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• 1993 𝝓𝒔-based model (SBMICRO, Campinas, Br)

• 1995 Long-channel charge-based model (SSE, Nov.)

• 1996 gm/ID model (SBMICRO, Aguas de Lindoia, Br) 

• 1997 Unified current control model (ISCAS, Hong Kong)

• 1998 Most referenced ACM paper (JSSC, Oct.)

• 2000 ACM model in SMASH simulator ( CICC, Orlando)

• 2021 4-parameter single-piece model (NorCAS, Oslo)

• 2023 ACM2 in VERILOG-AMS ( NEWCAS, Edinburgh) 

Bento Gonçalves Feb 2025

ACM timeline 
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The capacitive model of the MOSFET

+    +   +   +   +   +   +   
+   +
--- -- --
-
-
- -- ---- - - - -
-

-
VG

p-substrate

Δ𝜙𝑠

Δ𝑉𝐺
=

𝐶𝑜𝑥

𝐶𝑜𝑥 + 𝐶𝑏
=

1

𝑛
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𝐬 surface potential 

GV

s
+ _

+

_

𝐶𝑜𝑥

𝐶𝑏 𝑄𝐵

𝐶𝑖 = 0

𝑄𝐼 = 0

Cox oxide capacitance per unit area

 Cb depletion capacitance per unit area

 QI  carrier charge density

  VT0 threshold voltage 

𝜙𝑠 = 2𝜙𝐹 +
𝑉𝐺 − 𝑉𝑇0

𝑛
= 2𝜙𝐹 + 𝑉𝑃
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Drain current model: main simplifications 

Bento Gonçalves Feb 2025

𝐼𝐷 = 𝜇𝑊 −𝑄𝐼

𝑑𝜙𝑠

𝑑𝑦
+ 𝜙𝑡

𝑑𝑄𝐼

𝑑𝑦

𝑑𝑄𝐼 = 𝑛𝐶𝑜𝑥𝑑𝜙𝑠 

QI   carrier charge density  

drift Diffusion 

W   transistor width

𝜇 carrier mobility 

𝒕 thermal voltage 

26 mV @ 300K  
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First approximation ACM2

Second approximation ACM2



𝜇 =
𝜇𝑠

1 +
𝜇𝑠

𝑣𝑙𝑖𝑚

𝑑𝜙𝑆
𝑑𝑦

𝑑𝜙𝑆

𝑑𝑦
= −𝐹

F: longitudinal electrical field

𝑣𝑙𝑖𝑚

𝜇𝑠
= 𝐹𝐶

vlim

v

F

s

FC

Velocity saturation

Allows analytical integration for ID

𝜙𝑆: surface potential 
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Third approximation ACM2 



ACM2 current law

𝐼𝑆 =
𝑊

𝐿
𝜇𝑠𝑛𝐶𝑜𝑥

𝜙𝑡
2

2

𝑖𝐷 =
𝑞𝑆 + 𝑞𝐷 + 2

1 + 𝜁 𝑞𝑆 − 𝑞𝐷
𝑞𝑆 − 𝑞𝐷

𝑞𝑆(𝐷) = 𝑄𝑆(𝐷)/ −𝑛𝐶𝑜𝑥𝜙𝑡

From the 3 approximations: 

normalized current vs. normalized 

charge densities at source and drain 

𝑖𝐷 = 𝐼𝐷/𝐼𝑆 normalization (specific) current

ratio of diffusion-related velocity to saturation velocity

𝜁 =
𝜇𝑠𝜙𝑡/𝐿

𝑣𝑙𝑖𝑚
Short-channel parameter 𝜁 :
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−𝑛𝐶𝑜𝑥𝜙𝑡 thermal charge 

SI : qS(D) >> 1   WI : qS(D) << 1
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Physics-based saturation

z

y

x
W t

ID

QDsat is the saturation inversion charge per unit area

𝐼𝐷𝑠𝑎𝑡 = −𝑊𝑄𝐷𝑠𝑎𝑡 𝑣𝑙𝑖𝑚

vlim
vlim

vlim

vlim

vlim

or, using normalized variables

𝑖𝐷𝑠𝑎𝑡 =
2

𝜁
𝑞𝑑𝑠𝑎𝑡
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Saturation current due to saturation velocity of the carriers

“Carrier velocity approaches vsat, but never reaches vsat”
Y.Taur TED March 2019 
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Physics-based saturation: design model

𝑖𝐷𝑠𝑎𝑡 =
2

𝜁
𝑞𝑑𝑠𝑎𝑡 𝑖𝐷𝑠𝑎𝑡 =

𝑞𝑆 + 𝑞𝐷𝑠𝑎𝑡 + 2

1 + 𝜁 𝑞𝑆 − 𝑞𝐷𝑠𝑎𝑡
𝑞𝑆 − 𝑞𝐷𝑠𝑎𝑡

𝑞𝐷𝑠𝑎𝑡 = 𝑞𝑠 + 1 +
1

𝜁
− 1 +

1

𝜁

2

+
2𝑞𝑆

𝜁

Bento Gonçalves Feb 2025

𝑞𝑠 = 1 +
2

ζ 𝑞𝑑𝑠𝑎𝑡 − 1+ 𝑞𝑑𝑠𝑎𝑡

or equivalently
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The Unified Charge Control Model (UCCM)
𝑉𝑃 − 𝑉𝐶

𝜙𝑡
= 𝑞𝐼 − 1 + ln 𝑞𝐼

The “Regional” Weak (WI) and Strong Inversion (SI) Approximations 
 WI                                                         SI

𝑞𝐼 ≅ 𝑒
𝑉𝑃−𝑉𝐶+𝜙𝑡

𝜙𝑡

𝑞𝐼 ≪ 1 → 𝑉𝑃 − 𝑉𝐶 ≪- 𝜙𝑡

Error <10% for   
 

𝑞𝐼 < 0.22

𝑞𝐼 ≫ 1 → 𝑉𝑃 − 𝑉𝐶 ≫ 𝜙𝑡

𝑞𝐼 ≅
𝑉𝑃 − 𝑉𝐶 + 𝜙𝑡

𝜙𝑡

Error <10% for 𝑞𝐼 > 20

13

𝑉𝑆 ≤ 𝑉𝐶 ≤ 𝑉𝐷

𝑉𝐷𝑆

𝜙𝑡
= 𝑞𝑆 − 𝑞𝐷 + ln

𝑞𝑆

𝑞𝐷

𝑞𝑆 ≤ 𝑞𝐼 ≤ 𝑞𝐷



UCCM  including the effect of velocity saturation

𝑉𝐷𝑆

𝜙𝑡
= 𝑞𝑆 − 𝑞𝐷 + ln

𝑞𝑆

𝑞𝐷

𝑉𝐷𝑆

𝜙𝑡
= 𝑞𝑆 − 𝑞𝐷 + ln

𝑞𝑆 − 𝑞𝐷𝑠𝑎𝑡

𝑞𝐷 − 𝑞𝐷𝑠𝑎𝑡

𝑖𝐷 =
𝑞𝑆 + 𝑞𝐷 + 2

1 + 𝜁 𝑞𝑆 − 𝑞𝐷
𝑞𝑆 − 𝑞𝐷

Bento Gonçalves Feb 2025 14



Output curves including DIBL and 𝒗𝒔𝒂𝒕

Bento Gonçalves Feb 2025

Transisto
r

𝑾/𝑳
(𝝁𝒎/𝝁𝒎)

𝑽𝑻𝟎 (𝒎𝑽) 𝑰𝑺 (𝝁𝑨) n 𝝈 𝜻

NMOS2V 𝟓/𝟎. 𝟏𝟖 528 5.52 1.37 0.025 0.056

𝐷𝐼𝐵𝐿 𝑚𝑜𝑑𝑒𝑙: 𝑉𝑇 = 𝑉𝑇0 − 𝜎 𝑉𝑆 + 𝑉𝐷
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Long-channel charge-based model 

𝐼𝐷 = 𝐼𝑆

𝑞𝑆 + 𝑞𝐷 + 2

1 + 𝜁 𝑞𝑆 − 𝑞𝐷
𝑞𝑆 − 𝑞𝐷

𝑉𝑃 − 𝑉𝑆

𝜙𝑡
= 𝑞𝑆 − 1 + ln 𝑞𝑆

Bento Gonçalves Feb 2025

𝑉𝐷𝑆

𝜙𝑡
= 𝑞𝑆 − 𝑞𝐷 + ln

𝑞𝑆 − 𝑞𝐷𝑠𝑎𝑡

𝑞𝐷 − 𝑞𝐷𝑠𝑎𝑡

16

𝐹𝑜𝑟 𝑙𝑜𝑛𝑔 𝑐ℎ𝑎𝑛𝑛𝑒𝑙 𝑀𝑂𝑆 𝜁=0 → 𝑞𝐷𝑠𝑎𝑡=0  

𝐼𝐷 = 𝐼𝑆 𝑞𝑆 + 𝑞𝐷 + 2 𝑞𝑆 − 𝑞𝐷 = 𝐼𝑆 𝑞𝑆
2 + 2𝑞𝑆 − 𝑞𝐷

2 + 2𝑞𝐷

𝐹𝑜𝑟 𝑠ℎ𝑜𝑟𝑡 𝑐ℎ𝑎𝑛𝑛𝑒𝑙 𝑀𝑂𝑆

𝑉𝑃 − 𝑉𝑆(𝐷)

𝜙𝑡
= 𝑞𝑆(𝐷) − 1 + ln 𝑞𝑆(𝐷)

𝑑𝐼𝐷

𝑑𝑞𝐷
= −2𝐼𝑆 𝑞𝐷 + 1Obs: 𝑑𝑞𝐷

𝑑𝑉𝐷
= −

1

𝜙𝑡

𝑞𝐷

𝑞𝐷 + 1
𝑑𝑞𝑆(𝐷)

𝑑𝑉𝐺
= −

1

𝑛

𝑑𝑞𝑆(𝐷)

𝑑𝑉𝑆(𝐷)



𝑔𝑚 =
𝑔𝑚𝑠 − 𝑔𝑚𝑑

𝑛
𝑔𝑚 =

𝑔𝑚𝑠

𝑛
in saturation

Small-signal transconductances

Bento Gonçalves Feb 2025 18

𝑔𝑚𝑑 =
𝑑𝐼𝐷

𝑑𝑉𝐷
=

𝑑𝐼𝐷

𝑑𝑞𝐷

𝑑𝑞𝐷

𝑑𝑉𝐷
= 2𝐼𝑆 𝑞𝐷 + 1

1

𝜙𝑡

𝑞𝐷

𝑞𝐷 + 1
=

2𝐼𝑆

𝜙𝑡
𝑞𝐷

𝑔𝑚𝑠 =
2𝐼𝑆

𝜙𝑡
𝑞𝑆

𝑔𝑚 =
𝑑𝐼𝐷

𝑑𝑉𝐺
=

𝑑𝐼𝐷

𝑑𝑞𝑆

𝑑𝑞𝑆

𝑑𝑉𝐺
+

𝑑𝐼𝐷

𝑑𝑞𝐷

𝑑𝑞𝐷

𝑑𝑉𝐺

𝑑𝑞𝑆(𝐷)

𝑑𝑉𝐺
= −

1

𝑛

𝑑𝑞𝑆(𝐷)

𝑑𝑉𝑆(𝐷)

Symmetry
Amazingly simple

(see Appendix)



𝐼𝐷 = 𝐼𝑆 𝑞𝑆
2 + 2𝑞𝑆 − 𝑞𝐷

2 + 2𝑞𝐷

(A) can also be written as

𝐼𝐷 = 𝐼𝐹 − 𝐼𝑅 = 𝐼𝑆 𝑖𝑓 − 𝑖𝑟

𝑖𝑓 𝑟 = 𝑞𝑆(𝐷)
2 + 2𝑞𝑆(𝐷) : forward (reverse) inversion coefficients   

Unified Current Control Model (UICM)-I

𝐼𝐹 , 𝐼𝑅 : forward and reverse currents

(A)

(B)

Bento Gonçalves Feb 2025 19

𝑞𝑆(𝐷) = 1 + 𝑖𝑓(𝑟) − 1



𝑞𝑆(𝐷) = 1 + 𝑖𝑓(𝑟) − 1

𝑉𝑃 − 𝑉𝑆 𝐷

𝜙𝑡
= 1 + 𝑖𝑓(𝑟) − 2 + ln 1 + 𝑖𝑓(𝑟) − 1

Normalized UICM

Unified Current Control Model (UICM)-II

𝑉𝐷𝑆

𝜙𝑡
= 𝑞𝑆 − 𝑞𝐷 + ln

𝑞𝑆

𝑞𝐷
= 1 + 𝑖𝑓 − 1 + 𝑖𝑟 + ln

1 + 𝑖𝑓 − 1

1 + 𝑖𝑟 − 1

Bento Gonçalves Feb 2025 20

𝑉𝑃 − 𝑉𝑆 𝐷

𝜙𝑡
= 𝑞𝑆(𝐷) − 1 + ln 𝑞𝑆(𝐷)



𝑔𝑚 =
𝑔𝑚𝑠 − 𝑔𝑚𝑑

𝑛

𝑔𝑚

𝐼𝐷
=

2

𝑛𝜙𝑡 1 + 𝑖𝑓 + 1 + 𝑖𝑟

𝑔𝑚𝑠(𝑑) =
2𝐼𝑆

𝜙𝑡
1 + 𝑖𝑓(𝑟) − 1 =

𝑊

𝐿
𝜇𝐶𝑜𝑥𝑛𝜙𝑡 1 + 𝑖𝑓(𝑟) − 1

For VDS/t<<1 we have ifir

𝑔𝑚

𝐼𝐷
≅

1

𝑛𝜙𝑡 1 + 𝑖𝑓

In saturation if>>ir 

𝑔𝑚

𝐼𝐷
≅

2

𝑛𝜙𝑡 1 + 𝑖𝑓 + 1

gm/ID

Bento Gonçalves Feb 2025 21
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Intrinsic gain stages: common-source 
and common-emitter amplifiers
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Small-signal circuit and frequency 
response of the CS and CE amplifiers

;     m
o i b

L

g
v v

j C
 


 − 

m
u

L

g

C
 =
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Design of the CE and CS amplifiers

BJT in the direct active region 

( ) 1v uA  =

2C m t L tI g GB C  = =   
/BE tV

C SI I e


=

2m u L Lg C GB C = =  

MOSFET in saturation
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𝐼𝐷 = 𝑛𝑔𝑚𝜙𝑡

1 + 𝑖𝑓 + 1

2
= 𝑛𝑔𝑚𝜙𝑡 1 +

𝑔𝑚

2𝜇𝐶𝑜𝑥𝜙𝑡 𝑊/𝐿



Aspect ratio vs. current excess in 
MOSFET design

( )

( )

/
1

/

th
D WI

W L
I I

W L

 
= + 

  

( ) 2
/

4
2

m t

th
t

ox

ng
W L

nC






=
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Appendix: the exact model of the long-
channel MOSFET1

1 H. C. Pao and C. T. Sah, ‘Effects of diffusion current on characteristics of 

metal-oxide (insulator)-semiconductor transistors” Solid-State Electronics, Oct 

1966

𝑔𝑚𝑑 =
𝑑𝐼𝐷

𝑑𝑉𝐷
= −

𝑊

𝐿
𝜇𝑄𝐷=

2𝐼𝑆

𝜙𝑡
𝑞𝐷

𝐼𝐷 = −
𝑊

𝐿
𝑉𝑆׬

𝑉𝐷 𝜇𝑄𝐼 𝑉𝐶 𝑑 𝑉𝐶

Consequently, the exact expressions for gms and gmd are  

𝑔𝑚𝑠 = −
𝑑𝐼𝐷

𝑑𝑉𝑆
= −

𝑊

𝐿
𝜇𝑄𝑆=

2𝐼𝑆

𝜙𝑡
𝑞𝑆
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ACM2: A simple 5-DC-parameter MOSFET model

𝑉𝑃 =
𝑉𝐺𝐵 − 𝑽𝑻𝟎 + 𝝈 𝑉𝐷𝐵 + 𝑉𝑆𝐵

𝒏

𝑉𝑃 − 𝑉𝑆𝐵

𝜙𝑡
= 𝑞𝑠 − 1 + ln 𝑞𝑠

𝑞𝑑𝑠𝑎𝑡 = 𝑞𝑠 + 1 +
1

ζ
− 1 +

1

ζ

2

+
2𝑞𝑠

ζ

𝐼𝐷 = 𝑰𝑺

𝑞𝑠 + 𝑞𝑑 + 2

1 + 𝜻 𝑞𝑠 − 𝑞𝑑
𝑞𝑠 − 𝑞𝑑

𝑉𝐷𝑆

𝜙𝑡
= 𝑞𝑠 − 𝑞𝑑 + ln

𝑞𝑠 − 𝑞𝑑𝑠𝑎𝑡

𝑞𝑑 − 𝑞𝑑𝑠𝑎𝑡

Specific 

current

𝑰𝑺 (W,L)

Threshold 

voltage

𝑽𝑻𝟎 (W,L)

Slope 

factor

𝒏 (W,L)

DIBL 

factor

𝝈 (W,L)

Vsat

effect

𝜻 (W,L)

Used to calculate 𝑞𝑠

Used to calculate 𝑞𝑑
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3PM-ACM model in a nutshell

𝑉𝑃 − 𝑉𝑆(𝐷)𝐵

𝜙𝑡
= 1 + 𝑖𝑓(𝑟) − 2 + ln 1 + 𝑖𝑓(𝑟) − 1

𝐼𝐷 = 𝐼𝑆 𝑖𝑓 − 𝑖𝑟 𝐼𝑆 = 𝜇𝐶𝑜𝑥𝑛
𝜙𝑡

2

2

𝑊

𝐿
= 𝐼𝑆𝐻

𝑊

𝐿

𝑉𝑃 ≅
𝑉𝐺𝐵 − 𝑉𝑇0

𝑛

𝑔𝑚 =
𝑔𝑚𝑠 − 𝑔𝑚𝑑

𝑛

𝑔𝑚

𝐼𝐷
=

𝑑 ln 𝐼𝐷

𝑑𝑉𝐺
=

2

𝑛𝜙𝑡 1 + 𝑖𝑓 + 1 + 𝑖𝑟

𝑔𝑚𝑠(𝑑) =
2𝐼𝑆

𝜙𝑡
1 + 𝑖𝑓(𝑟) − 1

where

𝑉𝐷𝑆

𝜙𝑡
= 1 + 𝑖𝑓 − 1 + 𝑖𝑟 + ln

1 + 𝑖𝑓 − 1

1 + 𝑖𝑟 − 1

If we choose 𝑖𝑓 = 3 𝑉𝐺𝐵 = 𝑽𝑻𝟎

DC eqs

𝑊

𝐿
=

𝑔𝑚𝑠(𝑑)𝜙𝑡

2𝐼𝑆𝐻 1 + 𝑖𝑓(𝑟) − 1
Small –signal
eqs

Nancy, November 2024

𝑅𝐻𝑆 = 0

32



IS ,VT0 and n extraction

𝐼𝐷 = 0.88 × 𝑰𝑺

𝑔𝑚

𝐼𝐷
=

0.531

𝑛𝜙𝑡

𝑉𝐺𝐵 = 𝑽𝑻𝟎

𝑔𝑚

𝐼𝐷 𝑚𝑎𝑥

≅
1

𝒏𝜙𝑡

T h e 𝑔𝑚/𝐼𝐷  m e t h o d

Let us choose: 𝑉𝐷𝑆= ൗ𝜙𝑡
2 and 𝑖𝑓 = 3

𝑉𝐷𝑆

𝜙𝑡
= 1 + 𝑖𝑓 − 1 + 𝑖𝑟 + ln

1 + 𝑖𝑓 − 1

1 + 𝑖𝑟 − 1

𝑽𝑫𝑺 =
𝝓𝒕

𝟐

𝑰𝑫

𝑽𝑮𝑩

𝐼𝐷 = 𝐼𝑆 𝑖𝑓 − 𝑖𝑟

𝑔𝑚

𝐼𝐷
=

𝑑 ln 𝐼𝐷

𝑑𝑉𝐺
=

2

𝑛𝜙𝑡 1 + 𝑖𝑓 + 1 + 𝑖𝑟

𝑔𝑚

𝐼𝐷
=

0.531

𝑛𝜙𝑡
= 0.531

𝑔𝑚

𝐼𝐷 𝑚𝑎𝑥

𝐼𝐷 = 3 − 2.12 𝐼𝑆 = 0.88 𝐼𝑆

Thus : 𝑖𝑟 = 2.12

𝑾

𝑳
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Outline

• ACM2 : 

• Parameter Extraction

• VT0, IS and n

• Sigma & Zeta 

• DC characteristics 

• Transconductances in Saturation

• Example: Inverter CMOS

• Overview of Open-source environment

• Automatic parameter extraction
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ACM2 : Transconductances in saturation

IS = μCoxn
ϕt

2

2

W

L
= ISH

W

Lwhere

𝑔𝑚𝑠𝑎𝑡3 =
16𝐼𝑆

𝑛𝜙𝑡
3

𝑞𝑠

𝑞𝑠 + 1 3

2 − 2ζ𝑞𝑠 − 3ζ𝑞𝑠
2

ζ𝑞𝑠 + 2 4

𝑔𝑚𝑠𝑎𝑡 =
2𝐼𝑆

𝑛𝜙𝑡

𝑞𝑠

1 + ζ 𝑞𝑠 + 1

𝐼𝐷𝑠𝑎𝑡 =
2IS

ζ
𝑞𝑑𝑠𝑎𝑡

𝑔𝑚 ≜
𝜕𝐼𝐷𝑠𝑎𝑡

𝜕𝑉𝐺
𝑔𝑑 ≜

𝜕𝐼𝐷𝑠𝑎𝑡

𝜕𝑉𝐷

𝑞𝑑𝑠𝑎𝑡 = 𝑞𝑠 + 1 +
1

𝜁
− 1 +

1

𝜁

2

+
2𝑞𝑠

𝜁

𝑔𝑑𝑠𝑎𝑡 = σ𝑔𝑚𝑠𝑎𝑡

𝑔𝑚𝑠𝑎𝑡3 ≜
𝜕3𝐼𝐷𝑠𝑎𝑡

𝜕𝑉𝐺
3Definitions

Transconductances in terms of 𝑞𝑠:

𝑔𝑑𝑠𝑎𝑡 = σ
2𝐼𝑆

𝑛𝜙𝑡

𝑞𝑠

1 + ζ 𝑞𝑠 + 1
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Extraction of σ

Common -Source  Intr ins ic -Gain  method

𝐴𝑉,𝐶𝑆 =
Δ𝑣𝐷

Δ𝑣𝐺
= −

𝑔𝑚𝑠𝑎𝑡

𝑔𝑑𝑠𝑎𝑡
=

𝜕𝐼𝐷𝑠𝑎𝑡
𝜕𝑉𝐺

𝜕𝐼𝐷𝑠𝑎𝑡
𝜕𝑉𝐷

= −

2𝐼𝑆
𝑛𝜙𝑡

𝑞𝑠

1 + ζ 𝑞𝑠 + 1

𝜎
2𝐼𝑆
𝑛𝜙𝑡

𝑞𝑠

1 + ζ 𝑞𝑠 + 1

= −
1

𝜎

≈ −𝟑𝟖

𝐴𝑉,𝐶𝑆 = −
1

𝜎

𝜎 = −
1

(−38)

𝜎 = 0.026𝑾

𝑳

36

In saturation : 𝑔𝑑𝑠𝑎𝑡 = 𝛔𝑔𝑚𝑠𝑎𝑡

Example:



ζ extraction 𝑖𝑑𝑠𝑎𝑡 =
2

ζ
𝑞𝑑𝑠𝑎𝑡

ζ =
2 𝑞𝑠 + 1 − 1 + 𝑖𝑑𝑠𝑎𝑡

𝑖𝑑𝑠𝑎𝑡• 𝑞𝑠 calculated using 

parameters (𝑽𝑻𝟎, 𝒏, 𝝈) and 

UCCM. 

𝑞𝑠 = 1 +
2

ζ 𝑞𝑑𝑠𝑎𝑡 − 1+ 𝑞𝑑𝑠𝑎𝑡

𝑽𝑫𝑺 = 𝑽𝑫𝑫𝒎𝒂𝒙

𝑰𝑫𝒔𝒂𝒕

𝑽𝑮𝑩 = 𝑽𝑫𝑫𝒎𝒂𝒙

𝑉𝑃 =
𝑉𝐺𝐵 − 𝑽𝑻𝟎 + 𝝈 𝑉𝐷𝐵 + 𝑉𝑆𝐵

𝒏

𝑉𝑃 − 𝑉𝑆 𝐷 𝐵

𝜙𝑡
= 𝑞𝑠 − 1 + ln 𝑞𝑠

• Measure 
𝐼𝐷𝑠𝑎𝑡 = 𝐼𝐷 𝑉𝐺 = 𝑉𝐷 = 𝑉𝐷𝐷𝑚𝑎𝑥 𝑎𝑛𝑑 𝑉𝑆 = 𝑉𝐵        

𝑖𝑑𝑠𝑎𝑡 = 𝐼𝐷𝑠𝑎𝑡/𝐼𝑆.

𝑽𝑫𝑫𝒎𝒂𝒙

𝒊𝒅𝒔𝒂𝒕

𝑾

𝑳
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Outline

• ACM2 : 

• Parameter Extraction

• VT0, IS and n

• Sigma & Zeta 

• DC characteristics 

• Transconductances in Saturation

• Example: Inverter CMOS

• Overview of Open-source environment

• Automatic parameter extraction

38



Qucs-S: Quite universal circuit simulator with SPICE

VERILOG-A

(Model Equations)

OPENVAF

Qucsator

XYCE

SG13G2 PDK 

Simulation setup:

Nancy, November 2024 39



Qucs-S: Quite universal circuit simulator with SPICE

• Ngspice simulations:
• DC
• AC 
• TRAN
• S-parameters
• Noise
• Fourier

Diagram resultsTabular results

Device path for the MOS model and parameters (IHP pdk)

Circuit
Schematic

Simulations
Control

Input eqs.

40



ACM2¹ vs PSP – 130 nm SiGe IHP²
𝑰𝑫 𝒗𝒔 𝑽𝑮𝑩

Characteristics of a LVT NMOS bulk transistor with W /L = 10μm/ 120 nm.

¹ ACM2 : implemented in verilog-A, compiled by OPENVAF, simulated in Ngspice
2 Institut for High-Performance Microelectronics (IHP) open-source PDK 

41



5PM-ACM2 : Transconductance gm, gm3 and gds

42



CMOS Inverter in 130 nm bulk

VTC and short-circuit current 

43



CMOS Inverter in 130 nm bulk
Output Voltage and pull-down current 

44



Outline

• ACM2 : 

• Parameter Extraction

• VT0, IS and n

• Sigma & Zeta 

• DC characteristics 

• Transconductances in Saturation

• Example: Inverter CMOS

• Overview of Open-source environment

• Automatic parameter extraction
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Open-Source IC design

• Chipathon - SSCS  2021 :)

•  Analog-front-end for Biosignals – AFEbio

• Chipathon-SSCS 2023 & UNIC-CASS 2023

•  Analog IC design

• Mentor in                                                      2024

46

Open-Source Design of Integrated Networks



Useful links:

• Qucs-S oficial page: https://ra3xdh.github.io/

• Qucs-S iterative doc: https://qucs-s-help.readthedocs.io/

• Ngspice oficial page : https://ngspice.sourceforge.io/index.html

• Google Colab: ACM2 & LNA design: 

https://colab.research.google.com/drive/1s3PKF6pf3zIhlTj6jc-

qhCLIcGfJ_UEE?usp=sharing

Let’s go to Qucs-S!

47
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IS0 ,VT0 and n extraction

𝐼𝐷 = 0.88 × 𝑰𝑺

𝑔𝑚

𝐼𝐷
=

0.531

𝑛𝜙𝑡

𝑉𝐺𝐵 = 𝑽𝑻𝟎

𝑔𝑚

𝐼𝐷 𝑚𝑎𝑥

≅
1

𝒏𝜙𝑡

T h e 𝑔𝑚/𝐼𝐷  m e t h o d

We identify the ቚ
𝑔𝑚

𝐼𝐷 𝑚𝑎𝑥
→ 𝒏

𝑽𝑫𝑺 =
𝝓𝒕

𝟐

𝑰𝑫

𝑽𝑮𝑩

We calculate 0.531 ቚ
𝑔𝑚

𝐼𝐷 𝑚𝑎𝑥
→ 𝑽𝑻𝑶

We read the value of 𝐼𝐷 → 𝑰𝑺

Practical part →Go to QuCS !
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𝑮𝒊𝒕𝒉𝒖𝒃 − 𝑨𝑪𝑴2

Github - Content

Verilog-A code Available!

&

49



Part 3
Analog IC design

Márcio Cherem Schneider

https://github.com/ACMmodel/MOSFET_model



Analog circuit design

1. Current mirrors

2. High-swing cascode current mirror

3. Current gain schemes

4. Current and voltage references

5. Single-stage amplifiers

Outline
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ACM2 applied to weak inversion

2

2

t
S s ox SH

W
I nC SI

L


= =

𝑖𝐷 = Τ𝐼𝐷 𝐼𝑆 = 2 𝑞𝑆 − 𝑞𝐷

𝑞𝑆(𝐷) = 𝑄𝑆(𝐷)/ −𝑛𝐶𝑜𝑥𝜙𝑡

normalization (specific) current

ratio of diffusion-related velocity to saturation velocity

WI : qS(D) << 1

ACM2 parameters: 𝑉𝑇0, 𝐼𝑆, n, , 𝜁

𝑞𝑆(𝐷) = 𝑒
(
𝑉𝑃−𝑉𝑆 𝐷 𝐵

𝜙𝑡
+1)

𝑉𝑃 =
𝑉𝐺𝐵 − 𝑉𝑇0 − 𝜎 𝑉𝐷𝐵 +𝑉𝑆𝐵

𝑛

Τ𝐼𝐷 𝐼𝑆 = 𝑖𝑓 − 𝑖𝑟 = 𝐼𝐹 − 𝐼𝑅 /𝐼𝑆

UCCM
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VDD

iin

+

v

-

iout

vD
+

-
M1 M2

1:1

M1: i→v converter

M2: v→i converter
Basic principle VG1=VG2; VS1=VS2; VB1=VB2; 

vout>VDsat → ioutiin

M1=M2

What’s this saturation voltage VDsat? No clear definition.

1. Current mirrors

iD

vD

locus vD=vG

(input MOSFET)

iin

VG1

VG1=VG2

vDsat

? ?

output 

MOSFET

𝑉𝐷𝑆𝑠𝑎𝑡 ≅ 𝜙𝑡 1 + 𝑖𝑓 + 3An approximation for the saturation voltage:
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𝐼𝑜𝑢𝑡

𝐼𝑖𝑛
=

𝐼𝑆𝑓 𝑉𝐺 − 𝑉𝑇 , 𝑉𝑆 1 + 𝑉𝑜𝑢𝑡/𝑉𝐴

𝐼𝑆𝑓 𝑉𝐺 − 𝑉𝑇 , 𝑉𝑆 1 + 𝑉𝑖𝑛/𝑉𝐴

𝐼𝑜𝑢𝑡 − 𝐼𝑖𝑛

𝐼𝑖𝑛
≅

𝑉𝑜𝑢𝑡 − 𝑉𝑖𝑛

𝑉𝐴

VDD

Iin

+

v

-

Iout

vout
+

-
M1

M2

1:1

Error due to difference in drain voltages

ID

VD-VA

Linear approximation 

𝑉𝐴 is non-physical

A simple case: error for weak inversion 

using ACM2 

𝐼𝑖𝑛 = 𝐼𝐹1 − 𝐼𝑅1 = 𝐼𝐹1 1 − 𝑒−𝑉𝑖𝑛/𝜑𝑡

𝐼𝑜𝑢𝑡 = 𝐼𝐹2 − 𝐼𝑅2 = 𝐼𝐹2 1 − 𝑒−𝑉𝑜𝑢𝑡/𝜑𝑡

𝐼𝐹2 = 𝐼𝐹1𝑒𝜎(𝑉𝑜𝑢𝑡−𝑉𝑖𝑛)/𝑛𝜑𝑡

𝑰𝒐𝒖𝒕

𝑰𝒊𝒏
= 𝑒

𝜎(𝑉𝑜𝑢𝑡−𝑉𝑖𝑛)

𝑛𝜑𝑡
1−𝑒−𝑉𝑜𝑢𝑡/𝜑𝑡

1−𝑒−𝑉𝑖𝑛/𝜑𝑡

𝑰𝒐𝒖𝒕

𝑰𝒊𝒏
 𝑒

𝜎(𝑉𝑜𝑢𝑡−𝑉𝑖𝑛)

𝑛𝜑𝑡   for 𝑉𝑜𝑢𝑡 & 𝑉𝑖𝑛 ≫ 𝜑𝑡

1. Current mirrors
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Weak inversion  

if<1
𝐼𝐷 = 𝐼0𝑒

𝑉𝐺−𝑉𝑇
𝑛

/𝜑𝑡 1 − 𝑒−𝑉𝐷/𝜑𝑡 = 𝐼𝐹 1 −
𝐼𝑅

𝐼𝐹

𝐼0 = 2𝐼𝑆𝑒1 𝑉𝑇 ≅ 𝑉𝑇0 − 𝜎 𝑉𝑆𝐵 + 𝑉𝐷𝐵

Dependence of the output current (conductance) on the output voltage 

VDD

iin

+

v

-

ID

vD
+

-
M1 M2

1:1

𝐼𝐹

𝑉𝐷/𝜑𝑡

𝜑𝑡

𝑔𝑚𝑑

𝐼𝐷

2 3        4        5

𝜎/𝑛

1. Current mirrors

𝜑𝑡
𝑔𝑚𝑑

𝐼𝐷
=

1

𝐼𝐷

𝑑𝐼𝐷

𝑑𝑉𝐷
=

𝑑ln𝐼𝐷

𝑑𝑉𝐷
=

𝜎

𝑛
+

𝐼𝐹

𝐼𝐷
𝑒−𝑉𝐷/𝜑𝑡 (A)
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VDD

iin
iout

vout=vin

+

-
M1

M2

1:1

+

vin

-

𝜎2 𝐼𝐷

𝐼𝐷
2 ≈

2

𝑊𝐿
𝐴𝜷

2 +
𝐴𝑉𝑇

𝑛𝜙𝑡

2
2

1 + 𝑖𝑓 + 1

2

Using Pelgrom’s model

In general, this is the 

prevailing term 

Error due to mismatch
Main contributors to mismatch: 𝐼𝑆 & 𝑉𝑇 

Δ𝐼𝐷 ≅
𝑑𝐼𝐷

𝑑𝐼𝑆
Δ𝐼𝑆 +

𝑑𝐼𝐷

𝑑𝑉𝑇
Δ𝑉𝑇

𝑑𝐼𝐷

𝑑𝑉𝑇
= −

𝑑𝐼𝐷

𝑑𝑉𝐺
= −𝑔𝑚

𝑔𝑚/𝐼𝐷

For uncorrelated 

mismatch sources:

1. Current mirrors

𝐼𝐷 = 𝐼𝑆𝑓 𝑉𝐺 − 𝑉𝑇 (B)

S mD
T

D S D

I gI
V

I I I


 − 

(C)

( ) ( )
( )

22 2

2

2 2

D S m
T

D S D

I I g
V

I I I

 
 +  

 

 


(D)
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Dependence of current matching on inversion level in linear and saturation regions 

|VDS| = 20 mV and |VDS| = 2 V, respectively, for the large, medium-size, and small 

PMOS transistor pairs. Statistics determined for 18 pairs of transistors.

Error due to mismatch

IB

M2

iD1

M3

iD2

M1

vD1
vD2

vD1=vD2

+ +

𝝐𝒊 = ቚ
𝒊𝑫𝟏−𝒊𝑫𝟐

𝒊𝑫𝟏+𝒊𝑫𝟐 /𝟐 𝒊

𝝈𝟐

𝑰𝑫
𝟐 =

𝟏

𝑵
෍

𝒊=𝟏

𝑵

𝜺𝒊
𝟐

1. Current mirrors

~16 x

>16 x 0.35 um 

technology

𝜎2 𝐼𝐷

𝐼𝐷
2 ≈

2

𝑊𝐿
𝐴𝐼𝑆𝐻

2 +
𝐴𝑉𝑇

𝑛𝜙𝑡

2
2

1 + 𝑖𝑓 + 1

2
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Assume M1M2M3 M4

▪ If M4 operates in saturation, then VXVY 

and Iout Iin

▪ Vout is transferred to VX with attenuation 

(
𝑔𝑚𝑑4

𝑔𝑚𝑠4
) of common-gate gain

▪ Input constraint: VDD> VCS,min+VGS3+VGS1

▪ Output constraint: Vout> VGS1+VDS4,sat for 

saturation of M4 (In most cases, VGS> VDS,sat)

▪ The output conductance:

𝒚𝒐=
𝒊𝒐𝒖𝒕

𝒗𝒐𝒖𝒕
≈ 𝒈𝒎𝒅𝟐

𝒈𝒎𝒅𝟒

𝒈𝒎𝒔𝟒

SBCCM is not a low-voltage current mirror

Self-biased cascode current mirror (SBCCM) 

Node X follows 

approximately node Y

VDD

iin

+

v

-

iout

vout

+

-

M1
M2

1:1

M4

X

M3

Y

+
VCS
_

Simple current mirror

2. Cascode current mirrors
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𝑉𝑃5 = 𝜑𝑡 1 + 𝑖𝑓5 − 2 + ln 1 + 𝑖𝑓5 − 1

𝑉𝑃4 = 𝑉𝑆4 + 𝜑𝑡 1 + 𝑖𝑓4 − 2 + ln 1 + 𝑖𝑓4 − 1

Δ𝑉 = 𝛼𝜑𝑡

𝑉𝐷𝑆𝑠𝑎𝑡 = 𝜑𝑡( 1 + 𝑖𝑓𝟐 + 3)

(II)

(I)

𝑖𝑓𝟐 = 𝑖𝑓𝟒 =
𝐼𝒐

𝐼𝑆4


𝐼𝒊𝒏

𝐼𝑆4

Low-voltage cascode current mirror: lower VDD

VDD

M1 M2

Iin

M4

M3

VO

VDD

IB5

M5

+

VDS2

_

Io

Bias 

circuit

VG5

Goal: Design VG5 to bias M2 (M1) at the 

edge of saturation         

𝑉𝑆4 = 𝑉𝐷𝑆2 = 𝑉𝐷𝑆𝑠𝑎𝑡2
+ Δ𝑉

Assume M1M2M3 M4

Equate (I) to (II) to find 𝑖𝑓𝟓

𝑖𝑓𝟓 ≅
𝐼𝐵𝟓

𝐼𝑆𝟓
Choose 𝐼𝑆5 &𝐼𝐵5 to comply with

2. Cascode current mirrors

𝐼𝑆5 = 𝐼𝑆𝐻

𝑊

𝐿

𝒚𝒐=
𝒊𝒐𝒖𝒕

𝒗𝒐𝒖𝒕
≈ 𝒈𝒎𝒅𝟐

𝒈𝒎𝒅𝟒

𝒈𝒎𝒔𝟒
▪ Input constraint: VDD> 

VCS,min+VDS3,sat+VGS1

▪ Output constraint: Vout> VDS2,sat+Δ𝑉+ 

VDS4,sat for saturation of M4 



2 m CMOS technology 

VT0N0.55 V

Low-voltage cascode current mirror - 3

2. Cascode current mirrors

•V. C. Vincence, C. Galup-Montoro and M. C. Schneider, “A high-swing MOS cascode bias circuit,” IEEE Trans. Circuits 

Syst. II, vol. 47, no. 11, pp. 1325-1328, Nov. 2000.

• P. Aguirre and F. Silveira, “Bias circuit design for low-voltage cascode transistors,” Proc. of SBCCI 2006, pp. 94-98, Sep. 

2006.
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http://eel.ufsc.br/~lci/pdf/vincence1.pdf
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VDD

IIN IOUT

1:2

 

 

 

 

W/L

W/L

W/L

VDD

IIN IOUT

1:2

 

 

 

 

W/L 2W/L

Why not?

Gain-of-2 current mirror

VDD

IIN IOUT

1/2:1

 

 

 

 

W/L

W/L

W/L

IIN
IOUT

1:2

 

 

W/2L W/L

3. Current gain schemes

Choose equally-sized 

components for good matching



Example: Gain-of-16 current mirror

3. Current gain schemes

VDD

IIN IOUT

1/16:1

 

 

 

16

 

 

 

 

VDD

IIN
IOUT

1:16 

 

 

 

16

 

 

VDD

IIN

1/4:4

 

 

 

4

 

 

 

 

IOUT

4
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4. Current and voltage references

𝑖𝑓1 = 1 +
𝐼𝑆2

𝐼𝑆1
= 1 +

𝑆2

𝑆1
𝑖𝑓2 = 𝛼𝑖𝑓2

𝐼𝑋 = 𝐼𝑆2𝑖𝑓2 = 𝐼𝑆1(𝑖𝑓1 − 𝑖𝑓2)

lnX

t

V



→

In weak inversion, 

𝑖𝑓1 = 𝛼𝑖𝑓2 ≪1

The self-cascode MOSFET (SCM)

Sat.

Triode

2 xI NI=𝐼𝑋

2 0ri =

2 1f ri i=

M2

M1 2

2 2

2

1 1
1 1 ln

1 1

fX
f f

t f

iV
i i

i






 + −
 = + − + +
 + −
 

Applying UICM to M1

𝑉𝑋 is PTAT if 𝑖𝑓2 is independent of temperature 

In other words, 𝑉𝑋 is PTAT if 𝑖𝑓2 is a scaled replica of 𝐼𝑆 

𝑽𝑿 is PTAT and independent 
of the current coefficient 

𝑺 =
𝑾

𝑳
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2 2
1 2 2

1 1

1 1S
f f f

S

I S
i i i

I S


   
= + = + =   

  

2 2 1 1 2( )S f S f fI I i I i i= = −

Applying 

UICM to M1
2

2 2

2

1 1
1 1 ln

1 1

fX
f f

t f

iV
i i

i






 + −
 = + − + +
 + −
 

C. Rossi, C. Galup-Montoro and M.C. Schneider, "PTAT 
voltage generator based on an MOS voltage divider", 
Proceedings of Nanotech 2007, pp. 626- 629, May 2007.

4. Current and voltage references

The self-cascode MOSFET (SCM)

Sat.

Triode

2 xI NI=

𝑖𝑟2 ≪ 𝑖𝑓2

𝐼𝐵

𝑖𝑓2 ≅ 6
𝑖𝑓1 ≅ 150
𝑆2

𝑆1
=

2/58

2/(24x58)
= 24

𝐼𝐵 = 7 nA

0.8 um 
technology
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https://lci.ufsc.br/pdf/0625-628.pdf
https://lci.ufsc.br/pdf/0625-628.pdf


4. Current and voltage references

The self-cascode MOSFET (SCM)

1 1

1 1 ln

1 1

X

SHX X X

t SH SH X

SH

I

SIV I I

SI SI I

SI






 
+ − 

 = + − + +
 

+ −  
 

/X tV 

/X SHI I

SCM1,2 SCM3,4

2
1 2 12 2

1

4
3 4 34 4

3

1

1

f f f

f f f

S
i i i

S

S
i i i

S

 
= + = 

 

 
= + = 

 





3  S

4S IX

2IX

IX

1S

IX

IX

2IX

2S

IX
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4. Current and voltage references
A self-biased current source (SBCS) 

Thus, if2 (the inversion level of M2 ) is 

constant (it depends only on the 

geometrical ratios α12 and α34)

The reference current  IB2 = IS2if2 is 

proportional  to the specific  current 

of M2. IS2 = ISH(W/L)2= ISHS2

• Stability at the operating point:

Negative feedback>positive feedback

ln 𝛼34 = 1 + 𝛼12𝑖𝑓2 − 1 + 𝑖𝑓2 + ln
1 + 𝛼12𝑖𝑓2 − 1

1 + 𝑖𝑓2 − 1
;

𝛼12 = 1 +
𝑆2

𝑆1
𝛼34 = 1 +

𝑆4

𝑆3

If M3 and M4 operate in WI :

Voff

IB2

𝑉𝑋

𝜙𝑡
→ ln 𝛼34

IB2

VX

Positive 

feedback

Negative 

feedback

VX
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4. Current and voltage references

MOS-only voltage reference

Temperature dependence of the threshold 

voltage (CTAT)

𝑑𝑉𝑇0

𝑑𝑇
≅ −0.4 mV/K

CMOS 180 nm

W= 5 um

L= 180 nm

+ T (K)
3000

0

120

V
p

ta
t 

(m
V

)

0.4 mV/K

T (K)400250

645

V
s
u

m
 

(m
V

)
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E. Vittoz and O. Neyroud, “A low-voltage CMOS 
bandgap reference,” Solid-State Circuits, IEEE 
Journal of, vol. 14, no. 3, pp. 573–579, 1979.

𝑉𝑂 = 𝑉𝐶𝑇𝐴𝑇 + ෍

𝑖=1

𝑁

𝑉𝑃𝑇𝐴𝑇𝑖

VO

M1A

M1B

VDD

IB

+

VPTAT1

_

M5

M2A

M2B

VDD

IB

+

VPTAT2

_

+

VCTAT

_

M3A

M3B

VDD

IB

+

VPTAT3

_2IB IB
3IB

𝑑𝑉𝑂

𝑑𝑇
= 0 → 3

𝑑𝑉𝑃𝑇𝐴𝑇

𝑑𝑇
= −

𝑑𝑉𝐶𝑇𝐴𝑇

𝑑𝑇

Example: IB= IS5 if5= 3 VCTAT= VT

𝑑𝑉𝑇

𝑑𝑇
= −0.4

mV

K
, 𝑁 = 3 and equal 𝑉𝑃𝑇𝐴𝑇𝑖Let

𝑑𝑉𝑂

𝑑𝑇
= 0 →

𝑑𝑉𝑃𝑇𝐴𝑇

𝑑𝑇
= 133 μV/K

W/L 
(m/m)

if ir

M5 1/1 3 <<3

M1A 20/1 19/100 1/25

M1B 25/1 1/25 <<1/25

M2A 20/1 4.7/37 1/37

M2B 37/1 1/37 <<1/37

M3A 20/1 4.7/74 1/74

M3B 74/1 1/74 <<1/74

4. Current and voltage references
MOS-only voltage reference
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(a)

VDD

VI

M1

+

VO

IB

CL

ID

IL

ID

VDD

(b)

VO

IB

Q
VGQ

VOQ

The gain is a function of 

technology, transistor 

channel length,  bias 

current, and output voltage

𝐴𝑉 =
−𝑔𝑚

𝑔𝑚𝑑

5. Single-stage amplifiers 

Common-source amplifier The intrinsic gain

S
D

id

dmd vg

m gg v



VDD

VI

M1

+

VO

IB

CL

VD=

0

ID

IL

Velocity saturation 

not accounted for :

𝑔𝑚𝑑

VD

𝑔𝑚

5. Single-stage amplifiers 

Common-source amplifier

𝑔𝑚 =
2𝐼𝑆

𝑛𝜙𝑡
𝑞𝑠 − 𝑞𝑑

𝐴𝑉 = −
𝑔𝑚

𝑔𝑚𝑑
= −

𝑞𝑠
𝑞𝑑

− 1

𝜎
𝑞𝑠
𝑞𝑑

− 1 + 𝑛

triode

𝑔𝑚𝑑 =
2𝐼𝑆

𝑛𝜙𝑡
(𝑞𝑠−𝑞𝑑)𝜎 +

2𝐼𝑆

𝜙𝑡
 𝑞𝑑
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VDD

VI

M1

+

VO

IB

CL

ID

IL

5. Single-stage amplifiers 

Common-source amplifier 𝐴𝑉 = −
𝑔𝑚

𝑔𝑚𝑑
= −

𝑞𝑠
𝑞𝑑

− 1

𝜎
𝑞𝑠
𝑞𝑑

− 1 + 𝑛

Weak inversion

𝐴𝑉 = −
𝑒

𝑉𝐷𝑆
𝜙𝑡 − 1

𝜎 𝑒
𝑉𝐷𝑆
𝜙𝑡 − 1 + 𝑛

0              1              2             3              4             5              6             7              8       9 𝑉𝐷𝑆/𝜙𝑡

00
   

    
    

 1
0 

    
    

   2
0 

    
    

  3
0 

    
    

   4
0 

    
    

   5
0

=0.02

=0.05

=0.1

−
 V

ol
ta

ge
 g

ai
n
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𝝈
:

𝐝
𝐢𝐛

𝐥
𝐩

𝐚
𝐫𝐚

𝐦
𝐞

𝐭𝐞
𝐫

J. H. Huang et al., A physical 
model for MOSFET output 
resistance, IEDM 1992

DIBL coefficient versus channel length



Push-pull amplifier (static CMOS inverter)

VDD

vin

+

- M1

M2

ID2

ID1 

IL 

Voltage 

gain:
𝑔𝑚1 2 =

𝐼𝑇𝐻

𝑛1 2 𝜑𝑡

2

1 + 1 + 𝑖𝑓1 2

𝑔𝑚𝑑1(2) = 𝜎1(2)𝑔𝑚1(2)𝐴𝑉 = −
𝑔𝑚1 + 𝑔𝑚2

𝑔𝑚𝑑1 + 𝑔𝑚𝑑2

1

𝐴𝑉
= −

𝑔𝑚1𝜎1

𝑔𝑚1 + 𝑔𝑚2
+

𝑔𝑚2𝜎2

𝑔𝑚1 + 𝑔𝑚2 𝐴𝑉 = −
2

𝜎1+𝜎2
 for 𝑔𝑚1 = 𝑔𝑚2

5. Single-stage amplifiers 

For “deep” saturation:

VDD

VDD

vout

vinVTH

Av

Vout=Vin

73



74

VDD

IB
vout

vin
+

-

M1

M2

iD

M3

Vbias

1 1 1

1

   =   B
D B F f

S

I
I I I i

I

( )0
1 11 2 ln 1 1bias T N

TH t f f

N

V V
V i i

n


−  = − + − + + −
 

M1,M2 in 

saturation

UICM

1:1

Vomax

vout: output 

swing

VDD

vout

vin

1

2

3

VTH

Vomin

5. Single-stage amplifiers 

Common-gate amplifier



5. Single-stage amplifiers 

Common-gate amplifier

𝐴𝑉 =
𝑔𝑚𝑠

𝑔𝑚𝑑
=

1

1 − 𝑒
−𝑉𝐷𝑆

𝜙𝑡

−
𝜎
𝑛

𝜎
𝑛

+
1

𝑒
𝑉𝐷𝑆
𝜙𝑡 − 1

Voltage gain – weak inversion

𝑒
𝑉𝐷𝑆
𝜙𝑡 ≫ 1 𝐴𝑉 =

𝑔𝑚𝑠

𝑔𝑚𝑑
= 𝑛

𝜎
− 1

VDD

vout

vin
+

-

M1Vbias

IB

W=10 um; L= 2 um

130 nm technology 

For n=1.25, 
𝜎 = 0.025 

𝐴𝑉 =
𝑛

𝜎
− 1 = 49

𝐼𝐵 0.5 uA, 5 uA, 50 uA
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VDD

IB

vout

M1

M2

iD

M3

1:1

vin +

-

VB

VB=vout

VB= VDD

vout

vin

VDD

VDD

11/n

VDSsat2

𝒗𝒐𝒖𝒕

𝒗𝒊𝒏
=

𝟏

𝟏 +
𝒈𝒎𝒅𝟏 + 𝒈𝒎𝒅𝟐

𝒈𝒎𝟏

=
𝟏

𝟏 + 𝝈𝟏 +
𝒈𝒎𝟐
𝒈𝒎𝟏

𝝈𝟐

𝒗𝒐𝒖𝒕

𝒗𝒊𝒏
=

𝟏

𝟏+
𝒈𝒎𝒃𝟏+𝒈𝒎𝒅𝟏+𝒈𝒎𝒅𝟐

𝒈𝒎𝟏

= 𝟏

𝒏+𝝈𝟏+
𝒈𝒎𝟐
𝒈𝒎𝟏

𝝈𝟐

5. Single-stage amplifiers 

Source follower

𝑽𝒐𝒖𝒕,𝒎𝒊𝒏 = 𝑽𝑫𝑺,𝒔𝒂𝒕𝟏

𝑽𝒐𝒖𝒕,𝒎𝒂𝒙 = 𝑽𝑫𝑫 − 𝑽𝑫𝑺,𝒔𝒂𝒕𝟐

Weak inversion
Saturation

VB=vout

VB= VDD



Thanks for attending the 

analog section of the 

tutorial

Questions?
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Part 4
Advanced Compact MOSFET Model:
Design Methodology-Application to

Low Noise Amplifier

Sylvain Bourdel

https://github.com/ACMmodel/MOSFET_model
https://colab.research.google.com/drive/1s3PKF6pf3zIhlTj6jc-

qhCLIcGfJ_UEE?usp=sharing#scrollTo=EMGo7aUzyukW18/11/2024

https://github.com/ACMmodel/MOSFET_model
https://colab.research.google.com/drive/1s3PKF6pf3zIhlTj6jc-qhCLIcGfJ_UEE?usp=sharing#scrollTo=EMGo7aUzyukW
https://colab.research.google.com/drive/1s3PKF6pf3zIhlTj6jc-qhCLIcGfJ_UEE?usp=sharing#scrollTo=EMGo7aUzyukW
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Agenda

• Overview of Design Methods for RFIC

• LNA Design Considerations

• Resistive Feedback LNA

• What we need in ACM-2

• Inversion Level Based Method for R-Feedback LNA with 
ACM-2
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Agenda

• Overview of Design Methods for RFIC

• LNA Design Considerations

• Resistive Feedback LNA

• What we need in ACM-2

• Inversion Level Based Method for R-Feedback LNA with 
ACM-2
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Overview of Design Methods for RFIC
General Principle

• 1st Step: Architecture Choice

• 2nd Step: Circuit Analysis

Circuit 
Param.
(RL, gm, 

RF…)

Circuit 
Perf.

(GV, F, 

IIP3…)



82

• 3rd Step: Circuit Sizing

Circuit 
Param.

(RL, gm, RF…)

Requiremen
ts

(GV, F, 

IIP3…)

MOSFET 
Physical 
Param.

(W, L, ID)

• Set of equation • Analytical analysis based on model

Overview of Design Methods for RFIC
General Principle
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• 3rd Step: Circuit Sizing

Circuit 
Param.

(RL, gm, RF…)

Requiremen
ts

(GV, F, 

IIP3…)

MOSFET 
Physical 
Param.

(W, L, ID)

• Set of equation • Analytical analysis based on model

Region based model

 sat.

 lin.

 PROS: simple
 CONS: Inaccurate with short channel MOS

( )











−−=

2
.2

2
ds

dstgsnd

V
VVV

L

W
KI

( ) 







+−= ds

en
tgsnd V

L

k
VV

L

W
KI 1

2

Overview of Design Methods for RFIC
General Principle
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• 3rd Step: Circuit Sizing

Circuit 
Param.

(RL, gm, RF…)

Requiremen
ts

(GV, F, 

IIP3…)

MOSFET 
Physical 
Param.

(W, L, ID)

• Set of equation • Analytical analysis based on model

• Electrical simulation based on model
 
BSIM3 / UTSOI compact model
 PROS: 

• Accurate
• Direct relationship between 

requirements and physical parameters
 CONS: 

• Increases the gap between Physic and 
design

• Long optimization

Overview of Design Methods for RFIC
General Principle
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Overview of Design Methods for RFIC
New Trends

• Issue in the sizing step

• How to maintain simplicity and accuracy with the 
scaling and especially Short Channel Effects (SCE) at 
the sizing step. 

• A possible solution

• gm/Id design approaches 
• LUT based
• ACM or EKV based 

??
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Overview of Design Methods for RFIC
gm/Id approach based on LUT

[Silveira, Flandre, Jespers – JSSC 1996]
General Principle

• For a given structure
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Overview of Design Methods for RFIC
gm/Id approach based on LUT

1

General Principle

• For a given structure

• Methods are based on
 Extraction of MOS parameters (LUT)

• ID/(W/L) vs gm/ID
• gm/ID vs Vgs0



Overview of Design Methods for RFIC
gm/Id approach based on LUT

88

1 2

General Principle

• For a given structure

• Methods are based on
 Extraction of MOS parameters (LUT)

• ID/(W/L) vs gm/ID
• gm/ID vs Vgs0

 Set of equations



Overview of Design Methods for RFIC
gm/Id approach based on LUT
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General Principle

• For a given structure

• Methods are based on
 Extraction of MOS parameters (LUT)

• ID/(W/L) vs gm/ID
• gm/ID vs Vgs0

 Set of equations

• Methods helps the designers in sizing the structure

• Quite used in low frequency domain

1 2 3



LIMITATIONS ?

• Time Consuming 

• Lakes of precision (parametric set
of characteristics)

• Long optimization sequence

Need for a model based approach

Overview of Design Methods for RFIC
gm/Id approach based on LUT
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All Region 3PM model

• EKV – [Enz, Krummenacher, Vittoz]
• ACM – [Schneider, Galup]

• With a 3PM model we have :

• PROS: The sizing is straightforward
• CONS: Inaccurate with SCE

 Non-linearities can’t be captured
 gds effect can’t be captured

( )
2

1 1

m

D t f

g

I n i
=

+ +
( )

2
1 1S

m f

t

I
g i


= + − ( )( ) ( ) ( )

0

1 2 ln 1 1P S D t f r f r

G T
P

V V i i

V V
V

n

  − = + − + + −
 

−


Overview of Design Methods for RFIC
gm/Id approach based All Region Models (ACM/EKV)
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𝐼𝐷

ൗ𝑊
𝐿

= 𝑖𝑓𝐼𝑆0

Can we design RFICs ?



Design Regions

• ft grows with if

if if

Overview of Design Methods for RFIC
gm/Id in RFIC design

92

Year 2000 (RF-180nm)



Design Regions

• ft grows with if but gm/ID reduces with if

if if

Overview of Design Methods for RFIC
gm/Id in RFIC design

93

Year 2000 (RF-180nm)

Year 2016 (RF-22nm) up to now



gmft/ID : A First Approach

• For RF design

• A FOM that maximize the gain bandwidth product

• Gives the if that produces the best GBW product

• Not optimal : 
o the gain or the bandwidth might be oversized.
o Do not depends on the topology

Overview of Design Methods for RFIC
gm/Id in RFIC design
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Function Based FoM

• For a given Function

• Define a FoM for the function

• Find the if that maximizes the FoM

LN
A LO

R. Fioreli ; J. Núñez ; F. Silveira; “All-Rnversion region 

gm/ID methodology for RF 

circuits in FinFET  technologies” 

2018 NEWCAS

Overview of Design Methods for RFIC
gm/Id in RFIC design
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Circuit Sizing Based on LUT

• For a given Circuit
• Similar to the one introduced by Silveira, Flandre, Jespers in 1996
• Capacitance and noise effects can be captured in LUT for bandwidth and noise analysis
• Well known and well referenced
• But …

• Still complicated
• The gap between physics and design remains
• No analytical relationships to size « by hand »

Overview of Design Methods for RFIC
gm/Id in RFIC design

Circuit Sizing Based on ACM

• Equations can be derived for a given circuit
• Quasi analytical approach

• R-F LNA designed with 3PM-ACM [Bourdel - ICECS 2019]
• Gds and gm3 (NL) are taken into account

• R-F LNA designed with 7PM-ACM [Bouchoucha – ISCAS 
2023]• CG LNA designed with 5PM-ACM2[Alves Neto – ACCESS 2024]

All Ressources accessible for free

https://github.com/ACMmodel/MOSFET_model

Circuit Based Method

https://github.com/ACMmodel/MOSFET_model
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( )
i

o

S/N
F (1)

S/N
=

• NF also express the quantity of noise added by the stage regarding the noise 
delivered by the source (Rg) on f. (Eq. 2)

Rg

gV

,v naG V

Zi

( )

2 22 2 2 2

2 2 2 2 2 2 2 2 2 2

( )

. .

2

g nRgsi ni no no

so no so no v nRg v nRg

total output noise

total output noise of the ideal no aditive noise device

V /VV /V V v
F

V /V V /V α .G V α .G v

F

= = = =

=

_ 4RMS nRg gV KTR f= 

I O2 4nRg gv KTR= Vso+Vno

𝛼 =
𝑍𝑖

𝑍𝑖 + 𝑅𝑔

nRgV

• NF is the signal to noise ratio (SNR) degradation (Eq. 1)

LNA Design considerations
Noise Factor



( )32
1 2 2 2

,1 ,1 ,2

1( 1)
......

.v v v

FF
F F

G G G

−−
= + + +

This formula is valid only for real 
impedances and in case of power 
matching: (Zs=Ze=Rg)

v,1G v,2G
1F 2F

v,3G

3F
2
nRgV

Rg

eV
gR gR

gR gRgR Gv: loaded voltage gain

In RFIC, impedances are complex and never equal. This formula cannot be used as is. 
However, the following statements remain valid in RFIC.

The gain of the first stages reduces the NF of the following ones.
 =>  The receiver chain must start by amplifiers
 =>  The NF of the first stage must be as low as possible  
Note that lossy stages (Gv<1) increase the NF, especially when they are in front 
of the receiver chain (antenna filter, image rejection filter, antenna switch ).

LNA

➢RF Basis

LNA Design considerations
Friss Formula

99



System point of vue

• LNA is the first device due to Friss formula
• Antenna is mainly 50 .

In CMOS
• Generally, the input impedance is capacitive Re (Y11) is very 

low
• For exemple : CS amplifier

LNA Design considerations
Input patching

LNA
Antenna

Zlna=Zg*

CG
R-

Feedback
Inductive 

Degeneration
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LNA Design considerations
Non-Linearities

Vs

1 

− −

1

Vint Vint

1 and 2 are 2 harmonics of the wanted signal

20logVeIP3

Never reached in measurement !

s20log(V )

e20log(V )

int20log(V )

s int20log(V ,V )

Ve

The IIP3 (VeIP3) is the input signal level for which the 
output IM3 is equaling the fundamental harmonic (Vs) 
extrapolated from small signal (AC).

20𝑙𝑜𝑔 𝐺𝑣

The IIP3 (VeIP3) is related to the maximum power you 
can apply to your system

Non-linear LNA IM3
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Resistive Feedback LNA
Topology

R-Feedback general considerations

• Simple
• Compact (No-inductors)
• Wideband
• RF allows to synthesize a real part in Zin
• LG and CGS’ will help in cancelling the imaginary part 
• while controlling Qin

= 50 

Input impedance
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Reduces For
𝑓𝑐

𝑓
= 𝑁 > 3 

Note :{



Resistive Feedback LNA
Topology

Voltage Gain

𝐹𝑚𝑖𝑛 = 1 +
1 + 𝐺𝑚 𝑅𝑆

2
𝑅𝐹

𝑅𝑆 (1 − 𝐺𝑚 𝑅𝐹)2
+

𝛾 𝑔𝑚 (𝑅𝑆 + 𝑅𝐹)2

𝑅𝑆 (1 − 𝐺𝑚 𝑅𝐹)2
+

(𝑅𝑆 + 𝑅𝐹)2

𝑅𝑆 𝑅𝐿(1 − 𝐺𝑚 𝑅𝐹)2

RS 
(the source resistance seen 

at the   input)

Noise Figure

IIP3 
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𝑓𝑐

𝑓0
= 𝑁 > 3 

BW
= 𝑁𝑓0
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What we need in ACM-2
Small signal parameters

• We consider only saturation 

• It reduces the exploration to only qs.

Small signal (AC) parameters

• GT, NF, IIP3 vs (Gm, Gm3, GDS)

• Valid in all region ( qs and qd shall be explored )
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What we need in ACM-2
Small signal parameters

Large signal (DC) parameters

• To compute the final voltages

• Sometime we’ll use if in the code

𝐼𝐷 = 𝐼𝑆 . 𝑖𝑑

𝐼𝑆 =
𝜇𝐶𝑜𝑥

′ 𝑛 𝑈𝑇
2

2

𝑊

𝐿
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Inversion Level Based Method for R-
Feedback LNA with ACM-2

General Approach :
Requirements
• GT, NF, IIP3, IDC                Possible Tradeoff
• fo, CL, BW      No Tradeoff

Design Variables (parameters)
• W, qs are first order design variables (qs = inversion level sets the energy efficiency and the voltages)
• RL, RF are second order design variables

Approach :
• Explore the different tradeoff (the design space) on GT, NF, IIP3 and IDC by playing with W, qs.
• In saturation region (only qs is needed)

• Circuit equations depend on Gm and ACM gives gm (normalized)… 
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Where we introduce W in the design space

Design parameters
• ACM parameters for a fixed L
• 𝑉𝑇0, 𝐼𝑆, 𝑛, σ, ζ

𝑔𝑚𝑠𝑎𝑡3 =
16𝐼𝑆

𝑛𝜙𝑡
3

𝑞𝑠

𝑞𝑠 + 1 3

2 − 2ζ𝑞𝑠 − 3ζ𝑞𝑠
2

ζ𝑞𝑠 + 2 4
𝑔𝑚𝑠𝑎𝑡 =

2𝐼𝑆

𝑛𝜙𝑡

𝑞𝑠

1 + ζ 𝑞𝑠 + 1
𝑔𝑑𝑠𝑎𝑡 = σ

2𝐼𝑆

𝑛𝜙𝑡

𝑞𝑠

1 + ζ 𝑞𝑠 + 1



Inversion Level Based Method for R-
Feedback LNA with ACM-2

Reducing the variables :

Starting from : 𝐺𝑇 𝐺𝑚; 𝑅0; 𝑅𝐹; 𝑅𝑆

parametersvariables

𝐺𝑚 𝑞𝑆; 𝑊

𝐺𝐷𝑆 𝑞𝑆; 𝑊

𝐺𝐷𝑆 𝑞𝑆; 𝑊

𝑅0 𝑞𝑆; 𝑊

𝑅𝐹 =
𝑅0

2𝜋𝑅0𝐶𝐿𝑓𝑐 − 1

(                   )

𝑅𝐹 𝑞𝑆; 𝑊 ቚ
𝑓𝑐 𝐺𝑇 𝐺𝑚; 𝑅0; 𝑅𝐹; 𝑅𝑆 = 𝐺𝑇(𝑊; 𝑞𝑆)

= 𝐺𝑇 𝑊; 𝑞𝑠; 𝐼𝐷; 𝑉𝐷𝑆𝐴𝑇; 𝑉𝑇0; 𝐼𝑆; 𝑛; 𝜎; 𝜁; 𝑓𝑐; 𝐶𝐿

VDD

VDSAT
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Inversion Level Based Method for R-
Feedback LNA with ACM-2
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Finally : ID(qs;W); RF(qs;W); R0(qs;W); GT(qs;W)

ID(qs;W) R0(qs;W) RF(qs;W)



Inversion Level Based Method for R-
Feedback LNA with ACM-2
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Computing GT, F and IIP3:

Finally :

Remember :

with

𝐹(𝐺𝑇; 𝑊)



Inversion Level Based Method for R-
Feedback LNA with ACM-2

Exploring the design space:

Setting GT (or NF, or IIP3) helps to build 2D plots. 

113

=> We get the relationship qS<=>W 

qS

W(m)

=> We plot 
NF(W)

For a particular GT  

=> We plot IIP3(W) And We already have ID



Inversion Level Based Method for R-
Feedback LNA with ACM-2
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Setting the final value:

• We choose W, that gives qS for a given GT.

• (W;qS) gives R0, RL, ID, Gm, VDSAT and VG

Input Matching

• With R0 , RF , Gm => RP

= 50 • With RS and RP calculate QP

• With QP calculate CT and CGS’

• With CT calculate LG



Validation
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Now, let’s simulate with a real PDK
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