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* Introduction: ACM timeline
+ ACM2 model
* Long-channel: I and g,,/Ip models

* Long-channel: MOS basic amplifier design

Nancy Nov. 2024



ACM timeline

1993 ¢@s 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)
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* Introduction: ACM timeline
« ACM2 model
* Long-channel: I and g,,/Ip models

* Long-channel: MOS basic amplifier design
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The capacitive model of the

MOSFET

Qi=0—7— Cox
Ces% %o oo, 4| |-
Vo == PSSR ¢ | H ¢S
"R ageg =0 | -
~ p-substrate Cp, ——0Qp
+
Dps o 1
ds surface potential AV, C,.+C, n
C,,oxide capacitance per unit area
V —
C, depletion capacitance per unit area ¢s = 2¢r + ¢ - o

Q, carrier charge density

Nancy Nov. 2024



Drain current model: main simplifications

First approximation ACM2 dQI — nCoxdd)s
d d
Second approximation ACM2 ID — ,uW QI ¢ Ql
dy
/ Diffusion

drift

Q, carrier charge density
W transistor width

u  carrier mobility

d¢ thermal voltage
26 mV @ 300K

ACM2 7



Velocity saturation

Third approximation ACM2

F

¢s: surface potential

F: longitudinal electrical field

dos _

= —F
dy

U =

Us

Us dos
1+
Vlim dy

Allows analytical integration for I,

ACM2



ACM2 current law

From the 3 approximations normalize“ = (gs +qp +2) e — )
current vs. normalized charge P14 ¢(qs — qp) s — 4
densities at source and drain

ottt =Y un, & nomatsaton soecito curent
RUCCETI

Sl:qspy>>1 WI:qgp<<1

_ (Hs¢t/L)

Vliim

Short-channel parameter ¢ : | ¢

ratio of diffusion-related velocity to saturation velocity

ACM2 9



Physics-based saturation

Wim

Saturation current due to saturation velocity of the carriers

Ipsat = =W Qpsat Viim

Qps.: 1S the saturation inversion charge per unit area

or, using normalized variables

2
lpsat = Estat

“Carrier velocity approaches v,
Y.Taur TED March 2019

. but neverreachesv,,,”

Nancy Nov. 2024
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Physics-based saturation: desigh model

. 2 i _ (CIS + dDpsat + 2)
IDsat = Equat bsat 1+ C(QS — QDsat)

\ l
|

1 1\° 2qs
dpsat = qs + 1+ — 1+%) +—

(qs — qpsat)

¢ ¢

or equivalently

2
ds = \/1 + Zstat — 1+ Qusar

Unified Charge Control Model including
the effect of velocity saturation

| V4 —
VP — VSB DS _ . s — 4Dsat
¢t :qS—1-|-]nqS ¢t ds CID-I_ln

dp — 9psat

Nancy Nov. 2024 11



Effect of the maximum of iy(qp)
on the output characteristic ip(vp)

A

3" @=q —q +1nCIS_CIDsat
¢t > b QD_QDsat\
2.0 1
- 24
= Yos _ s
= 154 o BT TG
Q
~ 11 i:(CIs*"‘CID"‘Z)( — )
P T4 (g5 —qp) 5P
0.5
0 >

0 02 04 06 08 1 12 14 16 1.8
Vbs (V)

Nancy Nov. 2024 12



Output characteristics including DIBL and v,

DIBL model: VT = VTO

Transisto W/L V5o (mV)| Ig (uA)
(um/pm)

NMOS2V

180
150
Vg = 400 mV
120 -
—~ —~
< <
90 5
Q Q
~ ~
60 - e
30 [
0 z . ‘ ‘ ‘
0 03 06 09 12 15 18
4
Vps (V)

5/0.18

360

300
240 -
180 ':
120 -

60

0

Vap = 800 mV

-l
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-

0

0.3 0.6 0.9

1:2

Vps (V)

| — 3PM---

5PM |

— 0(Vsg + Vpp)

Nancy Nov. 2024
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Outline

* Introduction: ACM timeline
+ ACM2 model
* Long-channel: I and g,,/I models

* Long-channel: MOS basic amplifier design
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Unified Current Control Model (UICM)-I

Ip = Ls[(q§ + 2q5) — (g5 + 2qp)] (A)

(A) can also be written as

Ip=1Ir—Ig =Llir—iy] | (@

Ir, I | : forward and reverse currents

ir(r) = 5oy + 24s(p) : forward (reverse) inversion coefficients

Nancy Nov. 2024
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Unified Current Control Model (UICM)-II

ir(r) = A5py + 245(p)

Normalized UCCM

Normalized UICM

Yos _ oo -
oF

qmn=J1+%ﬂ—1

!

Vp VS(D)B

= qsm) — 1 + Inggp)

!

Vp

VS(D)B

Pt

’1+lf(r)—2+ll’l< ’1+lf(7')_1>

qD+ln—

ds

JI+i-—1
=/1+z ,/1+lr+ln< l,f )
D

Nancy Nov. 2024

J1+i.—1
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8n’/Ip

21, - W ,
Gms(a) = 5 /1 tiray — 1) =7 #Coxnd: /1 +ipn — 1

Gm = 9Ims — Imd g_m — 2
m Ip ng(JT+ir+1+ir)
For Vpo/g<<l1 we have iai, In saturation i>>i,
Im _ 1 Im

ID = Tl(pt,/l ol lf

2
Ip ~ ng(JT+i+1)

Nancy Nov. 2024
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Outline

* Introduction: ACM timeline
+ ACM2 model
* Long-channel: I and g,,/Ip models

* Long-channel: MOS basic amplifier design
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Intrinsic gain stages. common-source
and common-emitter amplifiers

Nancy Nov. 2024 19



Small-signal circuit and frequency
response of the CS and CE amplifiers

Vo Vv
mf dds + g
v -
‘ C, 1% . ‘CL
— (a) JT— (b)
4],
Y Vog—_gm V., @ >>a,
‘Aifn‘ a)CL
: -20 dB/dec
| X
| o = g_m
| u
: |
° @, m\ aflog) -

Nancy Nov. 2024 20



Design of the CE and CS amplifiers
A (o,)=1 9. =w,C, =27-GB-C,

BJT in the direct active region

|C:|Se\/BE/¢jt # l.=9.4=27-GB-C_-¢

MOSFET in saturation

Ip = ngmo:;

(J1+i+1) Gt
7

=ngm®e |1t 5 e S WD)

Nancy Nov. 2024
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Aspect ratio vs. current excess In
MOSFET design

(W/L) & R (W / L)th b

: _ N9 _

) m

= (W / L)th = t¢2

2 O 4Il'lnCOXé

v

Q.

%

o

U

= o

£

o

= S | | -
0.1 1.0 10 100 (1,-1,)/1,,
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About me
Universidade Federal de Santa Catarina — UFSC - Brazil
Undergrad and Masters in IC design - 2022
* Subject : Ultra-Low-Voltage IC circuits Vpp <100 mV

e Dissertation: Ultra-Low-Voltage Standard Cell Library
 ACM (4PM) for low voltage circuits ODI ”

First contact with open-source IC design :

* Chipathon - SSCS 2021 :)

* Analog-front-end for Biosignals — AFEbio
Start PhD in 2023 : MOSFET Modeling

Joint PhD between UFSC and Université Grenoble Alpes (Currently based)
* Chipathon-SSCS & UNIC-CASS 2023/2024 — Analog IC design
* Live demonstration of the ACM?2 at ISCAS 2024 with the open-source
tools (XSCHEM+Ngspice)

Nancy, November 2024
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Outline

 ACM2 - Transconductances in Saturation

* ACM2 - Parameter Extraction
* VTO, IS and n
* Sigma
* Zeta
* Introduction to Qucs-S
 Automatic parameter extraction

Nancy, November 2024
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ACM2: A simple 5-DC-parameter MOSFET model

- Veg —Vro + 0(Vpp + Vsp)
=
n — Used to calculate g
Ve — Vsp
" =qs — 1+ In(qs) |
t
o142 <1+1>2+2q5
Qdsat = s Z Z Z
— Used to calculate g4
VDS (CIS _ stat>
— =(gs—(qq +1In
¢t > ¢ dd — Qdsat B
(QS + da + 2)
Ip =1 (s — q4)
TN {CAEFP R
Specific Threshold Slope DIBL V
current voltage factor factor effect
Is (W,L) Vo (W,L) n (W,L) o (W,L) ¢ (W,L)

Nancy, November 2024 26



5PM-ACM2 : Transconductances in saturation

— bE W w
o2 Is = pCoxn—-7-=Isu
Dsat — Tstat where
1 1\* 2q,
hquatZQS+1+?_ 1+? T
o A 0lpsat Olpsat A alesat
Definitions W 9m = V. ga = v, Imsat3 = an
Transconductances in terms of q:
_ 2 qs 5 215 ds — 5
Imsat = ng, 1+ {(gs + 1) Ydsat ng, 1+ (gs + 1) - Jdsat Imsat

p _ 16y gqs  2—2%q5—3%gs
TS (ng)® (gs + D (Ggs + 2)*

Nancy, November 2024
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5PM-ACM2

1.5

: Transconductance gm

— PSP
=== ACM

* 1meas

12

10 |

— PSP
-== ACM

#* meas

Nancy, November 2024
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5PM-ACM2

103

101

1074

gds -Transconductances

Vo = 486.0 mV

l | 1 | | |
0 02 04 06 08 1.0 1.2
Vbs
= T T T T 7
g Vo =1134v |— PSP |7
i --- ACM |]
| »* meas ]

1072

TTTT

Vg = 702.0 mV

— PSP |
--- ACM |

101

10~2

gis ()

103

| | T 7
Vo = 1.35 V "‘ligil ]
» meas | |
- .*.*.* g
l l 1 l

10~

Nancy, November 2024

29



5PM-ACM2 : Transconductance gmsat3

4 T T T T 40 | | | | |
Imsat = aéil)/i:at — ;)HID/OVCI;B
=== (msat,approx. === Umsal3
pp 30
3 |
~
Y
(S IR 20
~ S—
-~ 2 [ o)
= 3
< Z 10
S S
1 -
0
_10 | | | | ]
00 0 0.3 0.6 0.9 1.2 1.5 1.8
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Outline

* ACM2 - Transconductances in Saturation

* ACM2 - Parameter Extraction
* VTO, IS and n
* Sigma
* Zeta
* Introduction to Qucs-S
 Automatic parameter extraction

Nancy, November 2024
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3PM-ACM model in a nutshell

LW w

Ip = IS[if — ir] where [ = /“‘Coxn?T = ISHT

Vp — V. , , Veg —
£ ¢S(D)B = |1+ lf(‘r‘) -2+ 1n< 1+ lf(T) — 1) Vp = ¢B
t

Y
If we choose i =3 ‘ RHS =0 ‘ Veg = Vro

Vps 1+ir—1
— = /1+i —J1+i.+1In
OF 4 " (,/1+ir—1

21 . w _ gms(d)¢t
Ims(d) = E( /1 Tl ~ 1) -_— 2y (YT +irqy — 1)

Ims — Imd 9m _d(nlp) 2

G = - I,  dv, _n¢t(\/1+if+\/1+ir)

Nancy, November 2024

|

DC egs

Small -signal
™ eqs
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Is V5 and n extraction 7

The g,,/Ip method

Let us choose: Vps= ¢t/2 and i = 3

J1+i—1 ~
#%: /1+if_m+1n< J ) 1
t

gn) . 1
1+4. -1 . / (E)max " ne,
. 9] T T T
Thus:i, = 2.12 W7 ‘( Ip = 0.88 X Ig |y
B In_dlnb) 2 . | L
- — : . B --- ACM?2 = —7
Ip dVg nqbt(\/l +ir+/1410,) - — BSIM 10 -
== 20 18 <t
gm _ 0531 _ oy (gm) 38 15} 1 <
ID B nd)t N . ID max 10 n ‘l‘ gm __| 0.531 . ]0_]]
- | ne;
W =1 —1i) | | N
V03 0% 04 06 08 1 1.2
I, =(3—-212) I = 0.88 I Vep [V]
Vep = Vro

Nancy, November 2024 33



Outline

* ACM2 - Transconductances in Saturation

* ACM2 - Parameter Extraction
* VTO, IS and n
* Sigma
* Zeta
* Introduction to Qucs-S
 Automatic parameter extraction

Nancy, November 2024
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Extraction of o

Common-Source Intrinsic-Gain method

I G'_+ +D : aIDSCLI,“ 215 ds
: 19 Z%:_gmz Vg =_n¢t1+i(qs+1) :_1
;e 9’“”!’@) gd”dCD v v.cs Av, ga 9lpsat o 21s ds o
| ) o av, no: 1+ +1
L o D ¢¢ Z(QS )
- |
72(.] “ | | | | | | |
Vob —i; = 0.01 1
o5\ ™ - g =1 Aycs = —
Igjas
,:'T:\ — 30 B | 1
= T
v, o =35 (—38)
~~ —38
< S | 0o = 0026
a : K —45 1 :
' L - :
Al
H - Y RN S RN S S
E )(3).2 0.3 04 05 06 0.7 0.8 09 1
< Vp.Bras (V) 35
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Outline

* ACM2 - Transconductances in Saturation

* ACM2 - Parameter Extraction
* VTO, IS and n
* Sigma
* Zeta
* Introduction to Qucs-S
 Automatic parameter extraction

Nancy, November 2024
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2 2
: Lasat = 3 Qdsat s = [1+5q4sar — 1% Qasar
4 \/ 4
( extraction ,
|
- 2(qs + 1= J1+igsar)
« g, calculated using tdsat
parameters (Vro, n, o) and
UCCM. * Measure

Ipsat = Ip(Vg = Vp = Vppmax and Vs = V)

‘ lasat = IDsat/IS-
1,200

Vep —Vro + 0(Vyp + Vep) Lasat
y, = 68 V10 n DB T VsB Loool i |
|
Ve — Vsp)B 800 : |
= ¢s — 1 +1In(qs) e |
P ~ 600 ]
e |
400 : ]
IDSClt v :
4| K C"‘ Vps = Vppmax 2001 i |
7 —
Ve = Vbbmax 0 : ‘ ‘ |
—_— 0 0.4 0.8 1.2 1.6 : 2.0
VGB (V) VDDmax

37
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Outline

* ACM2 - Transconductances in Saturation

* ACM2 - Parameter Extraction
* VTO, IS and n
* Sigma
* Zeta
* Introduction to Qucs-S
 Automatic parameter extraction

Nancy, November 2024
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Qucs-S: Quite universal circuit simulator with SPICE

Simulation setup:

Setup simulators executable location

SPICE settings

Ngspice executable location

|,’usr,-’local,’bin,’ngspice | l select ...

Ngspice compatibility mode Default

Xyce executable location

local/Xyce-Release-6.8.0-OPENSOURCE/bin/Xyce Select ...

SpiceOpus executable location

spiceopus Select ...

Extra simulator parameters

Qucsator settings

Qucsator executable location

Jusr/bin//gucsator_rf Select ...

Apply changes|  Cancel

*

Py —

(Model Equations)

VERILOG-A

SG13G2 PDK

l

Nancy, November 2024

Qucsator

J

yce

ARALLEL ELECTRONIC SIMULATOR
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Qucs-S: Quite universal circuit simulator with SPICE

Simulations
Control

* Ngspice simulations:
 DC
« AC
TRAN
S-parameters
Noise
Fourier

l INCLUDESCRIPT

INCLSCR1

.control -

Endt

pre osdn,’[-mme}a:mﬂQusWorkspace/psm03 nqs osdu ol

SpnceCude— LiB /homefacrnz/Desktop/lHPOpen PDK/nhp sg‘l Bnglnbs tech}ngsp|cefmodelslcomerMOSlv lib mos tef

DeV|ce path for the MOS model and parameters (IHP pdk)

D.CTZZZZZ B

C|Mutmeg - -

|Parameter ||

EIhputeqs

Tabular results :

- Diagram results

|sweep - -1 NutmegEq1

2] v(v-sweep)-

i(idmax)

idsat - . ..ol

e

o _Srmutatmn—SWt - - — U
Lo IDmaxsmaximum{i{vid)) | . | =

o RS

Sim=DCT D
- Type=lin- - -- -
. Param=V1. .. ..
JeiT T
- Stop=1.5 - - - -

15=211.77Te-6

e

—. . .Comp= sgﬂlv nmas, © |
< oow=100 - -

Ao nest
.m1

Crrcmt

- Poinks=301" R N D

BT TS e P RN P S
B . B BT e S
L ‘sg13. lv.nmos2. | - RS D A

200 s

Schematlc

Nancy, November 2024

L0 00m: 200m

RN,
030

506 0708
Lo w(v-sweep). -

R TR N S
08 .09 1. 111213



Let’s go to Qucs-S!

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/1s3PKF6pf3zlhlTj6jc-
qhCLIcGfJ_UEE?usp=sharing

Nancy, November 2024
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Github — ACM2

Github - Content

@ AcMmodel

B Examples
I Verilog-A
B docs

[ LIcENSE

[ README.md

[T README 3 ECL-2.0 license

Advanced Compact MOSFET model (ACM)

ACM is a simple MOSFET model to design and simulate Analog, Mixed-Signal, and RF circuits

Examples of PDKs and circuit simulators using the ACM model

B GF180MCU

B IHP-SG13

BB sSkyWater130

B HP-SG13
Nancy, November 2024

R o bk o sk ko o ok bk ko ek ko

1
1

* ACM NMOS model (Verilog-A) =
* @7/2023 V2.0.0 =

S AR AR AR AR AR AR AR K R A AR KRR A R KA

1/
7
7
7
7
7
7
'
1/
1/
1

B e L R e Y

* Copyright under the ECL-2.@ license
* Universidade Federal de Santa Catarina
*

Current developers: Deni Germano Alves Neto (Doctoral student, UFSC)
= Cristina Missel Adornes (Doctoral student, UFSC)
= Gabriel Maranhao (Doctoral student, UFSC)
x
* Project Supervisors: Prof. Carlos Galup-Montoro

& Prof. Marcic Cherem Schneider

B L e e P e PR P e P e P e e PP e PR P P e e

“include “"constants.vams”

“include "disciplines.vams"

7

function of the algorithm 443 to calculate de normalize charge densities

“define algo 443(Z,qn) \

if(Z < ©.7385) begin \
numeratorD = Z + (4.0/3.0)*Z*Z; \
denominatorD = 1.8 + (7.9/3.0)*7+(5.0/6.0)*7*Z; \
WnD = numeratorD/denominatorD; \
else begin \
numeratorD = 1n(Z)*1n(Z)+2.0*1n(Z)-3.09; \
denominatorD = 7.8*1In(Z)*In(Z) + 58.0*In(Z) +127.9; \

- 24.8*(numeratorD/denominatorD);
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TIMA  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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‘TiMA 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
TiIMA General Principle

* 15t Step: Architecture Choice "

Pdc [mW] .
“~_ IIP3 [dBm]
15

r
/
4 o 0
1.4 ’
w 3.2 N 73
4
13
______ CS inductive degeneration h :'
(32 papers) AN K
" CS RF (37 papers) : 1437 N ’.«
- - CS Complementary RF 1 0 ;.«
(22 papers) !
— CG (36 papers)

s
BWr=BW/fo

GAIN [aB]¢ 7

o 2nd Step: Circuit Analysis

( | Circuit Circuit
..46 Perf. Param.
(GV1 F’ (RL1 gm’

11P3...) Re...)

(GmRr —1)Ro
Gr| = |G, = /1 2,

46



. Overview of Design Methods for RFIC
TiIMA General Principle

e 3rd Step: Circuit Sizing

Requwement

' Circuit l[:
Param.
(GV (R Om Re--0)

IP3...

I;é}, Set of equation I;%p Analytical analysis based on model

47



- Overview of Design Methods for RFIC
TiIMA General Principle

e 3rd Step: Circuit Sizing

Requirement

Circuit
G ) F1 !
(Gy (R., U Rg-..)

1P3...)

|-5=\>> Set of equation I_E=B'f Analytical analysis based on model
Region based model
w V2
sat. lg =2K, T{(Vgs -Vi )Vds —%}
w

k
lin. Id =Kp T(Vgs _Vt)2(1+%vds]

PROS: simple
CONS: Inaccurate with short channel MOS

48



Overview of Design Methods for RFIC
General Principle

TIMA

e 3rd Step: Circuit Sizing

Requirement Circuit
- Param
G 1 F! .
o Re: O R

1P3...)

I;é}, Set of equation L:BIp Analytical analysis based on model

g] 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

49




e Overview of Design Methods for RFIC
TiIMA 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.

 g_/ld design approaches
* LUT based
* ACM or EKV based

50



T:MA Overview of Design Methods for RFIC
HviE g /Id approach based on LUT

General Principle {[Silveira, Flandre, Jespers — JSSC 1996]

* For a given structure

51



TIMA

Overview of Design Methods for RFIC
g _/ld approach based on LUT

General Principle

* For a given structure

* Methods are based on

o 1y/(W/L)vs g/l
* 8/l Vs Vg

= Extraction of MOS parameters (LUT)

35 __ _ . .
0o 0o g~ : ;
H i ! N H !
30 ] SQIPMQSAE ______ S:OI'ﬁMOS : )
" Bulk nMO! 0 : : 3
25 Prmmmmmeaa A NN
o ‘ E/'\"‘\::-;h\\ 3 |
g 20 { BulkpM‘()S___\“\\“ N
a 5 :
E” o
10 N L
i N
5 """""" : """""""""" s'\ 'E"
0 f : g —
10" 1w 0? 10" 107 w0* 10°? 10

ID/W/L) (A)

52



| . .
. Overview of Design Methods for RFIC
TIMA g../ld approach based on LUT

General Principle

For a given structure

* Methods are based on

= Extraction of MOS parameters (LUT)
o 1y/(W/L)vs g/l
e g./Ipvs Veso

= Set of equations sp=2 Inm
Cr
_ B - 1
fr =55 ) (3)

_(9m) (9m]) | L
AD*(—'D)l (fﬂ)z 1 ! ®

—— +
VAS ’ VA? VAQ ) VAlCI




| . .
- Overview of Desigh Methods for RFIC
TIMA g../ld approach based on LUT

General Principle

I‘ol (= 2“) B(=2)

) 58 \ ° " * ‘:D'(w/ul(un N N " J [D / -
* For a given structure -
/(gm”D)I (=28)—» ?g T
(m/Ip)z (=30) —> EE = Ao
=,
* Methods are based on (€n/lp)s (=8 —*| S5 > SR
—> Extraction of MOS parameters i
A
I,vsV (W/L) Lengths Early Cp
gm/ D gs0 ‘ voltages (= 1opF)
= Set of equations Technology
WL (Cpp,Cj,.) & data
* Methods helps the designers in sizing the structure pr——
Symbolic | — g Accurate fT
. . . Simulation
* Quite used in low frequency domain ¢

Change B,
Phase Margin —pm=~ —  gn/lpor
L values
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. Overview of Desigh Methods for RFIC
TIMA g../ld approach based on LUT

I‘o‘ (= 2u4) B(=2)

Ip e
= f
LIMITATIONS ? it =2
p Emllp)z (=30~ E§ [T "0
Em/Ip ¥s. .
Hpz (=8 —| g5 ™ SR
* Time Consuming _ A T T

Transistor
(W/L) Lengths Early (j

* # voltages {= 10pF)

* Lakes of precision (parametric set

of characteristics) ‘ Technology
Ww.L (Co;rl Cj;"‘) data

‘ jPIC E ;‘

e e Symbolic | — = Accurate f
* Long optimization sequence > Simulation

¢ Change B,
‘ Phase Margin —~ —#  gnflpor
L values
Need for a model based approach
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T MA Overview of Design Methods for RFIC

g./ld approach based All Region Models (ACM/EKV)

All Region 3PM model
®m/ID);1
* EKV - [Enz, Krummenacher, Vittoz] f /;g,,,u,,;, Ip ]
* ACM — [Schneider, Galup] &m''D)s “ (W/ ) = Irlso
L

*  With a 3PM model we have :

e o B L B T L)

* PROS: The sizing is straightforward

n
* CONS: Inaccurate with SCE
Non-linearities can’t be captured » Is it possible in RFIC ?
gds effect can’t be captured
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TIMA

Overview of Design Methods for RFIC
g../ld in RFIC design

Design Regions

+ f. grows with i

O Year 2000 (RF-180nm)
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! :

version

ersionl 1
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— Analytical
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E o4l LI
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§ T
020 [l
0 d’#
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. Overview of Desigh Methods for RFIC
TIMA g../ld in RFIC design

Design Regions O Year 2000 (RF-180nm)
+ f, grows with i; but g,/l; reduces with i; ‘ Year 2016 (RF-22nm)
1 I | T T TTTT T T 1 T T T T T T TIIT T -
0 Measured 1 | ‘i P '-%L 1l I’ 0 Measured
— Analytical e | A | — Analytical
pderate | [l T
| 7 \ |
. Q
S 1 S
S 1 =
< p N
e =
5 045 || Weak|nversion | " Strong Inversion| | g 0.4 1" | Weak inversion | 1] il ||| stromraversion| |||
Z
@]
/ Z.
0.2,, NN AU I A LH- - L ‘ (A B R TR D 1 PR [N Y AR 11 A N RS 02_ .
I Ll
0 ﬁ i i il Ll i 0 | 1 i i i 1 i 1 Lhbl
10° 107 10" 10° 10" 10° 10° 10° 10° 10" 10° 10 10 10
I It
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/Id in RFIC design

m

‘TIMA Overview of Design Methods for RFIC
A

g,f/1p : A First Approach
* For RF design

* A FOM that maximize the gain bandwidth product

gme
]D

* Gives the i; that produces the best GBW product

* Notoptimal :

o Do not depends on the topology

o the gain or the bandwidth might be oversized.

Normalized g, f/1,

A. Shameli et P. Heydari, « Ultra-Low Power RFIC Design
Using Moderately Inverted MOSFETs: An
Analytical/Experimental Study », RFCI, 2004.

I

\ o Measured
/ \ — Analytical
/O I T T

'In\ie'rJid Il

0851 11l | weak Jnversion|

0.6f -~ S / SeiREE S &t
o Moderate
04F |1 f nversion |y

0.2F |

‘::\

N ——
,/
, :

107 10
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. Overview of Desigh Methods for RFIC
TIMA g_/Id in RFIC design

Circuit Sizing Based on LUT

Systematic Design
. . . of Analog
* For agiven Circuit CMOS Circuits

Using Pre-Computed Lookup Tables

* 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 R0 AT ondl]
e The gap between physics and design remains e
* No analytical relationships to size « by hand » MM Rresearch ARTICLE
Resistive Eﬂeﬁdpg@r&é (9@?&%9/3 F rameter
Circuit Slzmg Based on ACM demgn oriented mo ~w ~dernemnnqTec %gles
' ' ] ) ' Mohamed Khalil Bouchoucha'2, Dayana A. Pino ? . . lippe Cali‘nalml Jean-Michel Fournier?,
* Equations can be derived for a given circuit ST, 3520 Colls, e VAT Sgurd T 3 2 €l s 500 Gl Frs
* (Quasianalytical approach / ;D[qém;m";,ZAwa Ir . 5 -
* R-F LNA designed with 3PM-ACM [Bourdel - ICECS 2019] et s e . . -
* Gdsand gm3 (NL) are taken into account S L {t“;# S B et ot
* R-F LNA designed with 7PM-ACM [Bouchoucha — ISCAS 2023] ST, Gl T Labarston Gl e s

https://githuh.com/ACMmodel/MQSFET model

* CG LNA designed with 5PM-ACM?2[Alves Neto — ACCESS 2024]



https://github.com/ACMmodel/MOSFET_model

TIMA  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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TiIMA LNA Design considerations

Noise Factor

* NFis the signal to noise ratio (SNR) degradation (Eq. 1)

(S/N)I "
(S/N)
V2, = 4KTR, \ G,V O V4V,
y ﬁ E
Vi s = JAKTR AT Ve Zit &l
Vsi2 / Vn2 V /Vang _ ni _ Vrfo

_Vscz)lvni Vsolvni E 2 G2 VnRg ) a G2 nRg
E_ total output noise ( 2)

total output noise of the ideal (no aditive noise) device

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



‘TIMA LNA Design considerations

Friss Formula

> RF Basis
V2,
R R F, F3 .
Rq I_T-? Gv,l C-_LI IP Gv,2 <-_|_| I_T-Q Gv,3
V. G,: loaded voltage gain
: R, Ry Ry Ry Ry ’ ge g
(|:2 -1 ( F, _1) This formula is valid only for real impedances and in case of

F=F+

...... power matching: (Z=Z.=R,)

L
2 2 2
Gv,l Gv,l 'Gv,2

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 (G,<1) increase the NF, especially when they are in front
of the receiver chain (antenna filter, image rejection filter, antenna switch ).
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- LNA Designh considerations
TIMA Input patching

System point of vue

LNA RF filter

Mixer

IF filter IF amplifier

o ol z
—~~

* L[NA s the first device due to Friss formula

* Antennais mainly 50 Q. @
Zlnazzgr =

In CMOS

* Generally, the input impedance is capacitive Re (Y11) is very low
* Forexemple : CS amplifier

Common Structures :
Inductive
VDD

V. ) — Vin )
S¥in) CesCrw 9 Y :

°—I—| Voo
— = Vs R R, | | 1
- R: - Cas1
Re Vout Vino Vout Zin P
R(Yin) = Rpl1/gm Gm1 —l Im1 Ly
1 -
R

1 F -gle
R(Zin) = — R(Zin) = ——— R(Zin) =
(Zin) Im1 (Zin) 1+ |Ay| (Zin) Cas
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. ign considerati
TiIMA LNA Design considerations

Non-Linearities

®, and m, are 2 harmonics of the wanted signal v
S
Non-linear LNA Vit I I Vint IM3

r b

IR % R T
W, 0y PO 0

ZQlog(Vs’Vim) . Never reached in measurement !

20log(V,) .- 9 The IP3 (V,p3) is the input signal level for which the output IM3 is equaling the
- fundamental harmonic (Vs) extrapolated from small signal (AC).

: dem 2000g(V,,)

The 1IP3 (V,p3) is related to the maximum power you can apply to your system

20log(V,)

20logV g p3
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Overview of Design Methods for RFIC
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What we need in ACM-2

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

R-Feedback general considerations

e Simple S :

* Compact (No-inductors) R, R, v,
. i : : ! ©
Wideband | o v L.y :J_

* RF allows to synthesize a real part in Zin “ M(W,L) C,
* LG and CGS’ will help in cancelling the imaginary part while controlling Qin Cm'I LU B I
Input impedance o
+ Rp
R(Zp) = Rp = =2 ,
Ziy =Lgs+ (1 @l ! Gl
(Cas + Cgg)s 0. _ B&CL(GmRr —1)
P (Ro + Rp)?
R
R(Zin) = Rs = ﬁ =50Q Qp = RpCrwy Cr=Cgs+Clhs+Cp

Ro — Rirps
Ri, +7ps

Q%
S(Z1n) as + Crs(1 + O
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Topology

‘TIM A Resistive Feedback LNA

Voltage Gain

(GmBRr —1)Ro
Gr| =G, =71~ ,/1 2,
Gr| =|Gy|Q1N (Ro+ Br) V +Q%

— —firoz— ] fotBr
Qin=Vi/Var=1/1+Q% = Rs(1 + G o)

V
_ R Cos T “mnmmm-fone- /
(the source resistance seen at the 50 Q input) L — 4
Noise Figure -
C
R 2 Q% GmRsRr\? g
yal mils WFItL m m (e}
Q% GnRs {&N + Rg + Gmf ;FfRf )] v g o—T0™ J_ L ©
A+ Gn)RS"Re | ¥ gm (Rs + Rp)? (Rs + Rp)? C_HC I Ic R Vir |R
(F"”'"_“Rs (= G B2 ¥ Rs (1= Gy R R Ry (1= G Be)? I e
I1P, BW
2 2G
Vitps = =1/ 5— fo= _Ro+Rr
QiN V Gm3 2rRoRrCY,
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‘TIMA What we need in ACM-2

Small signal parameters

Small signal (AC) parameters

* G, NFIIP3vs (G,, G, Gps)

’ m3’

o —an) — s ¢ (2 gy 1 2@ —aalo —m) —iaC (o5l — (0 —m)78)
g :aﬁzl_sg(}zl_s s — 4d d 1+q;  1+4q 8ds = q?gD_ ? 1+C( )
"TaVe o ndy 1+¢ (g5 — qa) ' o 444

Em3 =

29 295 .2 4s 44 _ s 44 . (qa(1—294)  qa(1—244)
Is ra)® ~ Gra® " 8a2 (1+qs 1+q¢) < [2”36 ((1+qs)3 (1+qd)3) Tl ( (1544)5 (1444) )]
(ngy)? 1+ ¢ (g5 —9ga)

* Validin all region ( gs and qd shall be explored )
* We consider only saturation
* It reducesthe exploration to only gs.

1 1\? 2
quat=q3+1+z—\/(1+z) e

g = 2s s _ 6l g5 2-20g,-3%¢¢  _ % G
T g 140+ D) Imsars T e N30 1 1)3 (Lgs + 2)° T g 1+7(gs + 1)
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T MA What we need in ACM-2

Small signal parameters

Large signal (DC) parameters

* To compute the final voltages

Vr =Vro — 0(Vsp + Vbg)
_ Ve — Vr

n

Ve

Ve —VspyB

= qs(a) — 1 + Ingyq
on

*  Sometimes we’ll use i; in the code

ig=1f — i <= gs(py = /1 +ism — L.

\ Ip = Iso.ig /

(Ur)* W

2 L

ISO = ,uC:mn

iq

_ (gs +qa +2)

B 1+C|Qs _Qd‘

(QS - Qd)
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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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‘TIMA Inversion Level Based Method for R-
“* Feedback LNA with ACM-2

General Approach :

Requirements Design parameters
e GT,NF, 1IP3, IDC 4= possible Tradeoff * ACM parameters for a fixed L
« fo,CL, BW <= No Tradeoff * Vro,Is,n, 0,0

Design Variables (parameters)
. ‘are first order design variables (gs = 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, [IP3 and IDC by playing with W, gs.
* |nsaturation region (only gs is needed)

G = 25 qs 16l qs 2 —2qs — 3(q?2 Guoar = 0 2Ig qs
msat ng: 1+ ¢(gs + 1) Imsats = (n¢t)3 (qs +1)3 (qu + 2)4 dsat ng:1+¢(qs + 1)

* C(Circuit equations depend on Gm and ACM depends on gm ...

Where we introduce W in the design space
@ / agn sp

(GmRF — l)Ro\/ Ro + Rp G _ 'qu (UT)2_$ (UT)2 W Tar = Iso ' (UT)2
RS or

Gr| = m; DSz — =
G11= Ro + ) (1+GnRo) 7

9 fg[miDS]«”ﬂ Iso = pCl.n A SL —@— HCopn 57—
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T MA Inversion Level Based Method for R-
IVIAN  roedback LNA with ACM-2

Vroi Is; 1505 G fe; Cr)

Reducing the variables :
Startingfrom:  |Gp| = (Gmfr=DRo | Ro+Rr  Grp(Gp;Ro; Rp;Rs) = Grl(W; qs; In; Vpsazh
(Ro + Rr) Rs(1+ GnRo)

variables parameters

2—x|
’
-y 0D e ) ()
G[m;DS]m = ju'Coa: 9 I 9m;DSlz —» Emsat = n¢r 1+ él(qs T 1) ‘ Gm(qS' W)
21
g, =25 9 mm) |Gps(qs; W)

n ¢ 1+C(gs+1)

Ry~ Furps — GDS(QS@)

" Rp+rps ;
B _ »Vpsar = ¢u(\/1+if+3)
. N2 2
\ ty = (]. )
Ip =1Ist ‘@*%“/
Ry
RF =
2nR,C.f. —1 ) Rp(qs; W)
oCLfc 2 Gr(Gm; Ro; Res Rs) = Gr(W; q5)

Ro + R
('fc - ZTrRoRFgL )
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TIMA

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

5(q5: W)

Finally : I5(0s;W); Re(ds;W); Ro(As;W); Gr(as;W)

Ro(0s; W) Re(s W)
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‘TMA Inversion Level Based Method for R-
' Feedback LNA with ACM-2

Qomputmg GT, Fand IIP3:; V(g RS) L (1D Rs;:p)
Flna"y: G| = (GmRr — 1)Ro Ro + Rp —1+ e+ — n C;+}Q{m B
(Ro + Rr) \ Rs(1+GmRo) Q3nGmRs |G + Rs + Snfisfel)| m L F
bIGT(qs;W)lfc;clJ b F'(gs; W)l.:01:Rd Remember :
/ Ro+R
Virps = 2 \/ with Gr(gs; W)ls.;01 Qv = Vi/Ver=1/1+Q} = 10+ ijj‘?«o
b |IIP3 qs’ |,f :Cr; RS| b IP3_dB(qs,W)
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TIMA

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

Exploring the design space:

Setting GT (or NF, or 1IP3) helps to build 2D plots.

For a particular G+

=> We plot 1IP3(W)

=> We get the relationship qs<=>W
=> We plot NF(W)

qS 5.4
&

NF vs W for Selected GT_dB

® Selected GT_dB = 15.00
—— Curve Fit

N \ A

=

oy

W [um]

50

IIP3_dB vs W for Selected GT_dB

® Selected GT_dB = 15.00
—— Curve Fit

o 20

2

@

'U‘

m

z
18 4
16

\\

44 45 46
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n Inversion Level Based Method for R-
TIMA ok LNA with ACML2

Setting the final value:
* We choose W, that gives g for a given Gy.

« (W;qs) gives Ry, R, I, Gy, Vpsar and Vg

Input Matching
R R
With Ry, Re, G, => Rp R(Zp) = Rp = ijRFO,
*  With Rgand Ry, calculate Qp R(Ziv) = Bs = 7 f%%) =500

With Qp calculate C;rand Cgg”  @Qp=RpCrwo  Cr =Cas +Cgs +Cp

° i Ry =0= Q2
Wlth CT Calculate LG J(ZIN)_O_LGS—’_CTS(leP)E

Cp =

 RLCL(GnRr —1)

(Ro + RF)z
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TiIM/A\ Validation

Now, let’s simulate with a real PDK

U0
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