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Outline

= The long-channel static model

= The long-channel small-signal model
= The long-channel noise model

= The extended model

= The simplified EKV model
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The EKV Charge-based Model - The Long-channel Static Model

Device Symmetry

g’ < Vb Ig 45 nm HK+MG
<
<
High-k
p+ ‘ 4" Silicon
p-type substrate oxide thickness t,

= Symmetrical with respect to source (S) and drain (D)
= Terminal voltages are referred to the local substrate

= |eads to symmetrical model

C. C.Enz and E. A. Vittoz, Charge-Based MOS Transistor Modeling - The EKV Model for Low-Power and RF IC Design, John Wiley, 2006.
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The EKV Charge-based Model - The Long-channel Static Model

Drain Current

dv Vp— i . A \1,%4
ID:‘H.W.(_Qi).E:ID=18.fVSD?Qx.dVWIth18=1u.Cox'T
Q Ve > Vro (strong inversion) = Q; is the inversion mobile charge

density (electrons for n-channel)

= |/ is the channel voltage (electrons
quasi-Fermi potential), equal to Vs at the
source and I/, at the drain

= |/p is the pinch-off voltage given by
v Ve —Vro
P n

= Vo is the threshold voltage (at IV = 0)

IR

= nis the slope factor

VA Vo Vo Vo u is the electron mobility (at low field)

C. C. Enz and E. A. Vittoz, Charge-Based MOS Transistor Modeling - The EKV Model for Low-Power and RF IC Design, John Wiley, 2006.
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The EKV Charge-based Model - The Long-channel Static Model

Pinch-off Voltage Definition

= The value of V for which Q; becomes zero in a non-equilibrium situation is defined
as the pinch-off voltage Vp

Ip\° T,
VPZVG_VTO_Fb. VG_VT0+( l'po"‘?) _( l'po‘l'?)

= [}, is the body effect factor defined as

J2q&egiN . £

ox ox

= Vo is the threshold voltage defined as V; such as Q; = 0 when the channel is
at equilibrium (V = 0)

VTO é VFB +LIJ0 +Fb 'ﬂq’,()

= Vgp is the flat-band voltage and ¥, = 2d + m - Uy is the approximation of
the surface potential in strong inversion at equilibrium withm = 3 to 5U,
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The EKV Charge-based Model - The Long-channel Static Model

Pinch-off Voltage

Ip\* I,
VP:VG_VTO_FD' VG_VT0+( l‘IJ()'|‘_) _< l'Po‘I'_)

150 ; 18 _ _
‘.‘  corevemu. Note that V, = 0 for V; = V
' E"ooeisz 234UqLT lig " The pinch-off voltage can be
100 ' approximated by
N Ve =V
D Vp ~ G TO
~ 50 414 > ng
>
= where
O : R B R 12 F F
e ng=ld+——=1+—2
i 2./%, 2,/20;

' - ' ' 1.0 .
240 0 40 80 120 160 = withWy = 20p +m - Uy
(Ve = Vo) / Ut
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The EKV Charge-based Model - The Long-channel Static Model

Forward and Reverse Currents

%
Vs VA

P

E
_ %h{
Vg VAo

VD 400 + 00
_ —0Q; —Q; —Q;
ID—,B' C - dV = ,8 C 'dV—IB- C -dV
” 0x 7 0x . 0x
S S D
forward current I reverse current Ip

controlled by Vp—Vg controlled by Vp—Vp

C. C.Enz and E. A. Vittoz, Charge-Based MOS Transistor Modeling - The EKV Model for Low-Power and RF IC Design, John Wiley, 2006.
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The EKV Charge-based Model - The Long-channel Static Model

Modes of Operation

<
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Forward
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/ saturation
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Linear
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weak inversion

Forward

blocked

X

weak inversion

Reverse
saturation

|D=_|R

i

N
\Q

Reverse

_>V

reverse bipolar

Ve

INel W.-N:J ©C.Enz|2021
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The EKV Charge-based Model - The Long-channel Static Model

Moderate and Weak Inversion in 28nm Bulk CMOS

2 28nm CMOS bulk
n-channel ® measurements
W=9 um —— BSIMG sim.
L=31 nm
7 30F vg=0Vv -
S Vp=1V
& There’s plenty
= A of room at the
. bottom!
O 4oL |
0 l l l
-0.6 -04 -0.2 0.0 0.2 0.4 0.6 0.8

V-V [V]

= Strong inversion spans over wide range of voltage, but...

IR W.N:J ©C.Enz|2021 Summary of the EKV MOS Transistor Model Slide 8 E P .- I



The EKV Charge-based Model - The Long-channel Static Model

Moderate and Weak Inversion in 28nm Bulk CMOS

, 28nm CMOS bulk
10 ,
] strong mv.i
10 [~ 7T T T T T T T T T T T T T T T T e T m
100 _______________________ —
10_1 I . . R T I —————— —]
2| ® measurements
10 —— BSIMS6 sim.
-3 | _
10 n-channel
-4 W=9 um
10 L=31
5 weak inversion V=0 Q/m
10 Vp=1V
10-6 | | Y | | |
-06 -04 -0.2 0.0 0.2 0.4 0.6
V-V [V]

Strong inversion spans over wide range of voltage, but...

0.8

Moderate and weak inversion span over 6 decades of current, whereas strong
inversion is limited to less than 1 decade

How to derive an |-V expression valid in all regions of operations?

© C. Enz | 2021
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The EKV Charge-based Model - The Long-channel Static Model

Strong Inversion will Disappear at Low-Voltage!

V V
100—g 10 DD
S
10—~

0.1

Inversion Coefficient

0.01
VTO::O.ZV
n=1}0 L. =07
0.001 ' | '
0.0 0.1 0.2 0.3 0.4 0.5
Vi [V]

= The above plot clearly illustrates that the strong inversion region is reducing
dramatically because of voltage scaling and ultimately is disappearing
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The EKV Charge-based Model - The Long-channel Static Model

Inversion Charge Linearization

= The inversion (mobile) charge is given by
—Q;= Cox(VG — Vg — ¥ — l_‘b\/ qjs)
= where W is the surface potential and /x5 the flat-band voltage

= (@; can be approximated by

100

Constant gate voltage —Q;= —nCox (¥ — ¥p)
~ 80~ 3 \ L0645 W4 U, = where n is the slope factor
- N Vg—Vpg =2.6V=100U+ _ [y

x 60 N n=1+

: N 2%,

N
< 40 approximation = where W; is the pinch-off surface
G with n=1.24 potential which depends on the

201 | gate voltage according to
Wp £ l'IJS(Qi =0)

0 ——— ! ' -
0 10720 50 40 50 60 70 80 =V— Ve T} JVG P2
®p 20 z
F F \PS/UT

C. C.Enz and E. A. Vittoz, Charge-Based MOS Transistor Modeling - The EKV Model for Low-Power and RF IC Design, John Wiley, 2006.
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The EKV Charge-based Model - The Long-channel Static Model
Charge-based Drain Current Expression

= The drain current can also be written in terms of drift and diffusion components as

dtps in
Ip=u-W-{-0Q;- 1z Ur - Tx
T drift | diffusion

= From the mobile charge linearization we get
Qi
Y, = + ¥
S~ nC,, °

= which can be used to express the gradient of the surface potential in terms of the
inversion charge according to
d¥, 1  do;

dx nCox. dx

= Replacing in the above equation leads to charge-based expression of the drain
current valid from weak to strong inversion

ID=H.W.<_QL' +UT>-in

nC,y dx

C. C.Enz and E. A. Vittoz, Charge-Based MOS Transistor Modeling - The EKV Model for Low-Power and RF IC Design, John Wiley, 2006.
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The EKV Charge-based Model - The Long-channel Static Model
Normalization

= |tis convenient to normalize the drain current expression according to

Ip dCIi
iy 2 =—(Q2q;+1) =+
7 Lspec l d&

= where the drain current is normalized as

A ID

iy 2

Ispec
= where Isy.. 2 2npU7 is the specific current with B 2 uC,, W /L

= the inversion charge is normalized as

Q;

Qspec

q; =
= where Qspec £ —2nC,,Ur (note that since both Q; and Qs are negative, the
normalized inversion charge is positive)

= and finally the distance is normalized to the channel length

X
";_L

C. C.Enz and E. A. Vittoz, Charge-Based MOS Transistor Modeling - The EKV Model for Low-Power and RF IC Design, John Wiley, 2006.
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The EKV Charge-based Model - The Long-channel Static Model

Charge-based Forward and Reverse Currents

= Drain current can be integrated in charge domain from source to drain, leading to
dd

: ds . .
g = — j (2q; + V) dq; = |af + ai| ) = (@5 +a5) — (93 +9a) = iy — i

ds =lf =lr

= Drain current depends only on charge densities at the source g and at the
drain g4 defined as

i(x=0 N (x=L
qséCIi(f=0)=QQ(x L and qq 2 q;(¢ = 1) = L&D

spec Qspec

= The normalized forward current i and reverse current i,. can be written as

A IF IR

=qZ+qsandi, & 5 =q +qq

Ispec spec

Lf

C. C. Enz and E. A. Vittoz, Charge-Based MOS Transistor Modeling - The EKV Model for Low-Power and RF IC Design, John Wiley, 2006.
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The EKV Charge-based Model - The Long-channel Static Model

Charges versus Currents

= The source and drain charges g and g, can be expressed as a function of the
forward and reverse currents ir and i, by solving

ir =q2+qsandi, = q5 + qq

= for g5 and g4 resulting in

2l 1 /4' +1-1
p— —_— l —
s 4ir+1+1 2 f

2i _
Qd:JE—£%+1=%GMH+1—1)
r

= which can be approximated in weak inversion (WI) and strong inversion (Sl) by

dsca) for sy K 1 (WI)
qg(d) for qgqy > 1 (SI)

lf(’r) for lf(‘r‘) K1 (WI)

[ = . :
A Jir@) forieey > 1(SI)

and ds(a) = {
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The EKV Charge-based Model - The Long-channel Static Model

Modes of Operation (versus i and i,.)

Ir
(log)
1000

100

Usual region 10
of operation
in saturation

|
0.001 0.01 0.1 1 10 100 1000 (|fog)

C. C.Enz and E. A. Vittoz, Charge-Based MOS Transistor Modeling - The EKV Model for Low-Power and RF IC Design, John Wiley, 2006.
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The EKV Charge-based Model - The Long-channel Static Model

Voltages versus Charges and Currents

= The inversion charge Q; is linked to the normalized pinch-off voltage v, = Vp /Uy

and the normalized channel voltage v £ V' /U by the following relation which is
valid all along the channel

vp — v(§) = In(q;(§)) + 2q;(§) for0 <& < 1

= in particular at the source (¢ = 0) where g;(§ = 0) = g, and drain (§ = 1)
where g; (¢ = 1) = g4 leading to

v, — Vs = In(qs) + 295 and v, — vy = In(q,) + 2q4

= Replacing the charges with the expression in terms of currents leads to
R Vp — VS(D) . .
vp_vs(d) = U = In 4lf(7‘)+1_1 + 4lf(r)+1_1_ln2
T

= Relation cannot be inverted analytically to give an explicit expression of the
drain versus voltages valid in all regions of operation

= But can easily be inverted numerically

C. C. Enz and E. A. Vittoz, Charge-Based MOS Transistor Modeling - The EKV Model for Low-Power and RF IC Design, John Wiley, 2006.
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The EKV Charge-based Model - The Long-channel Static Model

Drain Current in Strong Inversion (1/3)

= InSl, g5 > 1and g4 > 1andsimilarly ir > 1 and i, > 1 and the voltage-charge

relation simplifies to
Up ~ Us@a) = 2qs) = 2 /ifm

= Which can now be inverted to express the current in terms of voltages

2
ialr® (”p N ”s(d))z _ (VP - VS(D))
f(r) = = 2 2U

Ispec
= QOrin denormalized form

np 2
- (Vp — Vsy)~ for Vgppy < Vp
O fOI' VS(D) > Vp

IF(R) =

= Using the approximation of the pinch-off voltage Vp = (V,; — Vo) /n leads to

np 2
— (V6 =Vro = nVsp))” for Vspy < (Vg = Vro)/n
0 for VS(D) > (VG — VTO)/n

IF(R) =
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The EKV Charge-based Model - The Long-channel Static Model

Drain Current in Strong Inversion (2/3)

MODE Ip =1 — Iy CONDITION
. Vp + Vs
Llneal’ n- ﬁ . (Vp — 2 ) ’ (VD - VS) VS < Vp
i Vp <V,
Region =pf- (VG —Vro—5-(Vp + Vs)) - (Vp = Vs) bo=r
Forward n-B Vs — VY2 B Vo — 7 V2 Ve < Vp
Saturation 2 P 2n © ¢ 1O > Vp = Vp
Reverse n-p B Ve >V
e (Vp = Vp)2 = ———- (Vg = Vpg — - Vp)? >
Saturation 2 (Ve = Vp) 2n (Ve = Vro b Vp < Vp
7 o7 — Vs = Vp
Blocked Ip=Ig=1p=0 V. >V,
© C. Enz | 2021 Summary of the EKV MOS Transistor Model Slide 19 EPF]:



The EKV Charge-based Model - The Long-channel Static Model

Drain Current in Strong Inversion (3/3)

2
B _
k=20 (V6" VoY)
2
_B.(y _
k=26 Vo"Vp)
el 1 el 1
A A
IR
\
R
\_ I
n.B 2 \‘
7'(\/0 _Vs) N\
~
™ p— : _ >\
Vrotn'Vs Vyptn-Vp Vg Ve ’
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The EKV Charge-based Model - The Long-channel Static Model

Drain Current in Weak Inversion (1/2)

InWI, g < 1and g4 «< 1andsimilarly ir «< 1and i, « 1 and the voltage
versus charge relation can be approximated by

Vp ~ Vs(a) = In (w/if(r) + % - %) = 1n(if<r>)

Which can now be inverted to express the current in terms of voltages

IF(R) Vp=Vsp)
] A ~ o\Vp~Vsa)) = U
lf(r)_l _e(p S())_e T
spec
= QOrin denormalized form
Vp=Vs(D) Ve—=Vro—nVg(D) Ve—nVg
IF(R) — Ispec e Ur — Ispec e nUr =1Ipo-e nUr

= Where I, is the leakage current (drain current that flows in saturation when gate
voltage is set to zero)

A — nUu
IDO — ID‘V 0 - Ispec e T
G=

IR W.N:J ©C.Enz|2021 Summary of the EKV MOS Transistor Model Slide 21 E P .- I



The EKV Charge-based Model - The Long-channel Static Model

Drain Current in Weak Inversion (2/2)

MODE Ip =1 —Ip CONDITION
. Vp l Vs VD]
Linear Ispec - €Ut - le Ur —e Ur Vs > Vp
. 4 14 14
Region = Ipo - e”'gT - [e Ui — e_U_l;] o=l

Forward Vp-—Vs Ve-nVs vy .
Saturation Ispec € U1 =lIpg-e ™Ur p — Vs > Ur
Reverse Vp—Vp Veonvy
Saturation —lspec e Ur = —Ipg-e MUT Vs =Vp > Uy

Ve > Urand Vpy > U
Blocked I[r=1L,=1,=0 S T D T

or VD = VS
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The EKV Charge-based Model - The Long-channel Static Model

Transfer Characteristic in Wl and Saturation

= Leakage current I, depends exponentially on the threshold voltage Vo and is

therefore not well controlled

—VT0
Ipg = Ispec e Ut

IN W.N:8 ©C. Enz|2021 Summary of the EKV MOS Transistor Model Slide 23 E P .- I



The EKV Charge-based Model - The Long-channel Static Model

Output Characteristics in Weak Inversion

Ip/ |
D/ F, 59,

1.0 den W
0.8 -

0.6 - Vg=const.
0.4 '
0.2 -

: Vp -V
0.0 I I I I I I -~ D S
0 1 2 3 4 5 6 Ut

I _Vp-Vs
1D=1F—1R=1F<1—I—R)=1F(1—e Ur )
F

= Saturation reached for only a few U (typically 3 to 5U; = 78 to 120 mV)
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The EKV Charge-based Model - The Long-channel Static Model

The Subthreshold Slope

= The subthreshold slope or gate swing is defined as the increase of gate voltage
(in mV) required for the drain current to increase by one order of magnitude (x10)

kT mV ]
qg ldecade

AV =nUr In10 = 2.3 nUr = 2.3 n

= with U expressed in mV
= At room temperature it is typically equal to 90 mV/dec

= |t can be compared to the 60 mV/dec obtained for a bipolar transistor or a fully
depleted SOI MOS device for whichn = 1

= Scales with temperature
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The EKV Charge-based Model - The Long-channel Static Model

Summary

= Take advantage of the symmetry of the device by referring the terminal voltages
to the local substrate resulting in symmetrical model

= Drain current can be split into a forward I- and a reverse component I, as I, =
I[p — I

= Normalized forward (reverse) current is £ I /Ispec (i = Ig/Igpec) Can be
expressed in terms of the normalized source (drain) charge g5 (q4) as if = q¢ +

qs (ir = q4 + qa)

= The specific current is defined as I = Ispecn - W /L Where Ispocn =

2nuC,, U# is the most fundamental parameter for a given type of transistor in a
given process

= The normalized charge are related to the saturation voltage by v, — v; =
In(qs) + 2qs where v, = Vp/Ur, vs £ Vs /Uy where the pinch-off voltage is
given by Vp = (Vg — Vo) /n
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Outline

= The long-channel static model

= The long-channel small-signal model
= The long-channel noise model

= The extended model

= The simplified EKV model
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The EKV Charge-based Model - The Long-channel Small-signal Model

Transconductances

= Since there are 3 control voltages, there are also
3 transconductances

= For the bulk-referenced model they are defined as
dlp dlp dlp
Al = v, — AV, — T — AV + — v,
= GnAVs — (Gms + Gas)AVs + (Ga + Gas)AVp AV

= |n forward saturation, ¢,,,; = 0 and hence
Al = G, AV — G AVs + G AVps v v v

= Note that G,,,4 is not the output conductance G 4, B

AVD Go

= |n forward saturation, the source-referenced transconductances are related to the
bulk-referenced transconductances by

G —G ‘ ~G
m source m bulk m
G, - —Gp| =m-1)G
m source s bulk m bulk m
G ~G ‘ -y
ds source ds bulk ds
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The EKV Charge-based Model - The Long-channel Small-signal Model

Transconductances versus Charges

_ 9
Cox 4 Y
Gms = B C = Gspec " (s
N‘AVp= AV 2 ox ly=yg
Al —0Q;
O Gma = B C l =Gspec'CId
ox |y —
B Ve.Vp \\ Gms'Gmd I Y=vo
B . Ispec
Gg,S Ve Gspec = Uy
b4 G = Gms — Gma G s — da
md m n Spec n
B
>V
o s Db o s B
ms — AV, md — AV,
S Ivg Vo Dlvg Vg

INe] W.-N:J ©C.Enz|2021 Summary of the EKV MOS Transistor Model Slide 29 EPFI:



The EKV Charge-based Model - The Long-channel Small-signal Model

Transconductances versus Charges

= The source and drain transconductances G,,,; and G,,,; are directly related to
the charges at source and drain according to

( )i =
A D —Q; _Qi(x - 0)
Vp Gms = — =p =p = Gspec "qs
/ —Q; v Vs Cox V=Vs Cox
= = X
p=F dlp —Q; —Qi(x =1L)
Gma = =p =p = Gspec "qa
k aI/D Cox V=VD COX

= with Gspec = spec/UT = 2npUr

= The gate transconductance G,,, depends on G,,, and G,,,; according to

AaID_Gms_Gmd_G s — 4d
mERe T m e g
= |n forward saturation G,,,; = 0 and hence
G
Gy = :S

C. C. Enz and E. A. Vittoz, Charge-Based MOS Transistor Modeling - The EKV Model for Low-Power and RF IC Design, John Wiley, 2006.
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The EKV Charge-based Model - The Long-channel Small-signal Model

Charges and Transconductances versus Currents

= The source and drain charges g, and g, can be expressed as a function of the
forward and reverse currents ir and i, by solving if = g2 +qsandi, = q5 +

qq for ir and i, resulting in

2y 1< /4' +1 1)
—_— i l J—
T AL rie1 2\ !
2i _
qq = - +1=%(1/4Lr+1—1)

4+ 1
= The source and drain transconductances can then also be expressed in terms
of the forward and reverse currents ir and i,- according to

— J spec .
G =G ‘(s = G = ’4l +1-1
ms spec S spec ]l 1 1 2 < f >

2i,

G
Gma = Gspec "qa = Gspec \/4-l—+1 T 1 = S}ZDec (\/ 4i+1 - 1)
r

= Note that these expressions are valid in all regions of inversion

C. C. Enz and E. A. Vittoz, Charge-Based MOS Transistor Modeling - The EKV Model for Low-Power and RF IC Design, John Wiley, 2006.
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The EKV Charge-based Model - The Long-channel Small-signal Model

Transconductances in Strong inversion

= |n strong inversion, the transconductances are related to the forward and reverse
currents according to

21
Gms = n,B(VP - VS) = 4 2nflp =

Vp — Vs
21
Gma = np(Vp = Vp) = \2nBlg = —
P D
Gms — G
G = ———% = BVps = 2B/ (VI = /Ix)

= |nsaturation I, = 0, I, = I and therefore

21p
Gms =B (Vp —Vs) = V2nplp = Vo — Vs

Gma =
21
Gm = BVp = V5) = J2BIp/n =~y S

= |n strong inversion, G,,, depends on two design parameters (either 8 and Vp — Vs
orfandI,orlyandVp — Vs
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The EKV Charge-based Model - The Long-channel Small-signal Model

Transconductances in Weak Inversion

= |n weak inversion, the transconductances are related to the forward and reverse
currents according to

Ip
Gms = U_T
I
Gmd = —
G _Gms Gmdle_IRz Ip
m n nUy  nUy
* |nsaturation I, = 0, I, = I and therefore
Ip
Gms = U_T
Gn&d = I
G = ms _ D
™ n  nUp

= |n weak inversion, G,,, depends only on the drain current I,

iINeJ W.N:3 ©C.Enz|2021
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The EKV Charge-based Model - The Long-channel Small-signal Model

Inversion Coefficient Definition

= Qverdrive voltage V; — Vo or V5 — V- not convenient for weak inversion

= Replaced by the inversion coefficient IC characterizing the global level of
inversion of the transistor and formerly defined as IC £ max(iy, i,

= |n (forward) saturation i > i,. and therefore
( ) T Typical values of Isyecq for 28-nm:

750 nA for NMOS
200 nA for PMOS

IC & ID |saturation

Ispe

= Where the specific current I, is defined'as

A W o A A KT
ISPBC — Ispecu ’ TWIth Ispecg = ZTl‘LlCO_erZZw and UT = 7

= The different regions of operation in saturation can then be defined as

Weak inversion Moderate inversion Strong inversion
(WI) T 1 (M) T (SI)
; ; . ' | | » IC
0.001 0.01 0.1 J 10 100
Subthreshold
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The EKV Charge-based Model - The Long-channel Small-signal Model

Current Efficiency or G,,,/Ip Ratio (long-channel)

= The current efficiency or transconductance efficiency is a figure-of-merit that
evaluates how much transconductance you get for a given current

= The transconductance in saturation is related to the inversion coefficient (or normalized
current) according to

. » Gms 2IC
Gms = Nl = Gspec ) ng(IC) with ng(IC) = Gspec - V4IC+1+1

= The normalized current efficiency is then given by dividing the transconductance by the
transconductance in weak inversion G,,,c = I /U7 resulting in

1  in WI and saturation
Gms - Ur Gy - nUy _gms(lc) _ 2 _
I, ~ I, — IC ~NAalc¥1i+1 7ic in SI and saturation

= The current efficiency is therefore maximum in WI which means that for a given
current budget it is better to bias the transistor in Wl to get the maximum

transconductance (careful, it does not mean that the maximum transconductance is
reached in WI)

= QOr alternatively, to achieve a given transconductance biasing the transistor in Wl saves
current

IR W.N:J ©C.Enz|2021 Summary of the EKV MOS Transistor Model Slide 35 E P .- I



The EKV Charge-based Model - The Long-channel Small-signal Model

Current Efficiency or G,,,/Ip Ratio (long-channel)

=)
: 1 --------------
- 8
I
< o
= i
O
] 2r
=
— 0'18_ O  numerical
e O (GAMMA=0.7 W)
Q) 4t T analytical
""" asymptotes
) | | | |
0.001 0.01 0.1 1 10 100 1000

Inversion Coefficient IC

= The current efficiency (in saturation) is maximum in weak inversion
1  in WI and saturation

GmS'UT_Gm'nUT_ 2 . 1
I, I,  JalC+1+1 NiTsi in SI and saturation
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The EKV Charge-based Model - The Long-channel Small-signal Model

G.,/Ip Characteristics — Invariant to CMOS Scaling

2
1 poesmmed S e
8
6
e 4
e [ S
- o R
"0
= 0.1 L— Analytical
O Y 'sf 0 0.25um, ,=0.56 W
6 O 0.5um, ,=0.64 VWV |
a4 & 0.7 um, Ip=0.75V ! N
- A 1pum, [,=0.72\V |
2 1 IIIIIIII 1 IIIIIIII 1 IIIIIIII 1 IIIIIIII 1 IIIIIIII L1 1111l
0.001 0.01 0.1 1 10 100 1000

Inversion Coefficient IC

= The normalized G,,, /I, characteristic is almost invariant to CMOS technology
scaling
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The EKV Charge-based Model - The Long-channel Small-signal Model

Low-frequency (dc) Small-signal Model

gio— —P— Ir Wi
GmsAVS G =< UT

21
+—<D—s Aly n-f-(Vp—Vs)=2n-B-Ip =———L— sI

_ , Vp—Vs
S| o———o Gmd'AVDH_o di , ]R
— /44
AVe .—% G . = Ur
nd =
21
AVg Gys AV, n-f-(Vp—Vp)=2n-f-Ig =L sI
Ve=Vp
AWV G\ o
| Gm _ ms - md
bio ' o bi
G, =G G AT ey B
= . = . _= . l J—
ms spec " 4s spec \/m+1 P f
21, G

Gpa = Gspec qq = Gsp

e = e, [4i +1-1
. 2
Jai, +1+1
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The EKV Charge-based Model - The Long-channel Small-signal Model

Intrinsic Quasi-static Small-signal Model

Go

AVs

I, =Y, AV
[, =Y, -AVg Yyns = Gis (1= j0 75 ) = G = j@0- Cp
Ling =Yg -AVp

Yina = Gpa '(l_ja)'rqs):Gmd —Jjo-Cpg
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The EKV Charge-based Model - The Long-channel Small-signal Model

Complete Quasi-static Small-signal Model

Linear region Saturation
Re gi
G o—WW—e .
Ces=F CGSJ= | J=CGD Re gi
0—@-:“—0 G WY 1 !
| Ces== CGS=L | J=CGD
| Resi Van? o —P—
So_f ' /md ‘ D So_f RS si /ms di RD D
Gds AVG Gds
——MWW——e MWW
AVs Ces= - ==Cgp AVo AVs Ces= - ==Cpgp AVp
bi bi
RB RB
vV v v v v
Bo * oB Be _;_ oB
Yms B Ymd

Cos =Casi+Case  In=Yu (V(@)=V (b)) ¥, =G, (1= jor,)=G, - joC,  Yp=

Cep = Copi + Cope

Ly = Vs - (V (si) =V (Bi)) Y, =G, .(1 — jot, ) =G, — joC,, Gps —G

Co=Coi+*C6Be 1,y =Y,y -(V(di)—V(bi)) g n
md md _ A1_ ; _ _
CBS =CBS1' +CBSj Ymd _Gmd (1 ]a)qu)_Gmd ]wcmd C - Cms
m
Cpp =Cppi +Cpp; &

ETIWYY oc o200
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Outline

= The long-channel static model

= The long-channel small-signal model
= The long-channel noise model

= The extended model

= The simplified EKV model
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The EKV Charge-based Model - The Long-channel Noise Model

General MOST Noise Calculation

[ noisy piece of channel

= Noiseless channel except for a slice of channel comprised between x and x + Ax
and having a resistance AR

= Local noise (including both thermal and flicker noise) modeled by current source
&1, which induces a fluctuation of the drain current §1,,, through the
(trans)conductance
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The EKV Charge-based Model - The Long-channel Noise Model

Two-Transistors Approach

VVIZWZZW G AR
L+L, =L -] Gs —w— Ga 3/,
1 T Ly = [ =
AR —@g
L e Lo In
J:f S M; ’_@.‘_‘ M, D 1—
Bk G: AR Vi Gy g1,

' R_W_W_@—W_B_'__L
! , -

= Drain current fluctuation due to local noise source (assuming 1/AR > G.p,)
ol,p=G.,-AR-01, =G, -5V,
where G, is the channel conductance seen from point x
1 1 1

=—+ with: G, =G and G, =G
Gch GS Gd S md1 d ms?2

= Note that local fluctuation of quantity x is noted 6x whereas global fluctuation due
to the whole channel is noted Ax
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The EKV Charge-based Model - The Long-channel Noise Model

Long-Channel Thermal Noise

Noisy D Noiseless D
o
_\ 'ID+AInD _\

1o

I
Go——||4__—o B o

Go——IE—OB

4

o
S

S

= The thermal noise at low-frequency can be modeled as a current source between
source and drain having a PSD given by

Spz, = 4KT - Gnp Where Gnp = 5+ 1Q;] = Gpec * 4

. I
= With Gspec £ ——

= = Znﬁ UT
= |Q,| is the total mobile charge in the channel and g, its normalized form given by
q for qs = q4 (linear)
g o Ul _ 1402 +30: 4090 +3qatAai ), s )
o Qspec  ° s +qq +1 qs= "% for qs > q4 (saturation)
3qs+1
© C. Enz | 2021
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The EKV Charge-based Model - The Long-channel Noise Model

Channel Thermal Noise in Weak Inversion

The total normalized inversion charge in weak inversion is given by
zqs""ld_if‘l'ir

The noise PSD can be rewritten as

I lr+1 I +1
f F R
Gnp = Gspec q; = ?JD;C 5 - = 207

and therefore
Ir + Ip
2Ur

SAI% — 4kTGTlD — 4‘kT == Zq(IF + IR)

which corresponds to full shot noise of both forward and reverse components

This result is consistent with the fact that the current in weak inversion is

dominated by the diffusion current
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The EKV Charge-based Model - The Long-channel Noise Model

Thermal Noise Excess Factor

= The thermal noise excess factor y,,, is defined as

= where G, is the gate transconductance

= v,p IS actually a figure-of-merit (FoM) showing how much noise is generated at
the drain for a given G,,

. QIlsaturation _ ng qs + % _ % WI and sat.
e s 3gs+1 |2t =1 Slandsat

3

= Since G,, — 0forVys — 0, y,,p is becoming large for small V¢

= The thermal noise conductance (in saturation) is then given by
= Gy WI and sat.

G — -G, =
nD = YnD " Um Z?Tl G, = G, Slandsat.
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The EKV Charge-based Model - The Long-channel Noise Model

Gate-referred Thermal Noise

Noisy D Noiseless D
\ 1Ip+Alp AV}‘ tIp+Alp

Go—lE—o B Go—@—“Z—OB

mo

o
S

= For G,, # 0 and in particular in saturation, the thermal noise can also be referred
to the gate as a voltage source having a PSD given by

B SAI,?LD B
Spvz. = i 4KkT R,
= where the input (or gate) referred thermal noise resistance R, is given by
( n
1
e WI and sat.
R _GnD_VnD_< ? Gm e
nG—G%—Gm—ZnN .
3 - and sat.
3G G
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The EKV Charge-based Model - The Long-channel Noise Model

Flicker Noise — Origin and Gate-referred PSD

= Basically two main causes to this 1/f noise:

» Carrier number fluctuation AN (Mc Worther model): trapping of mobile charge in traps
located in the oxide close to the Si-SiO2 interface resulting in fluctuations of the
inversion charge

» Carrier mobility fluctuation Ap (Hooge model)

The PSD of the input referred gate voltage fluctuations is given by

SAVr%G(f) - SAVTfG(f)‘AN T SAVr%G(f)‘AM

= where

_ __Kan Kau
SAVr%G (f) AN W-L-CZy and SAVZ (f)‘  WL-Coxf

Inversely proportional to frequency and to gate area

Note that Ky and K, , are slightly bias dependent
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The EKV Charge-based Model - The Long-channel Noise Model

Flicker Noise — Bias Dependence

Spp2, =82 N
nG nG AN G A,U
10-85
F ds/dq = 20 (saturation)
N 10°F E
I . 3
= A i
(V]
> - total N
T 100K .
N>(D E\ §
3 g P
_ AN
10" T M E
e .
AN -
- ‘\ -
10'12 1 ||||||l| 1 ll‘lllll 1 |||||||| 1 IIIIlIII 1 |||||||| 1 L1l
102 102 10" 10° 10" 10% 10°
it =1p / lspec

= Usually number fluctuation dominates over mobility fluctuation

= For design purpose, the gate referred noise PSD can be considered at first order
as bias independent
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The EKV Charge-based Model - The Long-channel Noise Model

Flicker Noise — Measurements

1E-20 -
— & A measured
N [ :—-_--_-ﬁlilm\?vl(e)r:r/]fe?oise mode
— 1E-20 -+ - measurements_Vd=1.2V E 1E-21 E|---- Hgo e
Y e, X [ Velionhr  Hooge
€ 1E-21 o PR € 1g22.
N % - meastrements_Va=somy N :
Z 1E-22 ; —— Simulation_Vd=50mV % 1 E_23 ;
Y [&2 F
_§| 1E-23 ; 1E-24
1E-24 © E e
" o ; Z 1E-25 RREERE
> 1E25 n - NMOS W=20x2um, L=70nm, Vs=50mV, f=10Hz
7)) i NMOS W=10um, L=0.18pum 1E-26 T
1E-26 0.001 0.01 0.1 1 10 100
0. 0001 O 001 0.01 0.1 1 10 100 1000
IC [ CL]
Nl— 1E-20 -l - mleasurgments_Vd=-1.2V 1 E'20 E
E SO - ifg’a“s'f:;‘jnﬁ‘gr\{tdsii;f:\fo.ev w f "__A_._ measured
. 1E-21 - - rsngf::?ggr\l/iiyd,e:\_/oav I 1 E-21 T _:/:rcnv;illzr:r{;r:mse model
N . _Slmulal|0n7Vd=-0,3_V ~ E A = = = =Hooge
> © Grsan Vo= somy N 5 McWorther + Hooge
2, 1E22 € 122
-1 1E-23° S a2 e i
z TR % 1E-23.
- 1E-24° - [
O < 1E-24
2 1E25 Lo :
s} PMOS W= 10|Jm L= 0 18|Jm E] 1E_25,
1E-26 - e 7)) PMOSW 20x2um L= 70nm V —50mV, f=10Hz
00001 0001 0.01 0.1 1 10 100 1000 1E-26 . ‘ Y
IC [_] 0001 001 O 1 1 10 100
N. Mavredakis, A. Antonopoulos and M. Bucher, Nanotech-WCM, 2010. IC [']

N. Mavredakis, A. Antonopoulos and M. Bucher, ECCSC 2010.
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The EKV Charge-based Model - The Long-channel Noise Model

Flicker Noise — Gate-referred Flicker Noise Resistance

Noisy D Noiseless >

GO—|E—O B Go—@—ﬂz—os

o
S S

= Similarly to the thermal noise, the gate-referred flicker noise can be expressed in
terms of a noise resistance (but frequency dependent)

SAVr%G (f) = 4kT - Ry (f) With Ry (f) = W-pL-f

= |f number fluctuation dominates mobility fluctuation, p is related to the previous

flicker noise parameters by
Kan

" 4kT - C2,

p
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The EKV Charge-based Model - The Long-channel Noise Model

Total Noise in Saturation

? flicker ?
Ib \
Nois
y Noiseless AlnD Noiseless A D-tot Noiseless
—_ P@H — —E—
nG \ AVnG tot
thermal
(o] (o]

= The total output noise is given by
— SAI,ZlD + G?%”L : SAVr%G(f) = 4kT - YupGm + G?%”L : SAVT%G(f)

2
Al nD,tot

which for a given current and a given gate area is minimum in Si

The total gate-referred noise is given by

AI‘%I Y n
(f) = —¢2% = 4kT 22 + S0 (f) = 4T * Ryg eor (f)

AVnG tot

Where the total gate-referred noise resistance R, +o¢(f) is given by

nG tot(f) — VnD W pL f

= Fora given current and gate area, the total gate-referred noise is minimum in Wi
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The EKV Charge-based Model - The Long-channel Noise Model

Corner Frequency

= The corner frequency is defined as the frequency for which the 1/f noise PSD is equal to
the thermal noise PSD
P _Tw Gmp _ Kan#  gmsUC)
W-L-f G ‘ Yo WL 2q¥npCox L

= The corner frequency scales approximately as 1/(C,,L?)

PSD
A

\4
increase W - L at constant G,,, <—= f. ——> increase G,,, at constant W - L
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Outline

= The long-channel static model

= The long-channel small-signal model
= The long-channel noise model

= The extended model

= The simplified EKV model
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The EKV Charge-based Model - The Extended Model

Mobility Reduction Mechanisms

T ALL LSS LSS A LSS S A A A

= Mainly two different mobility reduction mechanisms:
» due to vertical field E,
» due to longitudinal field E,

= Mobility reduction due to the vertical field E,, is caused by several scattering

mechanisms, namely:

» Coulomb scattering: interaction with ionized impurity atoms (at low field)
» Phonon scattering: interaction with lattice vibrations (at medium field)

» Surface roughness: roughness of the Si-SiO, interface (at high field)

= Mobility reduction due to longitudinal field E, is caused by the saturation of
carrier velocity
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The EKV Charge-based Model - The Extended Model

Small Geometry Effects

Short channel length

Velocity saturation (VS)

Channel length modulation (CLM)
» Charge sharing

v

v

» Drain induced barrier lowering (DIBL)
» Reverse short-channel effect

Narrow gate width

Thin gate oxide
» Polysilicon depletion
» Gate leakage current

Effects on thermal noise
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The EKV Charge-based Model - The Extended Model

Velocity Saturation

= A high longitudinal electric field £, causes the carrier velocity v4,; ¢, to saturate to v,

p— 1 06 B | | 1 | I | 1 | | | | | I I 1
é B Acoustical -
=3 -V Phonons and Ootical 7 .
> :/ = Impurity —t pﬁolrc]?,ns ] For Si
2 qosf------ scattering _ #_ _ _ Electrons:
'g - N Ve = 10° m/s
o) - - E.=1V/um
> Impact
= B lonization ]
e 104 ] Holes:
e - & - Vg = 8X10% m/s
g — = 7 EC ~3 V/],lm
S /e :
O 103 I Lo ] 11 | Lo | | 11
102 101 100 101 102

Electric Field E, [V/um]

C. C.Enz and E. A. Vittoz, Charge-Based MOS Transistor Modeling - The EKV Model for Low-Power and RF IC Design, John Wiley, 2006.
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The EKV Charge-based Model - The Extended Model

Velocity-Field Models

= Model 1
Varift _Je for e<1
Vsat 1 for e>1
1.2
Model 3 withe £ |E,|/E, and E, £ 2vg,:/U
M0 Nodel 1 1~ ~
< o8k VY : = Model 2
>w : E Model 2 Vdrift - €
E 061 E \:\ (electrons oc=2)— Vsat (1 + ea)l/a
> 04 | :?I/'Il(c))(ljeesliﬂ) 7]
osl | | | where ¢ = 2 for electrons and o = 1
' for holes
° 1 ? ° * = Model 3 (BSIM Model)
e=|Ex|/Eg e
Vari —— for e<?2
It 11 ¥ e/2
Vsat 1 for e>1
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The EKV Charge-based Model - The Extended Model

Effect of VS on the Drain Current in S

= Assuming Model 1 for the velocity-field function, the current in Sl and saturation,
neglecting the effect of mobility reduction due to the vertical field, is given by

2qg2 L : 2uoU 2U
= 15 where A, & =9t yith [, = 28T — 22T

‘T T (a2 L vsat  Ec
= L, represents the portion of the channel that is under full VS
= For very short channel and/or high overdrive voltage
Vp — V. 2
B P S 1 ==l
Usat L Ac
= Remembering thatin Sl g, = (Vp — V5)/(2U7) leads to the denormalized drain
current given by

ID = WnCoxvsat (VP _ VS) — WCoxvsat (VG _ VTO _ nVS)

Acqs =

= The current becomes a linear function of the charge and therefore of the
overdrive voltage and also independent of the length
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The EKV Charge-based Model - The Extended Model

Effect of VS on the Drain Current (40nm Process)

Long-channel Short-channel
ID = — (VG — VTO)Z ID = WCoxvsat(VG _ VTO)
2n
10° . 14 10° , 50
102 n-channel ! i ] C&C:ig%e:lm !
L' L=2um 2\ ol Vp=11V '
8 o Vp=1.1V : / 110 8 10 D=t oA i 7/ /7]
@ 101 s/ 18 - _@ 10k Q0 730
3 10 d- dg O A 2L & O
£ 2 | G £ 10 G 420
n 10 \ TR LN
O 10°F 14 o 101 i velocity |
10 |- / 12 10" A :
7~ saturation
10-5 | ’ | | | 0 10-5 | L’ | I 0
-04 -0.2 0.0 0.2 0.4 0.6 0.8 -06 -04 -0.2 0.0 0.2 04 0.6

Ve = V1o [V] Vg = Vo [V]
= Velocity saturation has a strong impact on the drain current in strong inversion

= The current becomes proportional to V; — Vi

= Hence the gate and source transconductances become independent of the
current (and independent of the length)
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The EKV Charge-based Model - The Extended Model

Effect of VS on the Transconductance in S

= The effect of VS on the source transconductance in Sl is given by

g 2 Gms _ qs
e Gspe c \/1 + (Acqs)z

ForA. - qs > 1, g, Saturatesto 1/,

1 L . .
Ims = — = in S| and saturation
AC sat
= or in denormalized form
G
~ pec
Gips = 1. nWCoxVsar
C

G.,s becomes independent of the length and of the current

It only depends on v, and increases with W

C. C.Enz and E. A. Vittoz, Charge-Based MOS Transistor Modeling - The EKV Model for Low-Power and RF IC Design, John Wiley, 2006.
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The EKV Charge-based Model - The Extended Model

Effect of VS on the Drain Current in WI

= Velocity saturation also affects the current in weak inversion (in saturation)
: s
lg = 1
c
1+
= The source transconductance is then given by
s
Ims = = lg
1+

= The source (gate) transconductances remain proportional to the current

= The G,,/Ip ratio remains equal to unity as for the long channel case

A. Mangla, J.-M. Sallese and C. Enz, MIXDES 2011
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The EKV Charge-based Model - The Extended Model

Effect of Velocity Saturation (VS) on G,,,/I

1 - e —— *---@

0 0.5: \ix
> | e . Loa

Y o2l Ao = .
= AN

- ] | < 2wl 20,

£ 0.1: Logr 2 - =—
O oosk —— - without VS " sat c

— with VS 1 2 D)
0.02 NG ./

0.001 0.01 0.1 1 10 100
IC

1 WI and sat.

Ims _ GmsUr  GunUr  J(AJC+1)2+4I1C—1

i I, I,  IC(A.(AJC+1)+2) SI and sat.

A.1C

A. Mangla, M. A. Chalkiadaki, F. Fadhuile, T. Taris, Y. Deval, and C. C. Enz, Microelectronics Journal, vol. 44, pp. 570-575, July 2013.
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The EKV Charge-based Model - The Extended Model

Effect of VS on the Current Efficiency (130 nm Process)

1

gms/id

0.1t

L
Ao & SL‘“
[ & 2p0Ur _ 2Ur
sat = vSCLt EC

0.01

10 000

Inversion Coefficient, IC

= Current efficiency is maximum in weak inversion

= Strongly degrades in strong inversion due to high field effects such as velocity
saturation and mobility reduction due to the vertical field

A. Mangla, J.-M. Sallese and C. Enz, MIXDES 2011
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The EKV Charge-based Model - The Extended Model

Effect of VS on the Current Efficiency (40 nm Process)

Long-channel Short-channel
2 2
1 lo—6—e—eg=5zz--- "1 = 1] R CEREEE LR
— 8 — 8 ) ]
—_ 6 —_ 6 S ]
o o, o ; ]
~ O measurements ' SRY ~ O measurements ! ‘Z/ 7
?'_ ol —— analytical E Dl_ ol —— analytical E AN I//(\ i
S 01 : . S o01bL : - _
g ' 'sf n-channel : 3 £  8f n-channel : A . .
) - W =40um ; o] Q) 6 W =120 um : _QAr .
L L=2um : N 4+ L=40nm : ! %
L Vp=11V . 4 L Vp=1.1V . VO T
2 1 llllllll 1 llllllll 1 llllllll 1 llllllll 1 llllllll 11 11111 2 llllll 1 llllllll 1 llllllll lllllll 11 11 llll \l 1111
0.001 0.01 0.1 1 10 100 1000 0.001 0.01 0.1 1 10 100 1000
IC=1Ip/ Ispec -] IC=Ip/ Ispec [-]
= Velocity saturation (VS) further degrades the current efficiency in strong inversion
= VS has little impact on the current efficiency in weak and moderate inversion
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The EKV Charge-based Model - The Extended Model

Effect of VS on the Current Efficiency

A R ZMOUT _ ZUT
T vl E.L
4 — L=120nm
— L=40nm
oL VN
0.001 0.01 01 1 10 100 1000
IC = ID / Ispec [']

= The VS intersection point is moving to the left with shorter channel length removing
the region where G,,, /I, scales like 1/v/I1C
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The EKV Charge-based Model - The Extended Model

Channel Length Modulation (CLM)

Vo Vg

A

= Increasing the drain voltage above IV, moves the pinch-off point toward the source
and creates a depletion region of length AL

A_L ~ S — . ~ S Vp—=Vp _ Vp—=Vp . a 2&gi
L =1 [\/CDD + VD Vp 1/CDD] =1 op — Vi with ¢ = N,

= where V), is the channel length modulation voltage (corresponding to the Early
voltage in a bipolar) and defined as

2,/®p
S

VMé).LW”:h/l:
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The EKV Charge-based Model - The Extended Model

Output Characteristics

ID A
Vp—Vp
(s
D F( . )
IF -------
N
6 -----------------
5\.9?? .......... 3
................ =VD
V-V . ;

= Assuming AL /L < 1, the drain current in saturation including channel
modulation effect can be written as

Ir AL) ( Vp — Vp> ( Vp — Vp)
I, = = 1+—)|=|\1l+—— =1+ ——
P _AL F( L F Va ! Vi + Vp

L
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iINeJ W.N:3 ©C.Enz|2021

The EKV Charge-based Model - The Extended Model

Drain Induced Barrier Lowering (DIBL)

3.0
= L=10um
2.5 —= L=0.5um
— L=0.2um
— 20r
s
o 1.5
2

Vg =0V
2V
0.991V
¥ =0.283V
A =45nm

0.5F "~ _ . 7 0.5
0.0 ' ' ' 0.0
0.0 0.2 0.6 0.8 1.0

= For short channel devices, the voltages at the source and drain influence the
channel surface potential and tend to make it larger than what would be obtained

from the long-channel approximation

= This results in an increase of the drain current, particularly in weak and moderate

inversion

Summary of the EKV MOS Transistor Model
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The EKV Charge-based Model - The Extended Model

Output Characteristic in S| of 28nm Bulk CMOS Process

20 28-nm Bulk CMOS Process Vy=2.36V
W=3um; L=30nm; Gys=0.45mS »
® Vi V=022V
[ | VG—VT0=O.42V
151 @ VgVyy=0.62V
S Vy=1.70V
o Gy=0.323mS
O 10 .
*
*
* .....
= V=0.74V
5+ o = G4=0.182mS
L 4]
:' ® B ¢ Measurements
oo’ — — — Fits
° | | | | | | | | | |
0O 01 02 03 04 05 06 07 08 09 1 11
Vp [V]

= The output characteristics in Sl is can be modelled by
Ip = Gas(Vp + Vi)

= Where G4 is the output conductance in saturation and V,, is the Early voltage
that actually accounts for both CLM and DIBL

C. Enz, F. Chicco, and A. Pezzotta, IEEE Solid-State Circuits Magazine, vol. 9, no. 3, pp. 26-35, Summer 2017.
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The EKV Charge-based Model - The Extended Model

Output Conductance due to DIBL

= |n advanced short-channel devices biased in Ml or WI, the output conductance is
dominated by DIBL

= DIBL is defined as the variation of the threshold voltage with respect to the drain-
to-source voltage

aVr
dVps

Vi = Vpo(1 —04Vps) where oy £

= The output conductance can then be written as
= = O0q * Um
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The EKV Charge-based Model - The Extended Model

Short-channel Effects on Thermal Noise

10% — . 4
- E ] vg=Vg/Ur=70,L=0.18 ym
- Te:TO-(H’CJ - Ec = 2 Vium(i; = 0.15)
i E. 3L 0=0.3,7=30 nm

| m=1..3
¥ .| @ PKiein, EDL, Aug. 1999. | = / <
I—‘D 107 F . with short-channel effects
To I mmmmmmzmm e ] T
T
approximate long-channel value
5 I (in strong inversion and saturation)
10 il 1 [ I | ||\ 1 [ N O | | | | ] ]
10* 10° 100 E, 10" 5 10 15 20 25 30 35 40 45
Ey [V/im] Vp =Vp /Ut

= Thermal noise is affected by following effects:
» Velocity saturation (VS)
» Carrier heating (CH)
» Mobility reduction due to the vertical field (MRV)
» Channel length modulation (CLM)

= Due to the opposite effects of VS and CH as well as opposite effects of MRV and

CLM, the degradation in y,,p is not as dramatic as expected initially
A. S.Roy and C. C. Enz, TED, April 2005.
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The EKV Charge-base

Short-channel Effects on y, (in saturation)

d Model - The Extended Model

N

L=1

w
Illll]lllllllll]llll

L=40nm, y,,=1.00, c,,=0.068

N

por by

00nm, y,=1.25, 0.,1p=0.033
L=120nm, y,=1.26, 0,,p=0.027

Thermal Noise Excess Factor y [-]
N

1k < 41
-\ L=180nm, 7,,=0.98, ,,=0.016 E

O : L=240nm’YWI=086’ aYnD=00111 rial 1 L1 1111 ] O

0.1 1 10 100

= The noise excess factor y,,, can be modelled versus IC as

Inversion Coefficient IC [-]

70x10°

OLynD

Ynp EYwi T Ay.p IC
= Where y,,; and a,, _ are empirical factors
" a, , scales approximatively as , , = 2.85/L where L is in nm

Coefficient values + one standard deviation
a =0z
b =2.8489 + 0.108

| | |
10 15 20 25x1 0'3
1/L [1/nm]

A. Antonopoulos et al., “CMOS Small-Signal and Thermal Noise Modeling at High Frequencies,” TED, vol. 60, No. 11, Nov. 2013.

M. Chalkiadaki, PhD Thesis

2016.
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Outline

= The long-channel static model

= The long-channel small-signal model
= The long-channel noise model

= The extended model

= The simplified EKV model
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The EKV Charge-based Model - The simplified EKV model

Simplified EKV Charge-based Model (in saturation)

The normalized drain current in saturation or inversion coefficient is given by
IC = Iplsaturation _ 4(q5 + qs)
Ispec 2+ A +/22(2qs + 12 +4(1 + 1)

" s = Q;(x = 0)/Qspec is the normalized inversion charge at the source
where Qspec = —2nCox Uy

= 1. is the velocity saturation (\VVS) parameter corresponding to the fraction of the
channel under full VS

2UT

L . 2uqU
Ac — Lsat W|th Lsat — UoUT —
L VUsat Ec

= g, is related to the gate and source voltage according to

_ - _Vp _ Ve=Vro _Vs _ kT
vp—vs—ln(qs)+2qSWIthvp—UT— o Vs = yUp = p

Only requires the following 4 parameters: n, Is),ccq, Vo, Lsat

C. Enz, F. Chicco, and A. Pezzotta, IEEE Solid-State Circuits Magazine, vol. 9, no. 3, pp. 26-35, Summer 2017.
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The EKV Charge-based Model - The simplified EKV model

Drain Current for 28 and 40-nm Bulk CMOS Processes

10° ; 22
28-nm and 40-nm Bulk CMQS Processes
10' b ® W=108um, L=30nm 20
€ W=3pm, L=30nm 18
100 M. W=108um, L=400m. L YT
Symbols: Measurements 16
-1 |_ Lines: Theory 14
fo) 10
o 112 —
O 3 =0V, Vp=1.1V
— 10 =0V, Vp=1.1V -8
10 i i
107 P
10" ' —0
-0.6 -04 -0.2 0.0 0.2 04 0.6

Vg-V1o [V]

= Simple model validated on 28-nm and 40-nm bulk CMOS processes over more
than 6 decades of current despite only requiring few parameters, namely:

n, Ispecm’ Vros Lsat

C. Enz, F. Chicco, and A. Pezzotta, IEEE Solid-State Circuits Magazine, vol. 9, no. 3, pp. 26-35, Summer 2017.
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The EKV Charge-based Model - The simplified EKV model

G, vs. IC for 28 and 40-nm Bulk CMOS Process

10 g
0 E 28-nm and 40-nm Bulk CMOS Processes
- ® W=108um, L=30nm : G nG
1 [y WS, LE0Rm gms(IC) 2 5 = T
E @ W=108pm, L=40nm 5 ms Gspec  Gspec
C S_ymbols: Measurements !
0.4 L Hnes: Theory JAJIC+DZ+4IC -1
O"g’ - : T 2 QAJIC+ 1) + 2
0.01 F =~ LforIC » 1
: Ac
i with A, = 25t
0.001 ¢ L
- - and Ly, = 2oUr = 20T
B : sat — -
0.0001 | | IIIIIII 11 IIIIIII 11 IIIIIII | | IIIIII| | | IIIIIII L1 11111 vsat EC
0.0001 0.001 0.01 0.1 1 10 100

IC

= Simple model of transconductance validated on 28-nm and 40-nm bulk CMOS
processes over more 5 decades of current despite only requiring few parameters,
namely:

n, Ispeccl’ VTO’ Lsat
C. Enz, F. Chicco, and A. Pezzotta, IEEE Solid-State Circuits Magazine, vol. 9, no. 3, pp. 26-35, Summer 2017.
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The EKV Charge-based Model - The simplified EKV model

G.,/Ip vs. IC for 28 and 40-nm Bulk CMOS

28-nm and 40-nm Bulk CMOS Processes

| Symbols: Measurements

Lines: Theory
0.1F
0.01 1 1 IIIIIII 1 1 IIIIIII 1 1 IIIIIII 1 1 IIIIIII 1 1 IIIIIII 1
0.0001 0.001 0.01 0.1 1 10

IC

Ims _ GmsUr . GmsnUr . \/(ACIC +1)2+4IC -1

i I, I,  ICQA.(AJC+1)+2)

C. Enz, F. Chicco, and A. Pezzotta, IEEE Solid-State Circuits Magazine, vol. 9, no. 3, pp. 26-35, Summer 2017.
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The EKV Charge-based Model - The simplified EKV model

IC,G,, and G,,,/I for

28-nm FDSOI Process

10 7 1 0
; 28-nm FDSOI CMOS Process
10 [~ .
P S I 2 e 4 80 ! B W=60pm, L=300nm
? Symbols: Measurements
1L : Lines: Theory
10 :
) 28-am FDSOI CMOS Process 60 - @ 01
O 10° ® W=60pm, L=30nm e £
¢ W=60um, L=80nm o
10° F m. W=60um, L=300nm 40 0.01
Symbols: Measurements
10% & Linés: Theory
20 0.001
10° .
107 Lostmtmthempmpasbemsosmt 0 0.0001
-03 -0.2 -01 00 01 02 03 04 05 06 0.0001 0.001 0.01 0.1 1 10 100
Ve-V1o [V] IC

28-nm FDSOI CMOS Process

® W=60um, L=30nm
€ W=60um, L=80nm

0 . m W=60um, L=300nm
= | Symbols: Measurements
:_) Lines: Theory

cC

— 01

& C
@) C

0.01 1 IIIIIIII 1 IIIIIIII 1 IIIIIIII 1 IIIIIIII 1 IIIIIIII L1 11111l
0.0001 0.001 0.01 0.1 1 10 100

IC
C. Enz, F. Chicco, and A. Pezzotta, IEEE Solid-State Circuits Magazine, vol. 9, no. 3, pp. 26-35, Summer 2017.
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The EKV Charge-based Model - The simplified EKV model

IC,G,, and G,,,/I for

: so 1N
10 28-nm finFET CMOS Process 28-nm finFET CMOS Process ;
101 - ® W=280nm, L=30nm 70 ® W=280nm, L=30nm
0 ¢ W=280nm, L=70nm 1 @ WE2B0AM . LETORM. T e
107 [~ W -W=280nm; L=tpum 8¢ -y 460 B W=280nm, L=1um
1| Symbols: Measurements Symbols: Measurements
10 [ Lines: Theory 450 Lines: Theory
el . O
o, H40 O £
107 [ ©
4 430 0.01
10 [
5 20
10 0.001
10'6 b= =10
10'7 & ¢ 6-0-¢ ! ! | O 00001 Ll Ll Ll Il |||||||i Ll Lo
-0.5 -0.3 -0.1 0.1 0.3 0.5 0.0001 0.001 0.01 0.1 1 10 100
Vg-Vro [V] Ic

28-nm finFET CMOS Process

® W=280nm, L=30nm
€ W=280nm, L=70nm
L m W=280nm, L=1um
| Symbols: Measurements
Lines: Theory

0.1

Gm-n-UT/ID
LR

0.01 1 IIIIIIII 1 IIIIIIII 1 IIIIIIII 1 IIIIIIII 1 IIIIIIII 1
0.0001  0.001 0.01 0.1 1 10

IC
C. Enz, F. Chicco, and A. Pezzotta, IEEE Solid-State Circuits Magazine, vol. 9, no. 3, pp. 26-35, Summer 2017.

IR W.N:J ©C.Enz|2021 Summary of the EKV MOS Transistor Model Slide 80 E P .- I



The EKV Charge-based Model - The simplified EKV model

Summary

= The drain current in saturation of the BSIM6-EKV compact model can be simplified
in the region of interest for designers to a model requiring only 4 parameters n,

Ispecns VTOs Lsat

= The transconductance G,,,and transconductance efficiency or current efficiency
G.,/Ip can easily be expressed in terms of IC using very simple expressions
accounting for velocity saturation

= The simplified model holds for advanced bulk CMOS processes and has been
successfully validated down to 28-nm

= |t can also be used for FD-SOI and FinFET processes!
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Summary

Symbol, Voltages and Currents Definition

Vsub-p
N-type local substrate¥
V. Ve
G, o—dp»
/ lVDp
Dp
DP
D,

P-type local substrate 1

Vsub-n
v

VDD

Vsupply

v
Vss

Definitions of currents and voltages result
in identical equations for N- and P-channel
transistors

Local substrates are defined as follows:

» For n-well processes, the substrate is P-type
and hence V, ,=0

» For p-well processes, the substrate is P-type
and hence Vg, ,=0

» Some processes offer twin-wells. Then Vg,

and V., can be both non-zero.

When the substrate connection is not
shown it means that the substrate is
connected to Vg (V,,.,=0) for N-channel
transistors and to Vpy, (V,.,=0) for P-
channel transistors

iINeJ W.N:3 ©C.Enz|2021

Summary of the EKV MOS Transistor Model

Slide 82 E P .- I



Summary

Normalization Factors

Quantity Normalization factor Unit
Voltage Up 2 kT /q V
Current Ispec = 2n- B - Uf A
Charge density Qspec 2 2n - Cox - Ur A-s [ m?
Capacitance Cox 2W -L-Cp, F
Position L m
Frequency Wspec = - Up/L? Hz
Admittance Gspec = Ispec/Ur =2n - - Uy AlV
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Summary

Main Process Parameters

= Numerical values corresponding to a typical 0.18 um CMOS process

Parameter NMOS PMOS Unit
Definition Symbol 1.8V 3.3V Native 1.8V 3.3v s

Oxyde thickness tox 4.08E-09 | 6.8E-09 | 4.08E-09 | 4.08E-09 | 6.77E-09 |m
Oxyde capacitances per unit area Cox 8.46E-03 | 5.08E-03 | 8.46E-03 | 8.46E-03 | 5.10E-03 [F/m?
Threshold voltage V1o 0.455 0.62 -0.0177 0.4572 0.66 |V
Body effect factor Iy 0.54 0.54 0.54 0.609 0.609 [WV
Approximation of surface potential in Sl Yo 0.99 0.99 0.99 0.99 099 |V
Transconductance parameter Ba 4.20E-04 | 1.85E-04 | 4.60E-04 | 9.90E-05 | 6.18E-05 |A/V?
Slope factor (for Vp=0) Ny 1.27136 | 1.27136 | 1.27136 | 1.306034 | 1.306034 |-
Specific current for W/L=1 lspecs 0.7139 | 0.314463| 0.782577 | 0.172866 | 0.107827 [MA
Output conductance parameter A 10 10 10 10 10 V/um
Threshold voltage mismatch parameter Ayt 5 8.97 5 5.49 6.39 mV-um
Beta factor mismatch parameter Ag 1 0.72 0.18 1.13 0.64 [%pm
Flicker noise frequency exponent AF 0.8265 1 1 1.3358 1 -
Flicker noise parameter KF 8.10E-24 | 3.56E-24 | 2.66E-24 | 6.75E-23 | 2.93E-23 |J
Flicker noise parameter p 0.057766 | 0.042314 | 0.01897 | 0.481385| 0.346725 [V-m?/(A-s)

m © C. Enz | 2021
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Summary

Large-signal Model

. Ve —V. r
Pinch-off voltage: Vp =V = Vi =T, - \/V -V +( ¥, +5)z ( P, + -2 ) 610 Slope factor: n=1+——%2
g€ Vp=Vg—Vro—1p ¢~ Vro 0t 0 . P 2%+ Vp

Transconductance parameter: g = u-C,, VZ Specific current: 7., = 2n- g-U?  Drain current: Ip =1p ~Ig =Igpec iy i)

2
. VoV, Ve —Vpo—nV. VoV,
Normalized forward and reverse current: if(r):(PS(D)] ;( GZ'ro” " S(D)j inS| if(r)=exp{PUS(D)} in Wi

2UT 2I’ZUT

. . . VP Vs _p Y6ro Vs _p VG Vs b
Current in weak inversion: I =1g,,.-e"" -l e Ur e Ur =Lpec-e "7 c|e T —e T |=1py-e"T -l e U _e Ur

n-f
' i i - Vp=V, Vepy <V,
Current in strong inversion: /(g =1 2 0 S(D))2 Jor Vs <Vp
0 fOl":VS(D) > VP
Saturation (Vo > Vp): Ip=1Ip="L-(p—Vs) =L -(Vg—Vpg—n-Vs)

Linear (Vp < Vp): 1D=IF—IR:n~ﬁ-(p—VD+VS)(VD Vs)= ﬁ(VG Vro—3- (VD+VS))'(VD—VS)

Continuous expressions valid from weak to strong inversion

: . Vp=Vs | . Vp =V,
Normalized currents: i, =F( PU 3 j i, =F(PDJ
T

Ur
. . VP_VS_ “1: \_ . . VP_VD_ 17\ . . . _\/4i+1—1_ 2i
Inverse relations: TT—F (i f)—2g(l f)+1n[g(l f)] TT_F (i) =2g(,) +In[g ()] g()= 7~ Jairisl
Approximate invertible function: i, =F Ve=Vs | _ 1y 1+exp Vp=Vs i.=F VP=Vp|_y2 1+exp Vp=Vp
UT 2UT UT 2UT

Approximate inverse function: VPU Ys — F i) = 2mlexpl i, )-1] VPU "D _ F1(i,) = 2nfexpl|f5, )-1]
T T
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Summary

DC Small-signal Model

General relation between transconductances:

Gm'AVG G,.—G d .
Go @1 G, = % insaturaton: G,,; =0 and G, = ”;’S
GmsAVs Transconductances in weak inversion:
AVG So———¢ Gmd.AVDo—Q—oD ms UT m n-UT
' ' Transconductances in strong inversion:
AVS GdS AVD 21D 21’11D
W G =n'IB'(VP _VS):’\/zn'IB'[D = VoV = Ve —Vpo—nVs
v 261 21 21
B ’ B Gp=B-Vp-Vs)= Flp _ b= b
L n n-(Vp=Vs) Vg —Vro—nVs

Output conductance (very approximative!):

In saturation G4 can be neglected : y
Gy =L where Vy,=A-L withdin—
47 pm

Continuous expressions valid from weak to strong inversion

Transconductance-to-current ratio (in saturation I=I¢):

G -Ur G, -nUg 2 {1 Wi Ir ( Ip _lj

= = = . orinverse function: i, = .
]F IF \ 4if +1+1 1/ \/; St 4 Gms 'UT Gms 'UT
Transconductances:
o — G _ iy fdip+1-1_ 2 g = Omd _ i ):“/4i,+1—1: 2i, G lspec —2mpU
"™ Ggee 2 fdip+1+1 ™ G O 2 Jai 141 Py, r
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Summary

Quasi-static Small-signal Equivalent Circuit

AVp v

I I L
= T T e
D=t Ak
AVG So 0 Imdc—q—oD
Jaweod
AVs Gas
BV v =|=CBS =|=CBD A
1 :

Total capacitances:
Cos =Casi +Caso
Cep =Cepi +Capo
Ces =Caai+Caao
Cps =Cpsi +Cpy;

Cpp =Cppi +Cpp;

Junction capacitances:

CBSj :AS'Cjbw+(PS_W)'CjSW+W'C‘

Cppj = Ap -Cjpy +(Pp =W):-
c,=  Cio
J \/1+VS(D)B/(DB

Overlap capacitances:

I, =Y, -AVg
Lys =Yys - AVg

Lpg =Ypa AVp  (Y,,g =0 insaturation)

Y, =G, (- jo-1,)=G, - jo-C,
Yins = Gps '(l_ja)'rqs):Gms —Jj@-Cpy

md = Gmd '(1_ja)'rqs)=Gmd —jo-Cpg

Y,

ms

G

C

_Ymd

— — Gmd

ms

— ~Cond

ms

Intrinsic capacitances normalized to Co=W L C,

Ciso =W - Loy - Cox i S
Cipo =W -L,,-C,, (IC<<1) Vp=Vs Vp>Vp
Cgp, =CGBO-L Cesi <<1 112 2/3
Ceoi <<1 112 <<1
Cesi 1-1/n 0 (n=1)/(3n)
Cesi (n-1)Ceg
Cepi (n-1)Cepj
jswg C, <<1 0 4/15
Cisw W -C g Crns <<1 n/6 4n/15
Cong <<1 n/6 <<1

iINeJ W.N:3 ©C.Enz|2021
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Summary

Noise Model

flicker PSD of the thermal noise at the drain: s 2y =4 -Gup - Gup = Sup - G = Vup Gy
. \N - LW
oisy . . 2
oiseless Alp Noise parameter and noise excess factor: J,p = {% g Ym0 n-0up
—L 5 :
AV, . ,
nG \ PSD of the flicker noise at the gate: S, .. = KE
)\ thermal

2 = = 4T RyG(f)
Ly

P KF
R,c(f)= p=—""7>
"o W-L-f 4kT-C2,

Noiseless Ao PSD of the total noise referred at the drain:

%
SAI,%D_M =4kT-Gup1or  Gup—tot = VnDGm + Gy WL f
o
PSD of the total noise referred at the gate:
Noiseless
@ I[ VnD P
N =4kT-R,G_1or RpG_tor =2 +—"—
AVnG-tot AV o nG—tot nG—tot G, W-L-f

ETIWYY oc o200
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Summary

Transistor Mismatch

Drain current relative mismatch (same gate and source voltages)

Standard deviation of relative current difference:

Alp =1Ipy—Ip) 2 2 2 2
o, I, O-AIITD \/O-Aﬂﬂ-’_(]D) Try, \/GA;+( %4IC+1+111UT] with O-%_W-L and N WL
Ve . | | |
M1 —— M2 Ag in %-um (typically 0.2% to 20%) and A,y in mV-um (typically 1 to 10 mV)
Minimum in strong inversion:
V
° Oarp =02, + 2947, 2 =¥op
Y e -Vro-nvs) T

Gate voltage absolute mismatch (same drain current and source voltage)

Standard deviation of gate voltage difference:
AVg =Vga —Vai g g
2 2
I nUr\N4IC+1+1
Ip I OV :\/O-iVT J{GDJ Giﬂ :\/O_ZVT +[ il ) )UAﬂj
m Vi B

Voro—i M1 M2 J—Ve; Minimum in weak inversion:

2
VS ~ U O-AVT 2
O'AVG:I’I T U +GM:0AVT
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