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ACM timeline

* 1993 ¢s-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)
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The capacitive model of the MOSFET

—— Gn
G
Qr=0—7— Cox
®e0% 0o ®e°, ||
Ve —— = - = _ | H ¢S
> Og T __ Ci =0 _
~ p-substrate C, — — Qj
| +
rf . I A¢S — Cox
¢s surface potentia .- Co+C,
C,, oxide capacitance per unit area ’
C, depletion capacitance per unit area ¢s = 2¢f + ¢ "

Q, carrier charge density

V;, threshold voltage
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Drain current model: main simplifications

First approximation ACM2 dQ; = nCyxdds

Second approximation ACM2 Ip = uW | -0, s + th@
,\dy dy
drift Diffu¥n

Q, carrier charge density
W transistor width

u  carrier mobility

d¢ thermal voltage
26 mV @ 300K

Bento Goncgalves Feb 2025 8



Velocity saturation

V

¢s: surface potential
Vllm ........................ :? ..............................................

F: longitudinal electrical field

dos _
I
F, r
= Hs
Third approximation ACM2 Viim dy

Allows analytical integration for I

Bento Gongalves Feb 2025 9



ACM2 current law

From the 3 approximations: _ (qs +qp + 2)
normalized current vs. normalized — Ip = 1 + _

" : ¢(qs — qp)
charge densities at source and drain

(qs — qp)

SI:qsp>>1 WI:qgp <<1

_ (Usd:/L)

Vlim

Short-channel parameter ¢ : ¢

ratio of diffusion-related velocity to saturation velocity

Bento Goncalves Feb 2025 10



Physics-based saturation

W

i

Saturation current due to saturation velocity of the carriers

Ipsat = =W Qpsat Viim

Qps4t IS the saturation inversion charge per unit area

or, using normalized variables

2
lpsat = zCIdsat

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

. but neverreachesv,,,”

Bento Goncalves Feb 2025

11



Physics-based saturation: design model

i — zqd i _ (CIS + ADsat + 2)
bsat ( sat bsat 1+ ((CIS T QDsat)

\ I

(QS _ QDsat)

|

1 1\° 2qs
dpsat = qs + 1+ 5 — 1+ | +—

N ¢ ¢

or equivalently

2
ds = \/1 + ZCIdsat — 1+ qgsar

Bento Gongalves Feb 2025 10



The Unified Charge Control Model (UCCM)

Vo =V,
P C=q,—1+lnq1
oF

—> @=q —gp+In2
Vs <Ve<Vp o 0 qp

ds = 41 = qp

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

Wi SI
CII<<1 —)VP—VC<<-¢t CII>>1 _>VP_VC>>¢t
Vp—Vc+¢: Ve — Ve + ¢
g =e % q1 = b

Error <10% for  q; < 0.22 Error <10% for q; > 20

13



UCCM including the effect of velocity saturation

A
3+ Vps _ H ds — 9psat

2.5 7

= o
E

~~ | ; :(CIS+CID+2) (s — )
P14+ —aqp) 0 P

A
>

0 02 04 06 08 1 12 14 1.6 1.8
Vs QV)
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Output curves including DIBL and v,
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Long-channel charge-based model
(s +qp +2)

For short channel MOS Ip = I 1+ 2(qs — qp) (9s — 4qp)
Vp — Vs V ds — q

=qs—1+1Ing DS g —gn + = 1tDsat

¢t > > th 1s 1p ! dp — 4psat

For long channel MOS (=0~ gqpsq:=0

Ip = Is(qs + qp + 2)(qs — qp) = Ls[(q5 + 2q5) — (g5 + 2qp)]

Ve = Vspy
= qsmy — 1 +Ingqgp)
bt
Obs: dqsp) _ _ldqs(p) dﬂ 1 qp

- d _ 2Is(qp + 1)
AV~ ndVey o beap+l  dgy S

Bento Gongalves Feb 2025 16



Small-signal transconductances

dID dID qu 1 dp ZIS
= = 21 +1
gmd dVD qu dVD S(qD )¢t qD + 1 ¢/t'
S
mmery Amazingly simple
215 .— (see Appendix)
ng ¢t
_ dlp _ dlp dqs , dlp ddp dqsp) _ _ ldgsep)
Im dVg dqsdVg dqpdVg dVg n dVsp)
\ )
|
Jm = gms — Ymd Jm = Yms — in saturation
m n n

Bento Goncalves Feb 2025 18



Unified Current Control Model (UICM)-I

Ip = Ls[(qé + 2q5) — (g5 + 2qp)] (A)

(A) can also be written as

Ip=Ip—Ig =Llir—i,]| ©®

Ig, Ig| : forward and reverse currents

if(r) = qg(D) + 2qs(p) : forward (reverse) inversion coefficients

l

ds(p) = \/ L+ifey—1

Bento Goncalves Feb 2025 19




Unified Current Control Model (UICM)-II

Vo — Vs(p _ .
& ®) = qsmp) — 1 + Inggp 4s(p) = \/1 + iy — 1

\ I

Normalized UICM

Vp — V.
¢S(D) \/1+lf(r)—2+ln<\/1+if(r)—1>
t

4

Vpbs ds 1+ -1
—=qs—qp+In—= |[1+i—/1+1i.+1In
P P gp ! " Ji+i -1

Bento Goncalves Feb 2025 20




Im =

g./Ip

Ims — Ymd

21 _ W ,
t

Imsd) = ¢T

Im

Ip B ncpt(

2
JI+i+/1+10)

For V/¢<<1 we have i=i,

In saturation i>>i,

Im
Ip

~y

1

Tl¢t1/ 1+ lf

Im
Ip

2
" (JT+ir+1)

Bento Gongalves Feb 2025
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Intrinsic gain stages: common-source
and common-emitter amplifiers

Bento Goncalves Feb 2025 23



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

Vo | Vo
+ y ‘ ] T mVi ‘
m g ds + dce
_, T\ T
L ! CL
_ (a)

J_— (b)
|AVL:3 gm
A v = — : V., a >> ,
‘Aifn‘ ]a)CL

: -20 dB/dec
| X
| P

N . ¢,
@, m\ aflog)

Bento Gongalves Feb 2025 24



Design of the CE and CS amplifiers
A () =1 ¢ = C, =27-GB-C,

\% u

BJT in the direct active region

[o=1e™" w I.=g,4=271GB-C ¢

MOSFET in saturation

(J1+i+1) e
2

—0m Pt | S B b O/

Ip = ngmo;

Bento Goncalves Feb 2025 25



Aspect ratio vs. current excess in

MOSFET design
(W/L) & i (W/L)h_
Wi/L Iy =1, 1+ :
( )m D /44 (W/L)
> E A
9
g Q- (W/L)th: ”gm¢;¢2
a IS
E
o
z g | . >
0.1 1.0 10 100 (1,-1,)/1,,
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Appendix: the exact model of the long-
channel MOSFET

w v
Ip = 7 VD.UQI (Ve)d Ve

S

Consequently, the exact expressions for g,.. and g,., are

__dIp w __2Is
_ dlp . 11/%4 __2Ig
Ims = ave 1L UQs= S ds

"H. C. Pao and C. T. Sah, ‘Effects of diffusion current on characteristics of
metal-oxide (insulator)-semiconductor transistors” Solid-State Electronics, Oct
1966
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ACM2: A simple 5-DC-parameter MOSFET model

- Veg —Vro + 0(Vpp + Vsp)
b =
n — Used to calculate g
Vp — Vsp
" =qs — 1+ In(qs)
; _
o142 <1+1>2+2q5
Qdsat = s Z Z Z
— Used to calculate g4
VDS <QS _ stat>
— =(gs—(qq +1In
¢t > ¢ dd — Qdsat B
(QS + da + 2)
Ip=1 (gs — qa)
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)

31



3PM-ACM model in a nutshell

LW w

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

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

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

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

21 . w _ gms(d)¢t
Ims(d) =E< /1+lf(1‘)_1> ‘ L ZISH(a/l_I'if(r)_l)

9ms — Ima 9m _d(nlp) 2

G = - I,  dv, _n¢t(\/1+if+\/1+ir)

Nancy, November 2024

|

DC egs

Small -signal
™ eqs

32



Is V1, and n extraction ]

The g,,/Ip method

Let us choose: Vps= ‘pt/z and i = 3

V J1+ir—1 ~
»LS: /1+if—w/1+ir+1n 4 gm 1
o 1+, —1 yavs
35 ek

bt
Thus:i, = 2.12 W7 ‘Z Ip = 0.88 X Ig |y
30 |
» Im _ d(Inlp) _ 2 95 | . |
b AV ng(yITg 4 yiiL) sl 1
= 20} ——
?Q 1077
gm  0.531 Im S 15} |
=231 _ 531 (—)
ID nd)t ID max 10 n ‘l‘ gm __| 0.531 . ]O_]]
: ' ne;
. . J ~13
B = Is(ir — i) 10

U —0.2 O% 0.4 OI.G 0.8 I1 1.2
I, =(3—-212) I = 0.88 I Vep [V]

33
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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:
_ 215 ds =G 2IS s - -0
Imsat = nd, 1+ (g + 1 Ydsat ng, 1+ Uqs + 1) Ydsat Imsat

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

35



Extraction of o

Common-Source Intrinsic-Gain method

I G— D |
| + + |
|
! Vg gm”g(l) gd”d(l) Vd |
| | Ay cs
[ - -
|
: - )
Vpp
Igjas

In saturation : ggsat = O9msat

AUD
= AvG =

—20

—25

0 —30
—35

~ —38

—40)

—45

aIDsat 215 ds
gmsat= Ve _ né:e1+38gs +1) =_1
Ydsat M o 215 ds o
oVp ng:1+¢(qs +1)
—, —oor|| Bramele:
- 'l.-”( = J. 1
AV,CS = -
_ 1
° T T (=398)
i o = 0.026
|
_5[ | | I ! |
8).2 0.3 0.4 05 06 0.7 0.8 09 1
Vp.pras (V) 36



( extraction

* (¢, calculated using

. 2 2
ldsat = Estat s = \/1 + Zstat — 1+ qysat
J
|
- 2(qs + 1= J1+igsar)
idsat

parameters (Vo, n, o) and

UCCM. * Measure
Ipsat = Ip(Vg = Vp = Vppmax and Vs = Vp)
‘ lasat = Ipsat/Is-
120————
i
Veg — Vro + 0(Vpp + Vsp) dsat
v% — GB TO DB SB LOOO— i |
|
Ve — Vsp)B 800 : |
=qs—1+ ln(QS) - |
Pt ~ 600} ]
= :
400 | 2
IDS(lt v :
n I ]
Al K C"‘ Vbs = Vpbpmax 200 :
7 —
Ve = Vpbpmax |

0 0.4 0.8 1.2 I1/.6 : 2.0
VGB (\/’) DDmax
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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:m2/Qun3Workspace.u"psp103 nqs osch' L

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

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

:Inputeqs”m
C|Mutmeg - -

D.CTZZZZZ B

|Parameter ||

~ Tabular results

- Diagram results

|sweep - -1 NutmegEq1

2] v(v-sweep)-

i(idmax)

idsat - . ..ol

e

o _S«mutatmn—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 - -

ng=t
.o.m=1.

CII’CUIt

- 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

Schematlcé

L0 00m: 200m

RN,
030

S 0E 07 0
. oo w(v-sweep). . -

R TR N S
08 .09 1. 111213



I'p (‘3&)

1072
1073

ACM2" vs PSP — 130 nm SiGe IHP?

|

Vps =50 mV

1074
1072
10794

10781

lU—!) 1
l{]—]f]

0 02040608 1
vaes (V)

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

"ACM2 : implemented in verilog-A, compiled by OPENVAF, simulated in Ngspice

1.2 1.4

0

Relative Error %

Ip (A)

1073 1 - 35

1074 - 30

10771 - 25

10794 - 20

1077 1 (R

1075 4 H10
‘

10791 v+ 5
4 L

~10 . . . . . — 0

0 02040608 1 1214
vap (V)

I— ACM === PSPeMeasurements¢rror |
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Ip (A)

1072
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104
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107

10-10 4

1
|
1
|
"
1
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2 Institut for High-Performance Microelectronics (IHP) open-source PDK

0.8
ves (V)

i
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5PM-ACM2 : Transconductance gm, gm3 and gds

1073

n

1077

12

10 |

—_ PSP
=== ACM

*

Vo = 486.0 mV

1.4

1072

mA )

‘/3

Gmsat3 (

— I )OVE

=== Gmsat3

0 0.3
- | | E
- — PSP
Ve =7020mV |-=-- ACM

<=

Yds (

1071 F

104

— PSP |]
--- ACM |

* meas

02 04 06 08
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CMOS Inverter in 130 nm bulk
VTC and short-circuit current

VOUT

‘LISC

1.6

0

102

10~% 3
—~ 1077 1
-

1079 4

Isc (

10~7

10°°

10~ \
0 0.4 0.8 1.2

Vin (V)
= PSP === ACM

1.6

43



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

2
1.5 -
=
Vob Z 1
- =
0.5

0 20 40 60 30
time (ps)

Vjp == PSP === ACM
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* Parameter Extraction
* VTO, IS and n
* Sigma & Zeta
* DC characteristics
* Transconductances in Saturation
* Example: Inverter CMOS
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 Automatic parameter extraction
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Open-Source IC design

e Chipathon - SSCS 2021 :) i‘fﬁm-sm'[[
J CIRCUITS SOCIETY
* Analog-front-end for Biosignals — AFEbio
* Chipathon-SSCS 2023 & UNIC-CASS 2023 |
* Analog IC design 75 g CAS
e Mentorin Universalization of IC Design from 2024

CASS (UNIC-CASS)

Open-Source Design of Integrated Networks
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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

47
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Iso V7o and n extraction
The g,,/Ip method

We identify the 22
D

> n

max

We calculate 0.531 ‘i—m
D

> VTO

max

We read the value of I, 2 I

Practical part 2 Go to QuCS'!

25

= 20}

—

er

I
=
I~

10 F

Ut

5F

oF
Vps = —
:' DS =
Ve /|
A
(9_m> ~ 1
TK/ Ill) qu n¢t'
------ b ID = 0.88XIS_1075
10~
109 =
=
10"
10"
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Github — ACM2

Github - Content
@ AcMmodel
B8 Examples
I Verilog-A
B docs
[9 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

MOSFET mode

° ACMmodel Upda

Blame 291 lines (2

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

// * ACM NMOS model (Verilog-A) *
ff* @7/2e23 Vz.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)

Project Supervisors: Prof. Carlos Galup-Montoro
3 Prof. Marcio 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"

// 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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Outline
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
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ACM2 applied to weak inversion

ACM2 parameters: Vg, Is, n, o, §
Ve — (VTO —0(Vpp +VSB))

dspy = Us)/(—nCoxPr) Vp = =
(VP_VS(D)B +1) .

ds(p) = € Pt UCCM ip =1Ip/Is = 2(qs — qp)

Ip/Is =iy — i, = (Ip — Ig) /s - p

I.=—unC _ =8I
S Llus ox 7 SH

normalization (specific) current

WI: qgp)<<1

ratio of diffusion-related velocity to saturation velocity 52



1. Current mirrors

Voo
iin
l iDA
[
m |
Vv
N 1:1
M,=M,

locus vp=vg
(input MOSFET)
output \J
MOSFET //
x / V1=V

M,: i>v converter

) Basic principle Vz,=Vz,; Ve1=Ve,; Vai=Vpo;
M,: v—i converter P 5 >\?1 G2> ¥s1"7s2: TB1T VB2

out Dsat —> Iout— in

What'’s this saturation voltage V_,;? No clear definition.

An approximation for the saturation voltage:
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1. Current mirrors

V . . .
°P Error due to difference in drain voltages
Iin
l V, is non-physical
[ A simple case: error for weak inversion
M, ~—+—’ Vout using ACM2
L Iin = Ip1 — Iy = Ipq [1 — e7Vin/ ]
1:1

Linear approximation
Lout _ ISf(VG —Vr, VS)(l + Vout/VA)

loye = Ipy — Iy = Ipy []_ — e_Vout/fpt]

Iin a Isf(VG -V, VS)(l + Vin/VA) IFZ = ]Fleo'(Vout_Vin)/n(Pt
fout —lin . Zout ~ 1 I TWout—Vin) y_~Vout/t
out
Iin = noyt — /
Iin 1—e " Vin/ Pt
Iyus o(Vout—Vin)
I"" s ot forV,, & Vig > @,
//// !'n
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1. Current mirrors

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

Weak inversion
i<1

ID — Ioe(

\

Vg=VT
n

Ip

/01 — e=voled=1, [1-1n
J

I, = 2Ie?

Vr = Vpo — olVsp + Vpp]

= dlnID = g -|— I—F e_VD/(pt
dVp n Ip

(A)
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1. Current mirrors
Error due to mismatch

Main contributors to mismatch: [ & V. [Ip = Isf (Vg — V) (B)
dl dl )
Voo Al = —2 Al + —2 AV,
PTdlg T dvy T Al, Al g, AV
. dID dID - ~ T
I|n l _ —=——=—gm ]D [S ]D
llout dVT dVG (C)
\_— [
M, l—_' M, 2
V-|i-n Vout=Vin FOIF uncorrelated o (ID) ~ o (]S) + En o’ (V )
- ! - 2 mismatch sources I’ I’ I, r
1:1
m/1 D
Using Pelgrom’s model J /AD (B)
II 1
?Up) 2 ), (AVT>2 2
B wL|"F \ng.) |(JT+i +1)

| ]
|
In general, this is the
prevailing term
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Bias cumant { A)

1. Current mirrors ) : 2
o?Up) 2}, . (AVT> 2
m 2 ISH z

Error due to mismatch b WL née) |(VI+i+1)
J_ -II:IDE;.E"E.Q.Q.{:};.;"—-.— .............. ]. ............................................................................................................ ?
1 T [ >16 X Tl 0.35um
3 | | M2 . | M1 . 0.75 um = 0.5 pm (small) < -2 :""'1;.-' technology
Jor e g ] %00 Yo
ﬁ Iwg—v—ﬁ = L Mﬂ.G.'i ﬁ:h‘
l s Dvpy DVoz i g gﬁﬁ*?:;: AN f
% 2 um = 2 um (medium) @1}%‘%1._ " J“xa
—_ —_ ~ x 'E o .
E 12 um x 8 pm (large) ' 'E:ﬁiﬁ- - '-:a;??
ip1—ip2 Mgt O Sy P e :
€; = — - = S Y V
Y (ip1+ip2)/2l; £ T g TBog E?'ﬂf
= WV Vg =—2V(measured) “:I'{_]
N — ¥, =—2V (modsl) ‘a
0'2 1 2 'S I.r"Ez =20 mV {measursd) o E?é-\
I_Z = N &; ceme Vo =20 mV {modsl) D‘,j,_ﬂ | E‘&
b i=1 10" . . . ——

o' 108 108 1o

Dependence of current matching on inversion level in linear and saturation regions
|Vpsl =20 mV and |Vpg| = 2 V, respectively, for the large, medium-size, and small
PMOS transistor pairs. Statistics determined for 18 pairs of transistors.

57



2. Cascode current mirrors

Self-biased cascode current mirror (SBCCM)

Assume M,=M,=M;=M,

. +

1:1
Simple current mirror

Node X follows
approximately node Y

If M, operates in saturation, then V,=V,
and |, =l

out ="in
V. is transferred to Vy with attenuation
(Zmdty of common-gate gain

Imsa

Input constraint: Vpp> Vg mintVaesstVest

Output constraint: V> Vgg1+Vpgy st fOr
saturation of M, (In most cases, Vs> Vpg cat)

The output conductance:

Lout Imda
~ Ymd2
Vout Imsa

Yo=

SBCCM is not a low-voltage current mirror
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2. Cascode current mirrors
Low-voltage cascode current mirror: lower VDD

Assume M;=M,=M;=M, Goal: Design V5 to bias M2 (M1) at the
T T T T T T TR edge of saturation
: VDD : VDD AV = ap,
! T ! Vsa = Vps2 = Vpssar, + AV
I V : Iy _ Iin _ ;
i Igs i I, (1/0 2 = lf4- = EEE Vpssat = @¢( |1+ L2 + 3)
1
i : Vp4=V54+<pt[/1+if4—2+ln</1+if4—1>] (1)
'™M
M I — I ) l M Vps = 1+is—24+In{ [14+is—1
: Vos | bs = O ifs n irs (Il
I 1
: ! . Equate (1) to (Il) to find i5
I I I
. B My }_—{ Mz Vbsz  Choose Igs &Igs to comply with ifs = 2
! ias ! o5
,  circuit ! ) ; ; w
"""""" — — S5 — ISH 7
= = L
. y,= iout . Imd4
= |nput constraint: Vpp> O Vour T2 g

Ves mintVosasattVast

= Output constraint: V> Vg, oo tAV+

Vpsa sat fOr saturation of M,
’ 59



2. Cascode current mirrors
Low-voltage cascode current mirror - 3

2.05

2.05

1.85
lout (A)

1.95
out (A)

1% 10

1.85 1.56

1.8

Vout (V)

1:.1:3- = 1}- {1y = 100).
Fig. 7. Detail of experimental output characteristics of the current mirrors
2 um CMOS technology
Vion=0.55 V

*V. C. Vincence, C. Galup-Montoro and M. C. Schneider, “A high-swing MOS cascode bias circuit,” IEEE Trans. Circuits
Syst. Il, 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, Séa(?.
2006.



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

3. Current gain schemes
Gain-of-2 current mirror Voo

Voo
Vv \
I DD
: <1> four | WL |— 2WiL
| In IOUTl /
WI/L 1:2

_l__| WL J= =
W/L | | l WL \ 4
WiL | | | Wh)(not?
3 WI/L
i 1/2:1 4 12 L LM
Choose equally-sized W/2L

components for good matching




No. of Samples

3. Current gain schemes

Example: Gain-of-16 current mirror

Current Mirror: 4 vs 4

Current Mirror: 16 vs 1 Current Mirror: 1 vs 16
54 -
45 u=17.01 = 16.67 48 ”;:g:i;
o= 3.64 0= 6.50 olu= 14.60 %
20 ofp=21.38 % 48 o/u=38.98 %
42
36
30 n 36 2
é g 30
25 & 30 =
o« 'S 24
o] .
20 G 24 S
S 2
18
15 18
12
10 12
5 6 6
0. 0 0 18
7.5 . 125 150 17.5 20.0 225 10 15 20 25 30 35
lout/lin loutlin lout/lin
VDD
I
IN
VDD v [ "
ouT
In (¥ lout bD _ i { P
— v IIN — —
JH lour ] |‘L-|
|—| I = =
=L | | —_—— - AI 4= | = =
16 = [ : | | | T
4
| |J = 116 === =1
— C -
8 1/16:1
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4. Current and voltage references
The self-cascode MOSFET (SCM)

Iy = ISZifZ = Isq (if1 - ifz)

Is, S
ISl Sl

Applying UICM to M1

a/1+0a a/1+zf2+1n£“1+m 11}

1+zf

Vy is PTAT if if, is independent of temperature
In other words, Vy is PTAT if if, is a scaled replica of I

In weak inversion, v

if1 — aifz < X Sha => V is PTAT and inde!oc?ndent
of the current coefficient

t
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4. Current and voltage references
The self-cascode MOSFET (SCM)

037g

o chip A

0.36p | ¢ chipB

6 a8 chipC

i | | 4 chipD

S 'lr B 035 - theory

at.

0.34f
i K L2 <033}

7 HE
o Ly

Tnode

]:[Szifz — Sl(ifl_

i :(1+Iﬁj:(l+&}f
‘ ISI Sl ‘

b4
= 0.32F
031F
03k &

0.29f

0.8um F
technology s

ifp = 6

ir1 = 150

Sz 2/58
51 ~ 2/(24x58)
I = 7nA

300

i)

Applying

»=a JICM to M1

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.

310

330 340 350 360 370

T(K)

= 24

Vx
9,

1+

Nil
JI+aip \/1+zf2+ln[ +0:lf2 1}
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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)

|
|

|

|

|

S, _| :
Py |

S, _| :
[ d
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4. Current and voltage references
A self-biased current source (SBCS)

If M; and M, operate in WI :
J1+appipn—1
[l lna34=\/1+a12if2_\/1+if2+1n< 122 ),

JT+in—1
e SZ S4
a12=1+_ a34=1+_
51 S3
IB IBZJ/

b ZPe%itiVi fpoj’gvek Thus, i, (the inversion level of M, ) is
eedback/ \gedbac constant (it depends only on the

A ] geometrical ratios a,, and a,,)
—[ m2 M4 ||
Vv [Vx The reference current Ig, = Is,ip is
_I M1 v3 |- proportional to the specific current
|" of My. Is; = Isy(W/L),= IsyS,

- Stability at the operating point:
Vx Negative feedback>positive feedback

Ss t
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4. Current and voltage references
MOS-only voltage reference

560 T ; \
— Extracted 1207 —=—=======—=—==->
- == [itting expression — :
3> I
540 CMOS 180 nm- g E I
W= 5 um |
2 L=180 nm . 0.4 mV/K : ‘
Z 520 1+ 0 01k
5
=
5001 | dV .
: d;" ~ —0.4 mV/K
\ 645
480 ‘ : : : ‘ E ~
-25 0 25 50 75 100 125 = E
Temperature (°C) > =
Temperature dependence of the threshold
voltage (CTAT) 9e0 200 T (K)
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4. Current and voltage references
MOS-only voltage reference

V
oo Voo Voo al
T Vo = Verar + Z Vbrari
=1
's WL i i,
(um/um)
M5 1/1 3 <<3
M1A 20/1 19/100 1/25
Vo M1B 25/1 1/25  <<1/25
Mgy Vorars M2A 20/1 4.7/37 1/37
Ig M2B 37/1 1/37 <<1/37
—
M3A 20/1 4.7/74 1/74
M3B 74/1 1/74 <<1/74
Example: /5= /g, mmm j,= 3wy V.= V;
av \Y%
Let d—TT = —0.4%,N = 3 and equal Vppa7;
dVO dVPTAT dVCTAT dVO dVPTAT
— =0 — —=0- =133p.V/K
dT dT dT dT dT
E. Vittoz and O. Neyroud, “A low-voltage CMOS
bandgap reference,” Solid-State Circuits, IEEE 68

Journal of, vol. 14, no. 3, pp. 573-579, 1979.



5. Single-stage amplifiers

Common-source amplifier The intrinsic gain
Vo In 4
e () Q
I N VA— Vea
—l O V .
b © ; (b)
My ==¢. Voa Vo \70
Vi
Rl (a) EmaVa
— ) i
_gm u d
AV = «—
Imad s O\ D
_/
The gain is a function of EnVe

technology, transistor
channel length, bias
current, and output voltage



5. Single-stage amplifiers

Common-source amplifier

VDD
v IL
big °
M —=cC,
VD=
0

Velocity saturation
not accounted for :

215
ne,

Im = _(QS - qd)

triode

Imd

9m

Is 4
da
ds )
18 1) +
o (CId "
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5. Single-stage amplifiers

Is 4
Common-source amplifier A, =—Im _ ___da
Ima o (& — 1) +n
4a

Weak inversion

4

Vbs

et —1

A, = —
V 0(6%—1)+n

—Voltage gain

40

30

20

10

00

0 1 2 3 4 5 6 7 8 9 Vos/
71



o: dibl parameter

DIBL coefficient versus channel length

1 o
: Symbols: Exp. Data
3 Lines: Simulation
=
§ 0.1 E-
D [
£ L
S I
o I
o}
__J -
a2,
Qoo1 b
0001 & 1 H i L 1 i 1
0.0 02 0.4 0.6 08 1.0 12 1.4 16

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

72



5. Single-stage amplifiers
Push-pull amplifier (static CMOS inverter)

VDD

.
A

r———
—

L1t
D1

Vin
Vin —l M1
Voltage 4, —- — gm1 + Gma _ _ru 2 =0
For “deep” saturation:
1 _ _( Im101 n Im202 ) >
Ay Imi1t9Imz2  Im1 T Ime Ay = — - for gm1 = gmz
1 2
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5. Single-stage amplifiers
Common-gate amplifier

R ~ VDD

Ms JI™ 7 1LM:2
Lip
Vout

Vg

Vbias ’ M1
M1,M2 |n Vin
saturation

I,

I, =1,~=1I ifl N

1

S1

UICM

Vbias B VTON

Ry

~g | i —2+ (i, 1))

Av,: output
swing
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5. Single-stage amplifiers

Common-gate amplifier

VDD

Vbias O—‘ M,

Vin

Voltage gain — weak inversion

1 g
—Vps n
_gms_l—e o
AV_gd_O' 1
" H_I_ Vps
e bt —1

Vps g n
Ay ==—-—1
e e > 1 HEp | Ay ==

70 .

60

< 50

40 |-

300.9 i 1.11 112 113 114

Vb (V)
I5= 0.5 UA, 5 UA, 50 UA
For n=1.25 n
! Ay ==—1=49

o = 0.025 » o

1.5
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5. Single-stage amplifiers

Source follower _
VB_Vout

L » ‘_i Voo — V= Vpp

l b Vout
|
5
oV Weak inversion
| B Saturation
Vin M, l A \
= Vout 1 - 1
N VB=Vout Vin B Imd1 + Gmaz Im2
1+ 1+0,+20% g
Vout,max =Vpp — |VDS,sat2| Imi 1 m1 2

Vout,min — |VDS,sat1 |

Vout . 1 1

— - — —
1+gmb1 Imd179Imd2 n+0'1+gL20'2
Imi Imi

Ve= Vpp

Vin
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THANKS FOR ATTENDING THE
ANALOG SECTION OF THE

TUTORILAL

QUESTIONS?
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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

* 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

* 15t Step: Architecture Choice e

Pdc [mW] .
“~_ IIP3 [dBm]
15

r
/
4 o 0
1.4 ’
w 3.2 N 73
4
13
...... CS8 inductive degeneration N x'
(32 papers) AN )
" CS RF (37 papers) : 1437 N ’;
- - CS Complementary RF 1 0 ;.«
(22 papers) !
— CG (36 papers)

s
BWr=BW/fo

GAIN [aB]¢ 7

« 2"d Step: Circuit Analysis

( | Circuit Circuit
..‘/ @ Perf. Param.
(GV E (RL’ gnv

1IP3...) Ry...)

(GmRr — 1)Ro
Gr| = |G, = /1 2,
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Overview of Design Methods for RFIC
General Principle

34 Step: Circuit Sizing

Requiremen MOSFET

ts Circuit Physical
Param.

(G E (R R...) Param.

IIP3...) L Em - W, L, 1)

I-E:\?, Set of equation I;%p Analytical analysis based on model
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Overview of Design Methods for RFIC
General Principle

34 Step: Circuit Sizing

Requiremen - MOSEET
Circuit :
= Physical
Param.
Gy £ Param.
IIP3...) (R, 8w Rp--.)
|;=\> Set of equation L:‘}, Analytical analysis based on model
Region based model

W Vi
sat. Id =2'Kn f|:(Vgs_Vl)Vds_ﬂ:|
w k
lin. Id:an(Vgs_Vt)z[l—f_%Vdsj

PROS: simple
CONS: Inaccurate with short channel MOS
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Overview of Design Methods for RFIC
General Principle

34 Step: Circuit Sizing

Requiremen MOSFET

Circuit
ts

Param.
(RL’ gm’ RF)

(Gy F,
I1IP3...)

Physical
Param.

(W, L, Ip)

I-E:\?, Set of equation I%'f 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

* Long optimization
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Overview of Design Methods for RFIC
New Trends

* Issue in the sizing step

Circuit Param.

(R, 8w RE...)

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

* A possible solution

* g /ld design approaches
 LUT based
* ACM or EKV based
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Overview of Design Methods for RFIC
g /ld approach based on LUT

. . [Silveira, Flandre, Jespers - JSSC 1996]
General Principle

* For agiven structure

86



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

General Principle

* For agiven structure 35 .

—————

0o Ijlo

30 4 - SOIpMOS™ 1 N @ SOIAMOS -
« Methods are based on T Bukamog N\ e :
— Extraction of MOS parameters (LUT) 25 --‘-i-‘f:*?‘i-:::::-gg—_-; N e e e
¢ I/ WIL) v g/l Sl s AN
* 8n/lp Vs Vg = ;
E}]s_._...... P N NN« N ____________ ...........
]
0 . : : . ke
o™ 10" 10?10t o’ w0* 107 10
ID/(W/L) (A)



Overview of Desigh Methods for RFIC

g../ld approach based on LUT

General Principle

* Foragiven structure

* Methods are based on
= Extraction of MOS parameters (LUT)
* Iy/(W/L)vsg /Iy
* 8Bu/lp Vs Vg

sp=2 1o
= Set of equations e
_ B - Hm1
=50 Cr )

TR TrL 1
VAE : VAT -{"’_4.9 . VAID
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Overview of Desigh Methods for RFIC
g../ld approach based on LUT

B I
sR="
_Bgm
f"_én-cl.
)
. D/ D/ +
Vas Var ~ Vao- Vi

General Principle
vl

Bn2

Tior (= 2114)

NG, A
J\ P

€m/Tp)z (=30) >
(en/lp)s (=8) —%

B(=2)

— it

* Foragiven structure

* Methods are based on
— Extraction of MOS parameters (LUT)

'

Transistor

* I/(W/L)vs g [/l (W/L)  Lengths Barly Cp
valtages {= 10pF)

* g/l Vvs Vg . ' y ,

I P Technology
— Set of equations WL (Cox, Cjpo) 4 data
) o SPICE or
* Methods helps the designers in sizing the struct Symbolic | — - Accurate fp

Simulation

Phase Margin —~

* Quite used in low frequency domain l‘ @ Change B.

—  gnflpor

L. values



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

LIMITATIONS ?
Ipgt(=20A) B (=2)
Ip -

. . Enlip)y 28— Tz [T

* Time Consuming \ o)y (230) —= :; - A
Iglﬂwm |~ Em'iD)s =8 == 3 % - %
¥ T
« Lakes of precision (parametric VL) Lomg By e
of characteristics) * T ‘ ’
WL (Cp,Cyn) zzf‘hwhﬂ

‘ SJPIC E ;‘

Symbolic —= Accurate fp

/ Simulation
* Long optimization sequence I Chanse B
@ ange B,

Phase Margin —~ N EmﬂD or
Need for a model based approach

L values



Overview of Designh Methods for RFIC
g /ld approach based All Region Models (ACM/EKV)

All Region 3PM model

* EKV -[Enz, Krummenacher, Vittoz] o L
* ACM -[Schneider, Galup] ten''p)s “ (W_/L):lflso

 With a 3PM model we have:

8n _ 2 _2s (o) veen =t[‘/1'r—21‘/1°r—1}
ID n¢t(1+m) En ¢t ( 1+lf 1) P ;(D1V¢ +lf() +n( +lf() )
G T0

n

VP

12

* PROS: The sizingis straightforward
* CONS: Inaccurate with SCE

Non-linearities can’t be capture

gds effect can’t be captured b Can we design RFICs
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Overview of Desigh Methods for RFIC
g_/1d in RFIC design

Design Regions

* f,grows with i,

0 Measured

— Analytical
W&
3 06+
N
=
£ , il
5 04F || ‘Weak inversign | [ 111116/ 0 lI|" Stron U N W
Z

02+ ||
10° 107

Normalized g,/1,,

‘ Year 2000 (RF-180nm)

08~ |||

0.6- |-}

0.4- ||

02~ |||

l | o Méasured'
| — Analytical

Weak Inversion ~ T1[|[| |
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Overview of Desigh Methods for RFIC
g_/1d in RFIC design

Design Regions

‘ Year 2000 (RF-180nm)

* f;grows with i, but g, /I, reduces with i, ‘ Year 2016 (RF-22nm) up to now

Normalized £

N T T
0 Measured 1 ” | | || ‘ |
. Analytical ||\ ]| \\|
Analytical - ;
I AT :||| | H
1l
(]
L. A
06 !
1
047 ||| Weak invergion | |
02 || =
|
) |
107 102 10™ 10° 10 10° 10
Ly

Normalized g,/1,,

0.6- |-}

04|

02~ |||

I

| Weak Inversion 1|

— Analytical

O Measured
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Overview of Desigh Methods for RFIC
g_/Id in RFIC design

g.J/Ip: A First Approach

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

* For RF design

* A FOM that maximize the gain bandwidth product

1 I
(N e
gme 087 | 1] | weak mvesion// e :c'\Str |‘|lg'lnve'rJiLll'
Q il )
N g I
]D ;? 06 - . / i °°.. \L\ e
ii’ 04 %, Moder.ate: ‘::_, 1\
* Gives the i that produces the best GBW product £ / % \
20_2,,,, . /4: ~~\;
A i
0 e " ‘
] 107 10° 10" 10° 10’ 10° 10
* Not optimal: I

o the gain or the bandwidth might be oversized.

o Do not depends on the topology
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Overview of Desigh Methods for RFIC
g /ld in RFIC design

Function Based FoM Vo
RF out >y
* Fora given Function c m, , ,
_| 1
i%EIF in Ly N:‘l vor L) |
* Define a FoM for the function L Z.

G g2 2 T
FoM = LLE

oMina (Fl)-POC(%D_)_IDOC

g

m

I. Song et B.-G. Park, « A Simple Figure of Merit of RF

° Fi n d th e ljf th at m axi m izeS th e FO M E/IGS-SIFE?E?L%(;\;E?;(QSSO%gpIifier Design », Electron Device

ksT7%Gm 1\ fo
. PN(Af) = 10l0g( Im 2 A)

0.30} (&) 64Q*\Ip Ip /Af)?

0.25} o
= R. Fioreli ; J. Nuiiez ; F. Silveira; “All-Rnversion region
Ns. 0.20} gm/ID methodology for RF
§ .15l circuits in FinFET technologies™

a 2018 NEWCAS

- 0.10f
* 005} 7

0.00 ="

0.2 04 0.6 0.8 1.0 1.2 95
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Overview of Desigh Methods for RFIC
g_/Id in RFIC design

Circuit Based Method
Circuit Sizing Based on LUT

Systematic Design

. . . of Analog
* Foragiven Circuit CMOS Circuits

* Similarto the one introduced by Silveira, Flandre, Jespers in 1996 [l
* Capacitance and noise effects can be captured in LUT for bandwidth and noise analysis
*  Wellknown and well referenced

* But...

 Still Complicated Paul G. A. Jespers and |

» The gap between physics and design remains e

* No analytical relationships to size « by hand » =B Rresearc ARTICLE

o Resistive E\%m&&}ﬁ&w&b@m fopgrageter
Circuit Sizing Based on ACM design-oriented mode’ £~ ~*--~~-~1 technologies
Mohamed Khalil Bouchoucha'2, Dayana A. Pino . .E u lippe Cathelin!, Jean-Michel Fournier?,

° Equatlons Can be derlved for a glven CIFCUIt 'STMicroelectronics, 38920 Cmﬁzngf:n{:c%aﬁli‘dg:? ‘r*b“r- 1?: cBG(:'I:;ggz Alpes, 38000 Grenoble, France
* Quasianalytical approach £ f‘""“""‘"'ZZ‘L'Jpw ll' = % .l 5 ’ -

* R-FLNA designed with 3PM-ACM [Bourdel - ICECS 2019] o 't'". : e
* Gds and gm3 (NL) are taken into account —— L #‘- ==

* R-FLNAdesigned with 7PM-ACM [Bouchoucha - ISCAS St 35“““2:?:““&;5“ Labrston Gl e s

- OEBNA designed with 5PM-ACM2[Alves Neto - ACCESS 2024]  Nttpsikigithub.cam/aChmodel ,MASFET model


https://github.com/ACMmodel/MOSFET_model

Agenda

* Overview of Design Methods for RFIC

 Resistive Feedback LNA
* What we need in ACM-2

* Inversion Level Based Method for R-Feedback LNA with
ACM-2
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LNA Designh considerations
Noise Factor

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

=

V | a=
Zi+R

Viwss e :\/4KTRgAf ) ) 2 172 2 —Z

F_I/Si/l/m' _Vg/VnRg _ Vno _ Ve

Ve VoV @GV .G,

v * nRg v *YnRg

total output noise

F = (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 (R,) on Af. (Eq. 2)



> RF Basis

nRg Fl F2 F3
> >
Rg I? Gv,l <{| I?/ GV,2 <ﬂ |_Tw> GV,3
v, Rg Rg Rg R R G,: loaded voltage gain

This formula is valid only for real
Fo impedances and in case of power
matching: (Z;=Z_=R,)

(£ -1, (F-1)

F=F+
G, GG,

In RFIC, impedances are complex and never equal. This formula cannot be us
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 Design considerations
Input patching

System point of vue LV

LNA RF filter Mixer IF filter IF amplifier

* LNA is the first device due to Friss formula A[>#z % "’L’*D‘ repe

* Antenna is mainly 50 Q. r
ZZnaZZZZ;*
In CMOS

* Generally, the input impedance is capacitive Re (Y11) is very
low

* Forexemple : CS amplifier

Inductive
| CG | cC.. .3 Degeneration
Voo Voo
R
Ve . R M,
Re rbcsm
RB Vout \/I oy Vv t zln P
gm‘l { gm1 L.'
Vn ) - -
R(Yin) = Rol[1/gm (C’ | uil ;(Z S )
S(Yin) = 1 Gm1 1+ |Avl ( zn) Cas

Ccsch



LNA Design considerations
Non-Linearities

®, and o, are 2 harmonics of the wanted signal

VS
V, Non-linear LNA Vint V.. IM3

20‘}0g(Vs Vin)  Never reached in measurement !

20log(V,) .- The lIIP3 (V,p3) is the input signal level for which the

©S output IM3 is equaling the fundamental harmonic (Vs)
_ 20log(V..) extrapolated from small signal (AC).

The IIP3 (V,p3) is related to the maximum power you
can apply to your system

20log(V,)

20logV o



Agenda

* Overview of Design Methods for RFIC

* LNA Design Considerations

* What we need in ACM-2

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

R-Feedback general considerations

* Simple

* Compact (No-inductors)

* Wideband

* RF allows to synthesize areal part in Zin

* LG and CGS’ will help in cancelling the imaginary part

* while controlling Qin

Input impedance
+R
Ziy =L s—l—( L (z2) m o
IN — @G
(Cas + Chg)s o R2,Cy(GmRr — 1)
"7 (Ro+Rr)?
R
P
2 2
$(Z;n)=0=1L P . 1+ (£)
S(Z1n) @S ¥ Grs( + Op)? Note : R(Zp) = ot (%)2
o+Rr F o

Reduces For

fc

c— N

7 > 3
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Resistive Feedback LNA

Topology

Voltage Gain
B |G|

\/(1 - (%)2)

(GmRr —1)Ro

Vo
Vrr

|G0| =

IGr| = [Gu|Qin =

(Ro + Rp)

BW
Ro + Rp

= =N
Je 2rnRoRrCY, fo

Noise Figure

QIN—VI/VRF QIN—\/l-I-QP \/

fc
=—=N>3

V1+@h

Ry
(the source resistance seen
at the 50 Q input)

Ro+ RF
1+ G RO
o g““ 2
v, Le v —Lc
. M(W.L) L
C{:SJI e eeeo - ---*II

2 5 2
R QivGmRsRp
B N 2 GmR GmR
QinGmRs | - + Rg + Crgieliiin)| m e lIP,
2 [2Gn,
V —
i1y (U GnORSRe ¥ g (Rs + Re)? (Rs + R’ 2= Qin V Gns
i RS (1 - Gm RF)Z RS (1 - Gm RF)Z RS RL(1 - Gm RF)Z
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Agenda

* Overview of Design Methods for RFIC
* LNA Design Considerations

 Resistive Feedback LNA

* Inversion Level Based Method for R-Feedback LNA with
ACM-2
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What we need in ACM-2

Small signal parameters

Small signal (AC) parameters

. GT,NF,IIPSVS(G G, .2, Gps)

m3?
gm = %_ I_SgG Q(qs_‘hi) ld§(1+q — 1?i-dqd)
o n¢t e 8ds = I—SgD I 2g50 — qa(o —n)) —iaC (J 1—qkq — (o —n) 1+qd)

oy ney 1+ ¢(gs — qa)

295 2q5 2 45 44 N s 44 . (qa(1—2q4)  ga(1—2q4)
gns = —3 {(1+qs)3 (ran® " 362(1+qs 1+qd) C[Q”gG(mqs)S (1+qd)3)+‘d((1+qd)5 (1+40)° )]}

(ngr)? 14+ ¢ (g5 —qa)

* Validin allregion ( gs and gd shall be explored )

* We consider only saturation

1 1\? 2¢,
statZQS+l+E_\/(1+E) + ¢

ZIS qs o ZIS qs g _ 16IS gs 2 - 2€QS - 3ng
sat — — msat3 —
n, 1+ ¢(g, + 1) Basat = L T ¥ C(qe + 1) °T ) @+ 1P (g, + D

* [|treduces the exploration to only gs.

gmsar =
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What we need in ACM-2

Small sighal parameters

Large signal (DC) parameters

* To compute the final voltages

Vr =Vro —0(Vsg + VbB)

_ Ve — Vr
mn

Vp

VP — Vs(p)B
bt

= qs(a) — 1 +Ings(q)

e Sometime we’ll use ifin the code

id =1f —ir 4mmd  ggpy=./l+ip,—1

\ ID =IS'id

_ uCoxn(Ur)? K
S 2 L

d

(gs + qa +2)

1d =
14 C|QS — Qd|

(QS - Qd)



Agenda

* Overview of Design Methods for RFIC
* LNA Design Considerations

* Resistive Feedback LNA

* What we need in ACM-2

* |[nversion Level Based Method for R-Feedback LNA with
ACM-2

108



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

General Approach :

Requirements Design parameters

*  GT,NF, lIP3, IDC =P ossible Tradeoff * ACM parameters for a fixed L
* fo, CL, BW No Tradeoff * Vro Is,m, 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, IIP3 and IDC by playing with W, gs.
* In saturation region (only gs is heeded)

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)

* Circuit equations depend on Gm and ACM gives gm (normalized)...

Where we introduce W in the design space
(UT) UT)2

L

(UT)z—:c@

G[m;DS]m = #Cfmng[m;Ds]m Is = #C;

Gl = (GmRF—l)Ro\/ Ro + R

(Ro + Rp) Rs(1+4 GmRo)
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Inversion Level Based Method for R-
Feedback LNA with ACM-2

Reducing the variables :

Startingfrom: |G, = (G(”;%RF _Rl)i{o \/R go +GRFI‘20) Gr(Gm; Ro; Rps Rs) = G W5 qs; Ip; Vpsaph(Vros Iss s 05 fe; C1)
o+ p s+ Gm

variables parameters

Ur)*~ 21
RPN/ SR TS OO B
—> g = TEE e

n ¢, 1+&(gs+1)

Rirps — Gps (QS@)

Ro =
Rp+rps Vop — Vpsar ——> VDsAT = ¢1(\/1+if+3)
L \ . = [Ry(q5 W)

1= (1 )
\ID=ISL@*if4/ f (

Ry
R. =
F = 2R, C,f. —1 = Rp(qs; W)

S fe » G (Gm; Ro; Rp; Rs) = Gr(W; qs)
(f= %

"~ 27RoRpC
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Inversion Level Based Method for R-
Feedback LNA with ACM-2

Fi na“.y . [D(qs’. W)" RF(qs’. W)" R() qs; VV,)’. GT(qs; VV)

In(qs W) Ry(q W) Re(qy W)
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Inversion Level Based Method for R-
Feedback LNA with ACM-2

Computing GT, F and IIP3:

2 2 2
Rp_ QinGmRsRF
N (GmRr — 1)Ro Ro + Rp _ 4 (Q?N * RS) 1 (1 + Rr+Q3yRs )
Finally: |Gr|= F=1+ corernrinl® |1 GoR T GmR
(Ro+Rr) | Rs(1+GmRo) QinGmRs [ + R + Cofieliei)| mBL mfr
hIGT(qs; W)lscld E(gsi W)l fuicirsl Remember :

. _ _ Ro + Rr
with Gr(gs; W)ls..c. Qun = Vi/Ver= 11+ Q% = \ Bs(1+GnRo)

2 [2Gm
Virps — ———
3= 0 V Gs b F(Gp; W)
b UI1P3(qs; W)lt..00:Rd




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

Exploring the design space:

Setting GT (or NF, or lIP3) helps to build 2D plots. s | =

=> We get the relationship g <=>W
=> We plot

For a particular G,

=> We plot IIP3(W) And We already have [, B A

NF vs W for Selected GT_dB 1IP3_dB vs W for Selected GT_dB

® Selected GT_dB = 15.00 ] ] (m)
Curve Fit




Inversion Level Based Method for R-

Feedback LNA with ACM-2

Setting the final value:

* We choose W, that gives ¢ for a given G.

s (W:qggivesRy, R,, I, G,, Vygrand Vg

Input Matching
. Ro + Rp
With RO’ RF’ Gm => RP R(Zp) = Rp = 1+ GC. R’
. R B
With Rgand R calculate Op  ®(Z1v) = Rs = 5 +g%) =500

With O, calculate Crand C;," Qp =RpCrwo  Cr = Cgs+Cgs +Cp

. & o Q7
With C;calculate L $(Zm) =0=Los+ G o

Cp

_ RZCL(GnRr - 1)

(Ro + Rp)?
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Now, let’s simulate with a real PDK

<

[
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