7.24E-01		0.4956941641

		0.14		3.87E-06		3.87E+00		9.08E-07		9.08E-01		0.5874415516

		0.15		4.76E-06		4.76E+00		1.14E-06		1.14E+00		0.6778523145

		0.16		5.85E-06		5.85E+00		1.42E-06		1.42E+00		0.7668506391

		0.17		7.15E-06		7.15E+00		1.77E-06		1.77E+00		0.8543588828

		0.18		8.72E-06		8.72E+00		2.20E-06		2.20E+00		0.9402992834

		0.19		1.06E-05		1.06E+01		2.73E-06		2.73E+00		1.0245882771

		0.2		1.28E-05		1.28E+01		3.38E-06		3.38E+00		1.1071454993

		0.21		1.54E-05		1.54E+01		4.16E-06		4.16E+00		1.1878815429

		0.22		1.85E-05		1.85E+01		5.12E-06		5.12E+00		1.2666996168

		0.23		2.21E-05		2.21E+01		6.27E-06		6.27E+00		1.3435070621

		0.24		2.62E-05		2.62E+01		7.65E-06		7.65E+00		1.4182051392

		0.25		3.10E-05		3.10E+01		9.31E-06		9.31E+00		1.4906943292

		0.26		3.64E-05		3.64E+01		1.13E-05		1.13E+01		1.5608829884

		0.27		4.25E-05		4.25E+01		1.36E-05		1.36E+01		1.6286821076

		0.28		4.94E-05		4.94E+01		1.64E-05		1.64E+01		1.6940169678

		0.29		5.71E-05		5.71E+01		1.96E-05		1.96E+01		1.7568284938

		0.3		6.56E-05		6.56E+01		2.33E-05		2.33E+01		1.8170746106

		0.31		7.49E-05		7.49E+01		2.76E-05		2.76E+01		1.8747345511

		0.32		8.51E-05		8.51E+01		3.26E-05		3.26E+01		1.9298091045

		0.33		9.60E-05		9.60E+01		3.82E-05		3.82E+01		1.9823200884

		0.34		0.000107723		1.08E+02		4.46E-05		4.46E+01		2.0323084397

		0.35		0.000120181		1.20E+02		5.17E-05		5.17E+01		2.0798358134

		0.36		0.000133333		1.33E+02		5.96E-05		5.96E+01		2.1249376509

		0.37		0.000147128		1.47E+02		6.82E-05		6.82E+01		2.1676953314

		0.38		0.000161515		1.62E+02		7.77E-05		7.77E+01		2.2082128617

		0.39		0.000176442		1.76E+02		8.79E-05		8.79E+01		2.2466019719

		0.4		0.000191854		1.92E+02		9.89E-05		9.89E+01		2.2829708583

		0.41		0.000207698		2.08E+02		0.000110557		1.11E+02		2.3174323146

		0.42		0.000223924		2.24E+02		0.000122928		1.23E+02		2.3501006434

		0.43		0.000240484		2.40E+02		0.000135936		1.36E+02		2.381086187

		0.44		0.000257331		2.57E+02		0.000149531		1.50E+02		2.4104921077

		0.45		0.000274423		2.74E+02		0.000163662		1.64E+02		2.4384205077

		0.46		0.000291722		2.92E+02		0.000178277		1.78E+02		2.4649691824

		0.47		0.000309193		3.09E+02		0.000193323		1.93E+02		2.4902296531

		0.48		0.000326804		3.27E+02		0.000208748		2.09E+02		2.5142873635

		0.49		0.000344529		3.45E+02		0.000224504		2.25E+02		2.5372257836

		0.5		0.000362341		3.62E+02		0.000240544		2.41E+02		2.5591174786

		0.51		0.00038022		3.80E+02		0.000256824		2.57E+02		2.5800349575

		0.52		0.000398146		3.98E+02		0.000273304		2.73E+02		2.6000423569

		0.53		0.000416103		4.16E+02		0.000289947		2.90E+02		2.619200847

		0.54		0.000434078		4.34E+02		0.00030672		3.07E+02		2.6375677754

		0.55		0.000452058		4.52E+02		0.000323593		3.24E+02		2.6551941593

		0.56		0.000470032		4.70E+02		0.000340539		3.41E+02		2.6721274259

		0.57		0.000487993		4.88E+02		0.000357533		3.58E+02		2.6884135923

		0.58		0.000505933		5.06E+02		0.000374554		3.75E+02		2.7040930076

		0.59		0.000523846		5.24E+02		0.000391584		3.92E+02		2.7192036321

		0.6		0.000541727		5.42E+02		0.000408606		4.09E+02		2.7337804816

		0.61		0.000559572		5.60E+02		0.000425604		4.26E+02		2.747855975

		0.62		0.000577378		5.77E+02		0.000442566		4.43E+02		2.7614602318

		0.63		0.000595141		5.95E+02		0.00045948		4.59E+02		2.7746198704

		0.64		0.00061286		6.13E+02		0.000476335		4.76E+02		2.7873612768

		0.65		0.000630532		6.31E+02		0.000493123		4.93E+02		2.7997071323

		0.66		0.000648157		6.48E+02		0.000509835		5.10E+02		2.8116802157

		0.67		0.000665734		6.66E+02		0.000526463		5.26E+02		2.8233007376

		0.68		0.000683261		6.83E+02		0.000543		5.43E+02		2.8345866322

		0.69		0.000700738		7.01E+02		0.000559439		5.59E+02		2.8455556693

		0.7		0.000718165		7.18E+02		0.000575774		5.76E+02		2.8562242358

		0.71		0.000735541		7.36E+02		0.000592		5.92E+02		2.8666068859

		0.72		0.000752866		7.53E+02		0.000608109		6.08E+02		2.8767176845

		0.73		0.000770139		7.70E+02		0.000624096		6.24E+02		2.8865691167

		0.74		0.000787361		7.87E+02		0.000639956		6.40E+02		2.8961738993

		0.75		0.000804532		8.05E+02		0.000655682		6.56E+02		2.9055433227

		0.76		0.000821651		8.22E+02		0.000671268		6.71E+02		2.9146873881

		0.77		0.000838719		8.39E+02		0.000686708		6.87E+02		2.9236164815

		0.78		0.000855735		8.56E+02		0.000701997		7.02E+02		2.9323392952

		0.79		0.000872698		8.73E+02		0.000717128		7.17E+02		2.9408639807

		0.8		0.00088961		8.90E+02		0.000732093		7.32E+02		2.9491996561

		0.81		0.000906469		9.06E+02		0.000746888		7.47E+02		2.9573529564

		0.82		0.000923276		9.23E+02		0.000761505		7.62E+02		2.9653315465

		0.83		0.000940029		9.40E+02		0.000775937		7.76E+02		2.9731412518

		0.84		0.000956729		9.57E+02		0.000790177		7.90E+02		2.9807889383

		0.85		0.000973375		9.73E+02		0.00080422		8.04E+02		2.9882801877

		0.86		0.000989967		9.90E+02		0.000818058		8.18E+02		2.9956207179

		0.87		0.0010065		1.01E+03		0.000831686		8.32E+02		3.0028137792

		0.88		0.00102299		1.02E+03		0.000845096		8.45E+02		3.0098713884

		0.89		0.00103941		1.04E+03		0.000858284		8.58E+02		3.0167868908

		0.9		0.00105578		1.06E+03		0.000871243		8.71E+02		3.0235734308

		0.91		0.00107209		1.07E+03		0.00088397		8.84E+02		3.0302312451

		0.92		0.00108834		1.09E+03		0.000896459		8.96E+02		3.0367645912

		0.93		0.00110453		1.10E+03		0.000908707		9.09E+02		3.0431775162

		0.94		0.00112066		1.12E+03		0.000920712		9.21E+02		3.0494738708

		0.95		0.00113673		1.14E+03		0.00093247		9.32E+02		3.0556573218

		0.96		0.00115274		1.15E+03		0.000943981		9.44E+02		3.0617313634

		0.97		0.00116868		1.17E+03		0.000955243		9.55E+02		3.0676956119

		0.98		0.00118455		1.18E+03		0.000966257		9.66E+02		3.0735533971

		0.99		0.00120036		1.20E+03		0.000977024		9.77E+02		3.0793115149

		1		0.00121609		1.22E+03		0.000987544		9.88E+02		3.0849657173







Transistor Leakage (130nm)

Two effects:
• diffusion current (like a bipolar transistor)
• exponential increase with VDS (DIBL)
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Transistor Leakage (32nm LP PTM)

Another view of DIBL
>10x increase in leakage
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Subthreshold Current

• Subthreshold behavior can be modeled physically

( ) 









−








−=

−
−

qkT
Vds

qkTm
VV

oxeffsubthds ee
q

kTm
L

WCI
ThGS

11
2

, µ

( )
S

VVV

subthds

dsThgs

W
WII

γ+−

= 10
0

0,

Or (approx):
Taur, Ning, Modern VLSI Devices

ox

dm

C
Cm += 1 (m ~ 1.1-1.4)

q
kTmS 3.2=
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Added Leakage Components

• Drain-induced barrier lowering (DIBL)
• Voltage at the drain lowers the source potential barrier

• Lowers VTh, no change on S

• Gate-induced drain leakage (GIDL)
• High field between gate and drain increases injection of carriers into substrate -> 

leakage 
(band-to-band leakage)
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Leakage Components (250nm)

1. pn junction reverse bias current

2. Weak inversion

3. Drain-induced barrier lowering (DIBL)

4. Gate-induced drain leakage (GIDL)

5. Punchthrough

6. Narrow width effect

7. Gate oxide tunneling

8. Hot carrier injection

9EECS251B L12 STANDARD CELLS



Transistor C-V
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MOS Transistor as a Switch 

Discharging a capacitor
• Can solve:

( )DS DS DSi i v=

( ) DS
DS DS

dvi C v
dt

=

• Prefer using equivalent resistances
• Find tpHL
• Find equivalent C, R

+

-
vDS

iDS
vGS

( ),

( )dDS DS
pHL

DS GS DS

C v vt
i v v

= ∫

C
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MOS Capacitances

• Gate capacitance
• Non-linear channel capacitance

• Linear overlap, fringing capacitances

• Miller effect on overlap, fringing capacitance

• Non-linear drain diffusion capacitance
• PN junction

• Wiring capacitances
• Linear

12EECS251B L12 STANDARD CELLS



Gate and Drain Capacitances
Gate capacitance

Drain capacitance
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Gate Capacitances

• Gate capacitance is non-linear
• First order approximation with CoxWL (CoxL = 2fF/µm)

• Need to find the actual equivalent capacitance by 
simulating it

• Since this is a linear approximation of non-linear function, it 
is valid only over the certain range

• Different capacitances for HL, LH transitions and power 
computation

• Drain capacitance non-linearity compensates
• But this changes with fanout
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Delay Revisited
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MOS Transistor as a Switch (EECS251A)

Traversed path

C
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MOS Transistor as a Switch (EECS251A)

Solving the integral:

Averaging resistances:

with appropriately calculated Idsat
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CMOS Performance

Propagation delay: ( ) LeqnpHL CRt 2ln= ( ) LeqppLH CRt 2ln=

ln2 = 0.7
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Effective Current

• Ion(VDD) is never reached

• Define Ieff = (IH + IL)/2

• IL = IDS(VGS=VDD/2, VDS=VDD); IH=IDS(VGS=VDD, VDS=VDD/2), 

Na, IEDM’2002
Von Arnim, IEDM’2007
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DIBL Matters
• A. Loke, VLSI’16

FinFET, FDSOI – less DIBL
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Effective Current in Stacks

Von Arnim, IEDM’2007

Add linear current, I3
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Standard Cells
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Standard Cell Inverter

• Schematic and layout
(in a planar bulk process, ~250nm)

Polysilicon

In Out

VDD

GND

PMOS 2λ

Metal 1

NMOS

OutIn

VDD

PMOS

NMOS

Contacts

N Well

25

• Pitches are integer multiples of λ

EECS251B L12 STANDARD CELLS



Two Inverters

EECS251B L12 STANDARD CELLS 26

Connect in Metal

Share power and ground

Abut cells

VDD

Delay is additive



SkyWater 130nm Standard Cells
• Library options
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OutA OutA

VDD  

M2

M1  

VDD

• Multiple gate sizes within a library 

INVX1

OutA

VDD

INVX2

INVX3, 

INVX4,… 

Wp/L

Wn/L

OutA

VDD  

M2

M1  

2Wp/L

2Wn/L

• Symbol • Schematic • Layout



SkyWater 130nm Standard Cells

Local interconnect

EECS251B L12 STANDARD CELLS 28

https://isn.ucsd.edu/courses/beng207/lectures/
Tim_Edwards_2021_slides.pdf



FinFET Standard Cells

29

V. Vashishtha, ICCAD’17

ASAP7
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ASAP7 Standard Cells
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ASAP7 Standard Cells
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ASAP7 Standard Cells
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ASAP7 Standard Cells
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ASAP7 Standard Cells
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ASAP7 Standard Cells
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ASAP7 Standard Cells
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ASAP7 Standard Cells

38EECS251B L12 STANDARD CELLS



ASAP7 Standard Cells

39EECS251B L12 STANDARD CELLS



ASAP7 Standard Cells
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ASAP7 Standard Cells
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ASAP7 Latch
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Standard Cell Scaling Beyond N3

• Fin depopulation

43

• Nanosheet cell

• Stacked CMOS with buried power rails
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Summary

• Leakage is hugely important

• Delay is modeled through equivalent R, C
• We will see other models later

• Standard cells are an established abstraction layer today
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Next Lecture

• Gate models
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