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Introduction

Deep-submicrometer CMOS design becomes challenging for the designer:

CMOS evolution has come to a point where new phenomena need to be taken into
account, in particular as far as analog circuits are concerned.

In order to predict the performances of the CMOS circuits, accurate and efficient
MOSFET models should account for most important physical effects in advanced
technology.

Scaling of modern deep submicron CMOS technologies also imposes that the
supply voltage is continuously decreased. However, the threshold voltage of the
MOSFETSs remains almost the same.

Therefore, modeling should also address weak and moderate inversion.
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Deep sub-micron technologies
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MOSFET Modeling

Non-ideal characteristics in advanced CMOS transistors.
- Mobility reduction & Velocity saturation
- Drain Induced Barrier Lowering, Channel length modulation, Charge sharing
- Reverse short channel effect
Modeling versus analog parameters.
- Inversion charge linearization.
- Pinch-off voltage.
- Inversion factor coefficient
- 0,,/lp Invariant function.
- Intrinsic voltage gain and transition frequency
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Introduction
Constant Field Scaling Principles

Scaling consists in changing the physical
parameters of a MOSFET so that the
scaled device will have similar behavior.

— Alarge FET is scaled down by a factor a.
(> 1) leading to a smaller FET that is
expected to have similar behavior.

— Reducing all voltages and dimensions by
the scaling factor and increasing the doping
and charge densities by the same factor
leads to the same electric field distribution
inside the FET:

constant field scaling

— Time delay (CV/I) decreases in proportion
to 1/o. and density in proportion to o

wiring V
Tox gate W
N —
S D :'

Sub. Doping: N,

If Constant field scaling

wiring Via

Sub. Doping: aN,
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Introduction — Constant Field Scaling Principles

Scaling (constant field scaling — o > 1)

Dimensions, Lg, W, Tox 1/a
Area 1/a?
Capacitances 1/o
Capacitances per unit area o

Devices per unit of chip area o?

Charges 1/a?
Doping concentrations o

Voltages ... and ideally also V+ 1/o
Bias currents 1/a
Transistor transit time 1/a?
Gate delay 1/o
Power dissipation 1/a?
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Introd

uction - Limits to Scaling

Limitations are mainly due to:

N

Nonscaling of the built-in potential (& junctions).
Non scaling of the subthreshold slope.
Non scaling of the threshold voltage.

Quantum mechanical tunneling currents (gate to
Discrete nature of dopants in nm scaled devices:

> Degradation of the OFF state current.

channel and source-dain).
matching issues.

Lowering of the nominal voltage down to 1 volt will also reduce the available
dynamic range, pushing the devices to operate in weak-moderate inversion.

Then, while scaling of CMOS technology improves digital applications, this
evolution is rather detrimental for analog design since it introduces non-ideal
characteristics.
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Mobility Reduction

Mobility is the key parameter that impacts the current density ina MOSFET. But
moving to more advanced technologies may also degrade it:

The normal and and lateral electric fields alter the mobility in the channel.

y4
[ x
Mobility is then
Ex (Vbs: Vo) voltage and position
dependent
E; (Vo: Vos)

Causes to mobility reduction due to the normal field E.
— Coulomb scattering s interaction with ionized impurities (at low field, high doping)

— Phonon scattering 44, : interaction with lattice vibrations (at medium field)
— Surface roughness s : roughness of the Si-SiO, interface (at high field)
With downscaling of MOSFETS, these effects become more pronounced.
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Mobility Reduction

Along the channel, the normal electric field affects the mobility:

— This is modelled through an effective field E« that
accounts for the spatial distribution of inversion and
depletion charges.

Low normal field (E,) mobility is described by 3 contributions:

Eﬂ:

= T T T T T

I
Coulomb 10 o |:] n gQ' i| Phono Surface Roughness
scattering ¢ ! i 03
< Surface o [E ]_2 @ [ ®
scattering  Hsr eff =
Phonon 0.3 S 200 A w012 ]
B iy ate=0.12um
_ scattering Hph % [Eeff jé A (Nsib=1.08E18cm_3)
=
. . : _ Lgate=1.51m
These are combined through Mathiessen’s rule: (k=5 6E17cm™)
] ] ] ] 100 | | | | L I |
= + + 3X10° 5%10° 1x10° 2x10°
Effective Electric Field, Bef (V/cm)
eff c s ph
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Mobility Reduction

Integrating the expression of the drain current along the channel, we obtain an

equivalent global mobility that is now position independent:

~ The general expression for the drain current is given by I =W - u(x)- F(Q;)
Integrating along the channel, and assuming | constant with x, we obtain:

D ] D
I—-dx=W'IF(Qi(x))'dx
S/Ll('x) S
-1 D i} s e SO e N
4 I — S low Vg
IT‘L'U TJ [F(0/(x)-ax D S
,ux) S 0 hlghVG Couldm"y-.

limited by SR

This leads to an effective mobility:

1 WG V]
VD [V] 15
117 i ]

- + + ) dx Bucher M. in ‘Trans. Level Modeling for Anal.
o Ll tc(o) (o) ay(0(x)) RF CDasr, Sy
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Velocity Saturation

Near the drain, when V, exceeds a saturation voltage, high lateral electric fields E,
causes saturation of the carrier drift velocity.

This effect plays an important role in short-channel transistors, where electric field near
the drain has a non negligible extension and gives rise to impact ionization.

— A semi empirical approach to relate velocity saturation to mobility is given by:

v 4 Ex /EC —— Y7 M oL {2 for electrons
drift = Vsat ~ :
(1 +(Ey/Ec)” )]/a [I +(E,/E; )" ]'/ “ 1 for holes

where E. = Vsa1/24, is the critical field at which the carrier velocity starts to saturate:
— Electrons: v,,=10m/s E,=1V/um
— Holes: UV =8.10*m/s E,=3V/um

sat —

u, should also include mobility reduction due to the vertical field E,.

CAUGHEY, D. M.et. al,.Proc. Inst. Elect. Electron.Engrs., 1967, vol. 55, p. 2192
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Drain Induced Barrier Lowering (DIBL)

In short channel devices, the lateral electric field (~Vg) cannot be neglected with respect to
the normal component (~V;), particularly in weak inversion.

Electrostatic solution relies upon a quasi 2D description of the channel in WI (Q;,<<Qy,)-

1 1 | | | | 1

DIBL lowers the surface potential in Wi by Aws. V=0 L=10 um & 90 nm
This can be seen as a decrease in Vo with Vps &V 5| 7Y

L>51,

AR

—
(&)
T

—
o

where L, is a characteristic length:

/ Eoi 1 - \ J
LO =77(z])' ihdepl ~ 72 174 ] I ] W ] ] ] ] ]
Cox Cox / ) (N sub) / 0 0.5 1

Source Normalized coordinate Drain
In weak inversion, short channel transistors are significantly affected by a high drain voltage.

Reduction of DIBL requires thinner gate oxides and higher substrate doping.
Zhi-Hong Liu et. al., Trans.Elec. Dev. vol. 40, n. 1, p. 86 - 1993
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Drain Induced Barrier Lowering (DIBL)

Lowering of the surface potential with Vy (in WI) will increase the current for short channel
devices, eventhough the MOSFET is saturated.
— Degradation of the output conductance g4 , maximum voltage gain g,,/g4 and I/l .
AlPS(VD) -~ VD  — AID -~ eXp(CX,VD) =" Ln(AID) -~ (X,VD
A¥s(Vp) ~ f(Vg) =——= Ln(Alp) ~f(V;) === Degradation of WI Slope

102

. Vp=12V

<. 10 =V, =200 mv

= Alp

=¥ € Ideal: no DIBL

2 =1

O 1 = 101

o 3.

o = AV, ~58 mV [ | DIBL =58mV/V

R 100

> 09 —_—

7 /' 115mVidec L =100 nm
08~ 1 5 ] ] ] ] ]
e %002 04 06 08 10 12

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

) : Vs (Volts)
Source Normalized coordinate Drain

DIBL is one of the most important short channel effect in weak inversion, together with charge
sharing and reverse short-channel effect (RSCE).
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Channel Length Modulation

In Strong Inversion, when E_>>E . (saturation),.

Increasing V, above Vg, Creates a velocity saturated region at the drain and shifts the pinch-
off point toward the source by AL.

In order to maintain the drain current, the inversion charge density at the drain has to reach an
asymptotic value depending on ;.

E,=Esa
V=V
sat
VDsat
VSRR > X
‘channel region“ \ \
Lye  XAL X%
L
v
y
In addition to CLM, the velocity saturated region is responsible for hot electron generation &
substrate current. H. Wong et. al., Trans.Elec. Dev. vol. 44, n. 11, p. 2033 - 1997
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Channel Length Modulation

From a 2D analysis, the saturated region extension is given by

The smaller the junction

Lc-Ec

2 junction depth and oxide
Vps =V, Vps =V, e, X .
AL=L-In { DS~ DSsat }\/1 { DS___ DSsat } L= |2 A depth  thickness, the smaller
COX

Le-Ec CLM effect.

Definition of the channel length modulation voltage V), (corresponding to the Early

voltage in a bipolar) :

Ip Alp

8 ds

Vie +Vp Vo —Vpsar

But the output conductance can also be defined as:

Al _ AL L [1_|_ Vbs _VDSsat)
c

~—<.In

I, L L

Equating both terms gives :

c’

(VD'VDsat<< I—C EC)

Wong H., TED Vol. 44 (11), p. 2033, 1997
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Channel Length Modulation

9.0E-03

8.0E-03

7.0E-03

6.0E-03

= 5.0E-03

ID [A

4.0E-03

3.0E-03

2.0E-03

1.0E-03

Drain current and output conductance in 70 nm effective channel length.

— The current becomes a linear function of the charge and therefore of the overdrive
VOItage- vel.sat.

vel.sat. .
|
[D ~ (VGO_VDSCU_2¢F).COX'VSGI'W |:> gm ~ COX'vsat'W |ndp Ofl_

— Qg4 (in saturation) is dominated by channel length modulation.

L=70nm VB=0V

O measured
- |[— EKV3.0

gds [A/V]

1.0E-01

1.0E-02 Q

L.OE-03 |

1.0E-04

L=70nm VB=0V

! O measured
—EKV3.0

Increasing Vg
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Charge Sharing

Charge sharing affect short channel devices:

Depletion from source and drain junctions overlap
with the channel region and modify the average
doping of the bulk, and hence reduce V7.

— These extensions are given by:

9.
Wsp = \/q_;sc '(Vbi +VS,D)

sub

Rough estimation of the threshold voltage variation:

z_(:'1)16'7/'\/2¢F and 2¢F ~ 1V

Part of the ‘body’ controlled by S-D
junctions: AQg

(no longer controlled by the gate)

AVT T

C C

ox

ox

L

—A 1 i W +W
AVp ~ -QB ¥ ’[QB@VT’(WD+WS)]'Zz7(D—SJ ‘

— The same approach applies to narrow
channels, but then V- increases instead of
decreasing.
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Reverse Short Channel Effect.

Whereas the threshold voltage is expected to decrease when decreasing
the gate length, non-uniform lateral doping profile and dopant diffusion at
the Si/SiO, interface may result in an increase in V.

The behavior of the threshold voltage rollup is strongly influenced by S/D
implant doses and anneals.

AV can reach few 100 mV in more advanced processes, and AV ~T, .

AV 4

RSCE & CS

\ Y
Interstitials / -
CbH

+ DIBL @ high V,,

Mazuré, EDL vol. 10, n.12, 1989 — Rousseau EDL vol 18, n.2 1997
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Combination of DIBL, Charge Sharing, RSCE

Combination of all effects:
— V5 roll-up: Non-uniform doping/oxide charge (RSCE)
— V; roll-off: Charge-sharing and DIBL
» Charge Sharing (CS) reduces substrate effect Vi versus length and width

_ including DIBL, CS, vel. Sat. and
* DIBL reduces threshold voltage @ short L, high V, CLM effects @ Lg = 70nm.

VTOVs W& L
RSCE L=5um . CS CS at high Vg
06 N,
at low i S L-0.18um | (€nhanced T4y :
Vg VOSSO 1 substrate 812y y:
s 05 I’ DIBL depletion) 0 14 "'//I ‘ ‘
a¥ . L=0.18um o]
e S .
= o4l . 208 > ? ‘
i A W O measured gO._ N | \ 2
DT:; e — - — — - —  model 10 o
o NMOS - o
3= Tox=35nm I,/l~=0.7 \.1,0 10‘7
1 | ! | | I s '
s 00 20 25 20 LENGTH [m] 10 10 WIDTH [m]

Bucher M., WCM 2004.
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Gate Tunelling Current

With the downscaling of MOS devices, gate equivalent oxide thicknesses have been
reduced down to 1.2 nm.

- T, is the main technological factor for the gate tunneling current .

Depending on the biasing voltages, the gate current can become relatively large and
affects source and drain currents. It has distinct components:

— Gate to ‘channel’ tunneling current (intrinsic ).

— Gate to source/drain overlap tunneling current 10 :
o . 10° ;
(extrinsic ), enhanced in scaled MOSFETs. o ;
10° 1
Jos  Jeen Jop Moving from3to o~ 1
1.7nm SiO, = !
thickness ‘qé? 10° :
increases the = ]
g 10 L
gate leakage 5w v Measured t,1.73m |
curentby more 1 L e o |
than 108 o ® Measuroat, 205 ||
10" odef i
Ranuarez et al. Microelectronics Reliability vol. 46, p. 1939 (2006) 10" " , . !

0 ' 1 ' 2 3
Gate Voltage [Volts]

IN

Clerc R. et.al. SSE vol. 43, p. 1705 (2001)
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Gate Tunneling Current

At 0.9 nm, direct tunneling currents are comparable with drain currents.
— Tends to become the main contribution to sub-threshold current in a thin-oxide MOSFET.

A consequence of the tunneling current is an exponential increase
in static power dissipation with respect to Ty

L;=200 nm i01

T

0.1k :
0.01 10.01
1E-3 {1E3
1E-4 11E4
o 1ES {1IES &>
< 1E-6F {1E6 3
% 1E-7 _ , NAND (00) ~ =<1 A 1IE7 =~
1E-8 k g x LachsR Geset) | ~==-___S _’ {1E-8 <
i v s v NOR (00) _
1E-9 3 [J. B ring cscillator 3 1E-9
IE-10f| <. @ srRam J1E-10
1IE-11° : : : : : : : T1E-11
0.9 1.1 1.3 1.5
¢t (nm)

A. Marras et al. , Microelectronics Reliability vol. 45, p. 499 (2005)
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Gate Tunneling Current

From the gate impedance point of view, the gate current can be seen as a
tunnel conductance in parallel to the conventional input capacitance.

Oicay=Ceag OV
Cap~~66 OV6 ® 8run | (~independent of WL for wide/long

—— |fg =

B devices dominated by intrinsic leakage
gTunneI CGG ZﬂCGG ! | )
Sity =y OV | 65 nm capacitive
1MHz I
o . |90nm
o f >f; —— Capacitive input impedance n ] 120 nm
® f <fy —— Resistive input Impedance
W resistive
Input impedance appears resistive below 1Hz 80
0.1 Hz in 180-nm technologies and 1MmHz |
below 1 MHz in 65-nm CMOS. Technology

Since MOS gates are no longer ideally insulated, storage nodes retention time is decreased,
thus increasing the minimum operating frequency (needed to read that node).

.(Pﬂ. W Marc Pastre - EPFL 24
ECOLE POLYTECHNIQUE

FEDERALE DE LAUSANNE



Compact Models

Increasing importance of short channel effects, including quantum mechanical and non
static effects, leads to an increase in the model complexity and number of model
parameters that requires the development of a new class of surface-potential or charge

based models model.

— Ideally, physics based compact models should also be predictive with respect to some basic

technological parameters.

1000

100

10

Number of model parameters

N W B OO N W s
T T T 17T T T T T7T

N W b oo
T T T 171

t . d . rd th
1° generation 2" generation 3 gene. 4" gene.
- - | > -t —
Entry info the
L9> 2 pm i submicronicera Lg <0S5pm
= BSIM4v2
F R * 5P -
BSIM2 Mg BSIM3VS...-~
* & .
e %Bsmave M
e BSIMBV * EKV3.0
Level2 __.--B
Ry BSIM * Ekv26
Level 3
e
F~ Level 1
+ Core parameters

10um » 1um » O1pm --»
mali] 1 PRV ERNI B U R ST B ST N B AT B A | PRI T R B B B B B |

1970 1980 1990 2000 2010

Introduction year

(A
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Compact Models

BSIM 3v3, BSIM 4: threshold-voltage-based models.
— Regional approximations
— Smoothing functions used as a model (e.g. drain current)
— Increasing complexity, dramatic number of parameters

3'd generation

(MM11,SP), PSP: surface-potential-based models
— Models close to physics
— Explicit formulation of the surface potential
— Symmetric model structure (idem EKV)

4t generation

EKV 3.0: charge linearization model
— Bulk used as a reference: symmetric model structure
— Alternative to surface-potential-based models.
— EKV is a design oriented model.

.(I)ﬂ- m M\m Marc Pastre - EPFL 26
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Example of EKV3.0 model parameter list...
Visit http://legwww.epfl.ch/ekv/

Setup pars.

- SIGN 1 (nmos), -1 (pmos)

- TG -1 (enhancement)

— SCALE scaling factor L, W

- QOFF charge model off

Oxide, Substrate and Gate Doping related
pars. (7)
- COX oxide capacitance

- XJ junction depth

- VTOthreshold voltage

- PHIF fermi-bulk voltage

- GAMMA body factor

- GAMMAG gate factor

- NO long channel slope
Quantum Mechanical effect (3)

- AQMA QME accumulation
- AQMI QME inversion

- ETAQM QME coefficient
Vertical Field Mobility effect (6)

- K  transconductance fact.
- EO 1storder coefficient

- E1 2" order coefficient

- ETA QB and QI balance

- ZC Coulomb sc. Par. 1

- THCCoulomb sc. Par. 2
Mobility geometrical pars. (4)

- LA char. mobility length A
- LB char. mobility length B
- KA char. mobility factor A
- KB char. mobility factor B
Velocity Saturation & CLM (4)

- UCRIT critical long. field

- DELTA order of vsat model
- LAMBDA CLM effect

- ACLM pocket implant factor

Long-channel VT & RSCE (5)

- LVT VTO corr. char. length
- AVTVTO corr. factor

- LR RSCE char. length

- QLRRSCE factor charge

- NLRRSCE factor doping
INWE (3)

- WR INWE char. length

- QWR INWE factor charge
- NWR INWE factor doping
- Charge Sharing effect (5)

- LETAO Long-ch. CS factor
- LETA 1storder CS factor
- LETA2 2nd order CS factor
- NCSCS slope factor degr.
- WET Narrow-ch. CS factor
DIBL effect (2)

- ETAD char. length factor
DIBL

- SIGMAD bias factor DIBL
Halo-related gds degradation (5)
- FPROUT

- PDITS

- PDITSL

- PDITSD

- DDITS

Gate current pars. (3)

- XB crit. difference potential
- EB crit. electrical field

- KG transc. factor Igate
Impact ionization (3)

- IBA Il current factor A

- IBB Il current factor B

- IBN Il current coefficient

Geometrical pars. (10)

- DL gate length offset

- DLC gate length CV offset

- DW gate width offset

- DWCgate width CV offset

- LDWshort-ch. DW correct.

- WDL narrow-ch. DL correct.
- LL  hyperbolic length fact.
- LLN exp. Length fact.

— XL

— XW

- LIBBlength scaling IBB
Width Scaling pars. (9)

— WEO width scaling EO

- WE1 width scaling E1

- WUCRIT width scaling UCRIT
— WLAMBDA width scaling LAMBDA
- WETAD width scaling ETAD
- WQLR width scaling QLR

- WNLR width scaling NLR

- WLRwidth scaling LR

- WIBB width scaling IBB
Overlap & fringing capacitance (6)

- GAMMAOQV overlap body
factor
- VFBOV overlap flat-

band voltage
- LOV overlap length

- \Y/e)Y) overlap bias
factor

- KJF inner fringing cap. par.
- CJF inner fringing cap. Factor
..... + 12 Temp- Params

i Jtory
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The BSIM-EKV Modeling Partnership
Announcement

BSIM and EKV groups have agreed to collaborate on the long-
term development and support of BSIM6 as a world-class open-

source MOSFET SPICE model.

Marc Pastre - EPFL
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EKV model
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Charge Linearization Concept.

Potential drop and charge linearization: (the bulk is the reference )

- ~

Ve =VEp +¥Wsi————

Ve =Vip tV¥s *@\/?S—

pinch-off surface
potential :

Wp(Vg)=¥s(a=0)

0,
COX Q;B
E, | OX-| Substrate (N,)
— Q,i :n‘(TS—TP)
COX

Slope factor:

The pinch-off surface potential will
then depend on V4

n~l+L
o,

®=U;Ln(Ny/n,)
~0.4V for 10" cm®

n will then also depend on V
Sallese J.M. et. al. SSE vol.47, p.677 (2003)
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The Pinch-Off Voltage: link between gate and channel.

We notice that in strong inversion, the source and drain potentials are linked to the surface
potential through:

SI
Vs p = l//f’D —2-¢p

Therefore, in strong inversion, the charge density at source and drain can as well be written
in terms of the source and drain potentials.

' SI,Lin 3
QS’I? :I:SUE’D—2¢F:|—[SUP_2¢F] - VS,D@
hn 'Cox

From this relation, we propose to define a ‘pinch-off voltage Vp as:  [Vp =¥ p — 2¢

As for yp, Vp will only depend on the gate voltage.
Vp is the potential of the gate that as ‘seen’ from the channel.

In strong inversion, the relation between charges and potentials can then be written as:

s
- Qi@D,S ~n- Cox ) (Vp - VS,D)

(A
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The Pinch-Off Voltage: approximate expression.

An interesting approximation of the pinch-

off is given by:
VG VTO
V,= .

Pinch-off Voltage V,, [V]

15—

&

0.0

1.0

05

n-channel (0.25pum CMOS)
T,,=5nm L=5pm
15~=0.6271; V=V

15

14

1.3

O A measured
— — simulated —1.2

Where n is still the slope factor. asf- g Vo . |
0.0 05 1.0 15 2.0 2.5
Gate Voltage V; [V]
More intuitively, the slope factor can also be obtained from a capacitance
representation of the device:
-] .
dV _dys , dVy _( dQ; dQg j N 1o C,: depletion
d d d d d C  Cn_nC C capacitance which
QG QG QG Vs Vs ox D Loy ox dependsonthe
c doping of the
Keeping V fixed, we obtain: n=1+—L substrate.
oxX
.(l)ﬂ- Marc Pastre - EPFL 32

ECOLE POLYTECHNIQUE
FEDERALE DE LAUSANNE

[-] u1030e 4 ado|s



What about weak inversion ?

N is also the slope of the Log (l) vs Vg
characteristic in weak inversion that equals 1/nU;

— nvaries between 1.1 (strong inversion) up to 1.6
(weak inversion).

Log (Ip)

Slope = 1/nU;

As for strong inversion, we can show that in weak ’
inversion, charge densities at source and drain are still
function of the difference between V and Vg or Vy:

VP_VS,D
— UT
QS,D __2°n°Cox 'UT e

Without demonstration, the general relation between charges and potentials is :

—0Os p Osp _Vp=Vsp
Ln -2 =
Z'I’Z'Cox‘UT 2'n'C0x'UT UT

Electronics Laboratory
ol N
.(l Marc Pastre - EPFL 33
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Drain Current & normalization.

Charge linearization can also be used in the current expression.

— Adopting the drift-diffusion transport model, we have:
r ,dO; I dQ;
1= (-0, Y5 v, Py o 1y (0 U T
dx dx ““ox

Since |4 is constant along the channel, integration from S to D gives:

D
2
D
]D'L:ﬂW'[E— Qi +UTJ dQ [ m— ID—ZI’Z,UCOXU%W Qi — Qi
S n Ox L ZnCOXUT 2nCOXUT
(assuming a constant mobility p)
We defln(lela specific currgnt lsp Ip = 2nuC oy U w_,, Ky w U2 with Kp=puCpy
and specific charge density Qgp L
that depend only on the o U
technological parameters: Ogp = 2nCox Uy
2 2
The current can be written: Ip _ (&] _K&J _ (Q_Dj _LQ_DJ
Isp Osp Osp Osp Osp
Sallese J.M. et. al. SSE vol.47, p.677 (2003)
!{!?ﬂ!m w (‘ '\ﬂ"" Marc Pastre - EPFL 34
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Drain Current & transconductances.

Since the inversion charge densities at source and drain are always given by a general
form involving the difference between Vp and the source and drain potentials Vg and Vp:

Op=F(p-Vp) and Qs =F(p—Vs)
The current takes a simple form:

Ip=HWVp-Vs)-H(Vp-Vp)

This will have important implications in small signal analysis (even under NQS):
— Avariation 6V of V is equivalent to a simultaneous variation -6V of Vyand Vg

Ems ~— 8md
n

ol, oI, v, _( ol , ol ,
o

1
ov, oV, ov, (—VS)_a(—VD)j'Z Em =

. . sat g
In saturation, g,~0 and we obtain: g =~ 2%
n

(A
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The Inversion Factor IF.
In saturation, the drain current doesn’'t change any
more when increasing the drain voltage above Vpgur,

which means a negligible mobile charge at the drain:

— Therefore, in strong inversion, Ve, is almost V.

SI,sat

- z@D ~ n'Cox'(Vp_VD

sat

)~

* Note that V=V ensures saturation since Vp(=Vg) > Vp.

By definition, the inversion factor IF is the AT

1

normalized current of the device operating IF = —

in saturation:

Igp

SI,sat (

_sz@s ~n-C, . -\V _VS)

p

2 - i 2
I Sl,fat( 0, ] In strong Inv. ]FSI,iAT( Vp j
N :> 2U
Lgp Osp T

—_

Linear Saturation

[

Vs VDS.AT~VP Vb

‘IF" will now ‘replace’
\/e}

(A

ECOLE POLYTECHNIQUE
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V¢ vs IF

Moderate

Inversion

1E-5 -

1E-6
/ |

1E-7 : | : : : : : : :

Ve VI

Electronics Laborator

Gl
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The Saturation Voltage.

ST

In strong inversion, saturation is then given by : Vi ®Vp = 2U, A IF

Wi
In weak inversion, the saturation voltage can be approximated to : |V, = 4U7

Therefore, we can define a semi-empirical relation for the saturation voltage as a function
of the Inversion Factor IF that covers all modes of operation from weak to strong inversion:

2.0

15¢

DSAT

Vp_sar =Ur '(4+2*/ﬁ)

0.5}

0.0
10° 10

Electronics Laboratory
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Extraction of the I, Parameter

Extraction of the Specific Current Igp

— Assuming strong inversion and saturation, the drain current can be written as:
(neglecting diffusion)

2 2
SI,SAT V -V
— The specific current is then obtained ST SAT o]
: - D
1/2 : 1 ~ 22U, ——
from the slope of I,"% versus Vgt SP T v,
0.018 ; : ‘ 80x10°
o B (trar L=0.14
0.016 L=10um \%E;’p\‘fn VD15V
E 0.014 = 1S=108 nA |~ Vel Sat +
E 0.012 bR |SP=1O8 nA e S g';' g ve-15v .Y charge
S 0010 = %, % .-~ sharing
— slope = sqrt(lg)/2Ur é
5 0.008 - £ <
: [+] 4 measure
§ 0.006 . g ) ‘\\ """" @ ” = EKVmodedI
0.004 T N \
0.002 =0 e
e N i T PV T TR T R T
Vs [V] Vs Bicher M. WCM 2004,

ECOLE POLYTECHNIQUE
FEDERALE DE LAUSANNE

Marc Pastre - EPFL




Noise versus Inversion Factor

Under quasi-static operation, the drain current is constant along the channel.
— Integrating from source (x=0) to x gives Q,(x) as solution of :

@)
x IpSix {&H&}
L Igp L Osp Osp S

In saturation, the drain current noise spectral density becomes:

0, (%j versus IF

4-ko-T- Sat ] ]
Sy =—2 ”-[W-j\Qi\dx :4-e-ISP-[ﬁ-((1+4IF)3/2—])—E}

2
Lelec
e . . SI-S.
Approximation in strong inversion: Sg: = “ YR 2 JF1?
: A : P WI-Sat
Approximation in weak inversion: Sy~ 2-elgpIF
~ Shot noise in junctions . ”d

(A
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The g,,/I Invariant.

An equivalent formulation of the current is given by:

VD
Iy = (-0} dv,, Integration along the channel |, _ IIB — 0 AV
l dx I — o V. ox

Then, from the definition of the source transconductance, we obtain:

ol
oV

_ _ Ji _
Os _ ZI’Z,UCOXZUT _ Os |_1Is Os
Cox L choxUT UT choxUT

In addition, in saturation, Q,~0 and Qg is related to the Inversion Factor:

=B

Ems =~

SAT [ O ]2_{ O ] [ Qg ]S‘iTm]

]D = ]SP )
2nCOXUT ZnCOXUT ZFZCOXUT 2

.(l)ﬂ- m M\m Marc Pastre - EPFL
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The g,,/I Invariant.

In saturation, the source transconductance-to-current ration is only dependent
on the inversion factor IF, and not on the device parameters:

Asymptotes

Sms .y —pSm .y !

Ur= crosses @ lpsar=lgp
DSat DSat é+ BJFIF 2 e / ,,,,,,

The definition of Igp (the %
current normalization -
factor) is consistent with =
the transition from weak 201k
to strong inversion, when °F
the MOSFET operates in 4 W M
saturation.
i ] e
62.001 0.01 0.1 1 10 100 1000

(A arc Pastre - EPFL ”
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The g,,/I Invariant.

Measured g,./I5 in ‘long’ channels.

— Agreement between the model derived from charge linearization and drift-diffusion
transport with constant mobility seems accurate for g/l and g/l characteristics.

Transconductance efficiency roll-off Log. velocity saturation rngces
i is observed above weak inversion scale transconductance efficiency
In. 100 “.
- : = | Concorde Microsystems 0.5-um NMOS
scale ; .‘;\;; 35:;“' .\ Semiconductor Analyzer' = |T= b2c
10 I \ N I vos = ves
i ! f Strong inv. \ |vBS=0V
. 08 ik | Mnt78atON | anr
:_) I T " lp =0.208 uA
—r3 I 1 \‘ kg = upCox
= 0.6 —alky = 110 uAV
=
> | measured :

Transconductance Efficiency, gm/lp (LS/HA)

| 025um UL LU LU LU LU NN <k
0.5 um E L err =0.5,0.85,1.2, 1.9, 4, 8.2, 16.6, 33.4 ym R
0.2 ©0.7um i ‘ NN
- A 1 pm Il » \\Q\\\ !
; | | | I | | T il 0..5|.1 z\“; S\ W //
0.0 ST =TT ! in sl
) Weak Inversion | Moderate Inversion = Strong Inversion
0.001 0.01 0.1 1 10 100 1000 0.1 -
IF 0001 001 0.1 1 10 100 1000 10000

IF

oratory
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Impact of Velocity Saturation on g/l

Assuming strong inversion and saturation, the drain current is given by:

SI,SAT

SI,SAT
ox Py A LB, LD B
D n GIO gm n D ID l’lUT VIF

At high V,, velocity saturation will limit the current:

VSat

ID ~ W°Cox°(VGO_VDsat_2¢F)°Vsat

- If V,=10°ms* & n=0.05 m?V-1s!

uy.

IF,,..(L=1um)~64000
IF,.(L=0.1um)~64

Velocity saturation deteriorates g,,,./Ip

characteristics.

VSat
gm = WCy

Em St 'iAT VsatWCox . L
Vsat I D I SP IF

]Fcrit ~ (VSatL)2 /(IUUT )2

VelSat ]

~

2
of
o
= ar
- I
)
2 ot
e
(@)]
0.1F
sk
6[
4
2
0.001

Electronics Laborator
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Intrinsic Voltage Gain

The intrinsic voltage gain is the product of transconductance efficiency and Early voltage:

_8m _8m Ip _|8m | S/iT Lg @n/ Early voltage
AV B VEarly -

- - normalized to 1

um.(tech. dependent)

(V, =10V/um)

— In saturation, A, should depend on the
Inversion Factor and channel length onIy.'wou-j

Gain is maximum in weak inversion
for long channel devices and
minimum in strong inversion for
short channel devices.

There is a large design range :
available in analog MOS design. o

Intrinsic gain

D. M. Binkley et-al Analog Integrated Circuits and Signal Processing, 47, 137-163, 2006

s_Laboratory
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Transition Frequency

The transit frequency f, is simply controlled by the transconductance and gate
capacitance. It represents the ‘intrinsic’ gate speed (free from junction capacitances)
and is related to the current gain (H,,):

— f.is defined as the frequency for which the current gain of the two-port shown below is

equal to unity N not negligible in short channel devices !
polol Yo 8w —‘/\j?{CGp,,\": gm _ O - Ifo
2 Iily 9 Yo joCge  joCge j-@ = L =
|8 5 3 |
a)t — gm gm o T °
Co  Co6i +Coo— Layout dependent (overlap)

In strong inversion and saturation Cgg= 2/3C,, and Cgp;= 0:

g
W == 3 UrvVIF = \/ IF Ignoring extrinsic capacitances

Ce

It follows that to first order, the unity gain frequency of transistors depends only on effective
gate-overdrive voltage and on channel length.

' m I

.(l Marc Pastre - EPFL 46
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Transition Frequency

@ NMOS intrinsic TF as a function of inversion factor and channel length

Ideally, transition frequency increases linearly with IF in weak inversion
and withVIF in strong inversion.

For a given IF, f; decreases as 1/L2
(1/L if velocity saturation) with 0000~

N
increasing channel length for all = o0 ]
regions of operation g
. v e . D 1000 4
This is where intrinsic voltage gainis & °
maximized and flicker noise =
minimized. £ .
2
1+ I
&) : ? I 0k
Extrinsic overlap & junction 2 01l | ;. AR 1 51
: : : = . | i =
capacitances will reduce operating = ™ v 111 11t Aﬁ
bandwidth (short-channel devices). " 000 35\ gff

D. M. Binkley et-al Analog Integrated Circuits and Signal Processing, 47, 137-163, 2006

Laborator
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Transition Frequency

...but at high inversion levels, short channel degrades the transconductance
efficiency and reduces the increase in bandwidth: the optimum is located close
to the maximum in g, (almost independent of V).

L.=70nm - W,=2um - N,=10 | !ncreasmg Vps also |
1.4E+11 1| increases f; (increase in g,,)
vDs=12 V[*] Bucher WCM 2007
1.2E+11 | iO/ 1 e
, 0t -
1.0E+11 [ <
y o
'~ 8.0E+10 :
‘i ':’ VDS=0.4V IZ
k= 6.0E+10 et s ) oﬁ ' 5 |
o -8 . - reached at
4.0E+10 | ::2" .. VDS=0.2 V 7 ~1U-
o g . - ~10-80,
2 0E+10 | i 10+ %" Moderate Inversion
o >
0.0E+00 : : ) M
0.0E+00 5.0E-01 1.0E+00 1.5E+00 -1 0 1
10 10 10 10
VGS [V] IF
Yoshitomi S. MIXDES 2007 Moderate Inversion is then a good trade-off (less p reduction)

.ﬂ)ﬂ- W Marc Pastre - EPFL 48
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Example: Power Scaling from the g, /I Invariant

Power consumption of analog circuits is proportional to the signal-to-noise ratio
and to the signal frequency.
— For analog circuits more performance requires higher power consumption.

For a given power, the SNR performance drops when moving to newer technologies,
simply because of reduced maximum signal swing due to lower supply voltage.

Example of minimum power
90 nm 250 nm consumption for simple unity gain
voltage buffer.

If the supply voltage could be
maintained constant, new technologies
would indeed tend to lower the power
consumption.

v ...but this is not true if the supply
5 Voltage has also to be scaled down.

P dec. @
P incr. when fixed Vpp

Vpp decreases.

Power

»
Tech. evol

Voo Annema A.J. et. al, JSSC vol.. 40, n.1, p.132 (2005)

.(Pﬂ. W Marc Pastre - EPFL 49
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Example: Power Scaling from the g, /I Invariant

How SNR evolves assuming constant power consumption ?
— We assume the same scaling factor « for the technology and for the supply voltage.

—~ Scaling a (<1) .
» Supply voltage Vpp Vb » Vpp =aVpp

Vpp = aVpp

v

< +(Large) signal amplitude Vpp  Vpp

v

L DC bias current I, Ip Ip=1Ip/a (cstpower)

If we maintain the same gate overdrive voltage, in

— Sy +1 +1/1
saturation, IF will be unchanged, and so for g,,/I, Vs / &n +1/1p

cst.IF , cst.IF

. . 2 2 ) _ 2
« Input noise signal ~V2 .. Vioise + I/Ip ——— Viise + @/Ip =V ppise
, , , Signal Vﬁp - Signal" _ V}ip Signal
» Signal to noise ratio Noise 172 > — T TA
oLse Vnoise Noise scaled noise oise

* SNR is degraded upon scaling assuming constant power, when large signals are considered.
* However, if Vpp doesn’t need to be scaled (small signal), SNR will increase by 1/a upon scaling

ECOLE POLYTECHNIQUE
FEDERALE DE LAUSANNE
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Inversion factor based
design methodology

Electronics Laboratory

I
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Top Down System Design

Digital

Behavioral modeling
and simulation

| Analog

v

Behavioral simulation
and synthesis

A 4

Layout generation,
extraction and post

layout simulation...

y

Specs of basic blocs

A 4

Circuit schematic
Transistors sizing

A 4

layout, extraction and
post layout simulation

v

Assembly

.(I’fl.
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Circuits Parameters / Transistors Parameters

Example of circuit level
parameters

Noise
[ k Consumption

‘\

Gé\lvn Area
Speed Dynamic

= _

Linearity

Example of transistor level
parameters

v/'gm

G

gds

\

VDsat

/

V

Noise

Marc Pastre - EPFL
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Main Questions
HOW TO:

Deal with increasing circuit complexity ?

Deal with very demanding specifications sets ?

Estimate technology limits ?

Bridge the gap between hand-calculations and simulations ?
Use the device physics understanding for analog design ?
Optimize analog circuits and find the best trade-offs ?

Using design flow tools for analog design assistance ?

.(I’fl-

E HI l\ll HM l

mﬂ{mﬂm Marc Pastre - EPFL
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Basic Analog Cells

Ul—gm |

OTA
R

out™ 0

Current
Source
Rout

— 00

1>

Comparator

Electronics Laborator
ECOLE POLYTECHNIQUE uuum
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Basic analog structures

Common Source

Clrrent Mirror” Current Mifror

IBIAS

= o YBias
I 5
. R EE— — i e
Diff Pair Diff Pair
0 o ngIASZ 77777 lBIAS2

VBIAS

Marc Pastre - EPFL 57




Observations

MOS Device behavior depends strongly on the
Inversion level of the device.

Sizing of geometrical dimensions W and L depends,

therefore, on the inversion level.

Design parameters are well controlled when the
device is in very strong or very weak inversion.

I(I’fl.

L HI l\ll HJ\JLll

WM\M Marc Pastre - EPFL
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TRANSISTOR LEVEL DESIGN

MOS model dedicated to analog design:
Small number of parameters with physical meaning

Model equations approximations without a great loss
of accuracy

Accurate modeling of weak and moderate inversion
behavior

Continuous expressions of current derivatives

Electronics Laboratory

I
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Inversion Factor

Inversion Factor |- is a normalized value that describes
the inversion level

J = ]D _ m _ [D _ ]D
F 2
2nfU; 2nuC VZU? 2nK V[IJ/UY%

Strong inversion I > 10
Weak inversion < 0.1
Moderate Inversion 0.1 <1 <10

Electronics Laboratory 1

-
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The Normalized g,, /I, Characteristic

The choice of g, /I, ratio translates current into transconductance (g,, efficiency and consumption
efficiency).

It gives an indication of the device operating region (strong, moderate or weak).

The greater the g,/ value, the greater the transconductance we obtain at a constant current
value.

The normalized g,/ is almost invariant to process parameters and scaling

0.001 0.01 0.1 1 10 100 1000

(A

ECOLE POLYTECHNIQUE
FEDERALE DE LAUSANNE
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Maximum of g, /I,

- <295(n=1.3)

(GBWISR) = 1Ay

@)
=

=

o

0.001 0.01 0.1 1 10 100 1000

Electronics Laborator
ll )l\TL l!\]LlFl UUUM
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Transistor level design

Design parameters Design variables

saturation voltage Vpgey saturation current Iy
transconductance g,, Inversion factor I

output conductance gpg transistor width W ?
parasitic capacitances transistor length L .
intrinsic gain A, ratio W/L

transition frequency f, area WL

equivalent noise

I arc Pastre - EPFL 63
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Modeling versus analog parameters

ID t 2
Vossar = Vi (24IF+4) | (Cuax = Cox: 2nKPS\jz-1F'L
¢
I9n _ 1 1 2
I _ L. __ Gn__ _ (9w NKPV:.IF
Dsat nVvi 1__ /IF+1 ft 2n(XC)) (l ) 2
2 4 i’MAX Dsat T[Cox ¥ K
leat 1 1 2, r)
g — oAt s — -t =
s L- a 2 sth 1 i (2 3“:]
Vn.th = (g
m
R
I ) Dsat
A= (/gm) = Vo «
Dsa

, _ 2nKPV:.KF.IF

v —_—
n,fl D =
L Cofo ' IDsat

Marc Pastre - EPFL 64




Common Source Design
Small signal model

i C
v~ oy °
In -t B Cas QCDS Co 1/g,s
-------- P S
| lvout
(Al/m_A out)]a)CGD o AV +AV0ut gds +AV0ut ]a)CL

AV, (ja)CGD_gm):A out (]a)CGD+]a)C +g4)

AV _AO 1- joC,., g
AV, +ja)(CL +CGD)/ga’s Pole

Electronics Laborator
' P I
.(l Marc Pastre - EPFL 65
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Common Source (1/2)
- Small signal model

Cep D
— GO I I O
Vino R C
" ”: S Z
‘::CL S
V.
g . | H(joa) g,
e Lo 0Bl h=c
AV, gy 1+jo(C, +Cpp)l g,

mn

__&n insic gai
A, = (Intrinsic gain) GBW=g,/(C,)

gds
GBW = g_m \ :(x)
% !
SR =—> Vout max VDD - VDsat = VDD o Vm ~ VT Zl: gm/(CGD)
C | n
.(l)ﬂ- Marc Pastre - EPFL 66
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Common Source (2/2)

Vi no—ll; R

out
ey )

e,

out

//

% _&n 1- joCypl g,
AV, g, 1+ jo(C, +Cgp)l g,

A, =- En _Em .U_.L(Intrinsic gain)
gds [

Small signal model

GO | Con D O
CGS \
— On Avee Z|_
S
‘ H(joa) g,
GB]y . T

GBW=g,/(C,)

D
GBW = 8n _8&n Ip \ o
CL ID L T
¢ 1o Z,= 9/(Cep)
oc
L
Hﬂ?ﬂ!w M Marc Pastre - EPFL 67



Exercise: Transistor Design

Electrical specifications:
— GBW = 2xf; > 2. 1.10Mhz
- A,>40dB
— SR >4.10%VI/s
— C,=1pF
Technology Data:

— Early Voltage, U, o= 7 V/ pm

— lgp =0.18 A (n = 1.3 & Kp= 100 pA/ V2)

Electronics Laboratory
| )L\TL IM LUE ‘W

Marc Pastre - EPFL
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Structured Transistor Sizing

g, 2nf, 2mx10MHz

= = - ~15.7
I, S 410V s
g, 1 1

b nlp 1+‘/l+1
2 Va4 '

Sy == En _ S U .L—>L>0.8um

‘ S, &C, I, =4uA

8 s ]D
=Y i 14 N 14 pm
F - WU2 [.2nK U? L 1
n pf T g ﬂm
Marc Pastre - EPFL 69
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Hand Calculation of Transistor Using inversion factor

1 1 Vi

Em : With 1, = —
1y U 1, 1+[F ZnyCon/Uﬁ
GBW e
=2 (maximumis 29.5)
SR ID IF
Saturation —U.(2JT.+4), minimum 100 mV || &
Voltage VDsat T ( F ) ’ u OO L
DC Gain 4, =&n =g—’".Ua.L—GB—W U,.L(U,is EarlyVoltage)
[ Sk
Thermal Noise f(i)
Em
: : 1
Flicker Noise - =
f(W.L)
- A, A I, A
Mismatch b _AB g, AV, AV, =AV,, -2 Ap
ID ﬁ ID m

.(I’fl.
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Current Mirror mismatch and sizing

Marc Pastre - EPFL
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Multiple Current Mirror

. Vbp

C 1 I C I Iy Tn|
|E i i 1 |
VG‘
Same

¢ ‘VS / bulk

I/ =il Witkﬂzkp%&kpz,uCox

.(I’fl.
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Mismatch Effect on Current

K
- — _ 2
ID n (VG VTO)
ol , ol , _i B 5 B
Al _E +8(VG V) Ve = Vi) = o Vs =Vie) AB -8, AV
A - A AVrg
I, p

Electronics Laboratory
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Matching of Currents as a Function of g, /I,

A[D :Aﬂ_gm AV

TO
]D IB ]D
Techno:  Ag= op\JW.L et A= oryW.L

Example (with nUT = 40mV):

A[D 2 g 2
o(—2)=|lo,+ (" 0o
([D) p (] r)

D

U | op=5my

001 01 1 10 100

 Bad precision of currents in weak inv.

Electronics Laboratory
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Diode Connected Transistor

Small signal model

I GO = O
oo - g
VDS —— OmAV, 1/94.
- :
2
N —— -
DC AC
AV s
R= = 1/
AlL Om
.(l)ﬂ- W : Marc Pastre - EPFL 75
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Dynamic Behavior

VDD|
EB o= Klet
et
 /
-

I T el V.
I C_1_ I
el
Jd
L

C=Cqt Cg, + Cpy
Cox =~ 3.4 fF/pm*- tech : 0.5 um C,=W.L.C_, instrong inv.
=83 Fum?- tech : .18 um ¢ — W L.C (1-1/n) in weak inv.

~ 14 fF/pm? - tech : 0.09 um
C, ~ 0.74 fF/um? Cp=C,;W.d

J

BCHE D
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Small Signal Model

et A R
Y | L
| "1 - 1o 1 G égmz AV,
g e ‘ 19
-r- i : [

12 o W fp 27Z'CG f gml

" 2rKW.LC,

Electronics Laboratory
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Current Mirrors: Trade-off

/4 I, |
—— F
' 2 . © Speed
Voo L 2n’u COX]F UT Strong © Accuracy
<> © Noise
lref= 10pA | o +Al
S A
I 1 |E T2 = Vmin:VDsat
Il : 1Nl
- I-' - v
T Rou
N 1 U, UL B
O-(—D):\/G;-F(& T)Z Rout_ — [A_ Ji VDsat — T(2\/IF+4)
1, 1, 8 ds D D
~ (<L 1
W, f(WL)

Electronics Laborator
ol N
.(l Marc Pastre - EPFL
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Hand Calculation of Current Mirror Using inversion factor

1 1 7
S - With I, = D
]D I’IUT 14_ 1+1F ZH,UCOXWUﬁ
2 \4 L
: Al
MatChlng 0( ] D) :\/0-2 ( T) Strong inversion
D D
Saturation VU2 \/1—+4)_
Vo|tage Dsat — T F @Weak inversion
Output R - 1 U, UL I
Resistance “og I, I,
Parasitical g
w,~ f(=")
pole s W.L ®

.(I’fl.
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Differential Pair mismatch and sizing

Marc Pastre - EPFL
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Differential Pair

T Yh 7 | .
Ay, pEe
>
Vit Vi2
v o \/

Special well connected to sources

v'AV =0 -> highest common mode

Yh YA |
o— - > —o
v, R
Vi1 Vi
v o v

Substrate connected to Vss (P-subs.)

Electronics Laboratory
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DC-Offset

L £y
z I
. Mismatch effect
é l on diff. Pair
Vin
o
T

65 =6 (0P/B) & o1 =6 (6V+p)
Techno:  Ag= GB\/M et A= GT\/M

Electronics Laboratory

I
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DC-Offset

DV, i

L

AV.=AV,, —
G 70 g f

T e

Mismatch effect
modeling

1

I, AS O'(AVG)z\/GﬁnL(—DGﬂ)Z

Em

© Offset is minimum when gm is maximum -> weak inv.

Electronics Laborator
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Example

/,
2g

o(AV,.) = |oZ+( cfﬂ)2

With 65 = 2% and o1 = SmV
c(dVy) [mV]
A

10 1

5 e e

0 ; ; —
0.01 0.1 1 10 100

 Low offset Voltage Iin weak Inv.

Electronics Laboratory
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OTA Cell Specifications

Gain- A, [dB]

Gain Band width product — GBW [rad/s]
Slew Rate- Sy [V/us]

Common-mode input range- CMR [V]
Common-mode rejection ratio- CMRR [dB]
Power-supply rejection ratio-PSRR [dB]
Output-voltage swing-AV, . [V]

Offset- [mV]

Noise — nv / sgrt (Hz)

out

Electronics Laboratory

I FEE

.(I Marc Pastre - EPFL
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OTA

gO:gd82+gdS4

Electronics Laboratory

ECOLE POLYTECHNIQUE uu Um
FEDERALE DE LAUSANNE
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OTA-Slew Rate

714 dl

S — out — out
R

%L
oy T oy, I
|
lo
o6 's In
| I
\V
max CL

.(I’fl.
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OTA Basic Structure Design

Small Signal Voltage Gain:

V
m2 " Y0,0T4 gd 5 +gd I, ( 4+ ) L
’ 4 U Uiy M3 | [ma
Gain Band Width product, GBW = Em2 st
Ipa 2Cy v
g out
~ m3
P2~ C 4 Z i CL__
S arasz ic
CgS3' 1+ g% C T
gs3 g2s3
+— I_E/ll M2 |
J Em3 _ Em3 Ip3 Vin ‘
3Cgs3  Ip3 3Cg3 - 5

21 Dy3

SlewRate : Sp = ]gS1 =

!ﬂ:ﬂ! W{mﬂ"" \/ Marc Pastre - EPFL 88



OTA Basic Structure:

Bode Plot
H(jm)‘[dB]P:gdSZ—i_ng
R Vi P~ 3 GBWI!!
8us2 T 8usa
P2 ~ gm4
3Cgs4

|/
— \J
GBW % % s
Phase(H(j o)) L

[degree] ¢
-45°
1350 :
-180°

PM= 180°- arctg (0gaw/P1)- arctg (0gaw/P2) °

Electronics Laboratory

I
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OTA Basic Structure: Noise

Total equivalent input noise:: vequ:
2 2 2 Emé ; 2 2 Vo
VeqT = Veql Ve q2 + [Lj ) (Veq3 + Veq4)
Em?2 M3 |+ |:M4
2
Noise of active load is scaled by (Mj &_UI_T
Em?2 TC
= L
Minimize effect of devicenoise:
+ — M1 Mz]
Smy . Smp Vin ‘
]D ]Dl - O
4
VeZqT @ ISSl
.?L
!(ll\)ﬂ! wﬂ’\ﬂ" Marc Pastre - EPFL 90



OTA - Input Offset Voltage(V ¢)
Al = |4-|2: |1(8 -€ )
ou m p

T0,m

&g, = 7 vt
Im '83 % é T3 I__|E4 Vout
A[p Aﬂp gml CL
&, = = — AVrg | | 1
1 ;A P by T, T 2 Y1,
p 1
i 2 Vin"'o'_| |_° Vin-
IO AIBm A'BP Vid —>
]oﬁ’ :Alout . o _gm3AVT0m +gm1AVTOp )f
2 i 5, B ,jlo
I, [ A A 1 Tg Ts
7 — AIout — 0 ﬂm . ﬂp :|_ gm3 AVTOm +AVT0p II_ Ir_
g 28m i Jos By Emi v

Marc Pastre - EPFL 91

ECOLE POLYTECHNIQUE
FEDERALE DE LAUSANNE



Circuit Level Tradeoffs

Speed GBW g2
Sp 219
Stability Em3 S 22 9Css3
]D3 ]DZ CL
Noise &
Offset Em3 << Em2.
]DS Ipy
DC Gain g0 GBWL U
2
D2 (}{] }{]614
Consumption lss1Vop=Sr.C\. VD

.(I’fl.
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Miller Op-Amp

(l)fl Electronics Laboratory
E LEI L\TE l!\])LE uuum
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Op Amp.: Two stages

____________________________________________________

Common source output stage

EVDD Open Loop Gain:
. ! i § g . g .

M3 | M4 s;—||j/|5 . Ay ==_—Sm . Sms
l 5 gds2+gds4 gds5+gds
1/2 . 12 { l VOUT i Em2 g s

B g

C Low systematic offset
VIEN (Wé)MBl _ 2°(WA)M4
Al vl S 7 PO (73 W
| I
MB1|} =T

______

______________________________________________

& Qutput Swing > OTA (Rail to Rail.)

!(mlm-l m M\ﬂ"" Marc Pastre - EPFL 94




Op. Amp.-2 stages: Compensation-2

9 m
GBW ~_m1 p -~ M> 7z =

~y

s ) wmp B PO,
m1l ¢ 5 c 1
£ — Yms>10 EE) g[m5>[5<g]m1
cBw > 10 gml 5 1
8ns o 5 GBW
I, K S,

Electronics Laborator
' P I
.(l Marc Pastre - EPFL 95
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Circuit Level Tradeoffs

Speed GBWz 2m?
Sp 21po
Stability g . N 5 GBW ) 5 g
K S, K2i,,
1 22(C,+C,) g,.
. 2K C. 1,
g%‘:cgt& Em3 oo Eml
Ip3 IDl
DC Gain g gms
Ioa Ins (V) /]
Consumption (K+1)Iss1Vpp

With

15:2K

ID1,2

Electronics Laborator
ECOLE POLYTECHNIQUE uuum
FEDERALE DE LAUSANNE
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Cascoded OTAs

(l)fl Electronics Laboratory
E LEI L\TE l!\])LE uuum
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OTA/ Folded-Cascode

Configuration:

— Common source +
common Gate

Current in the input
devices can be set to be
different from the active
load current

M10
@ |ssl
o |
Bias3 M8
Vin+
o E M2 M1 \E“ Vout
_‘ —O
O
Vin-
M5 —
o M6
Bias2 -l
M3 |
Biasl (<! M4
T

BHE DR

Marc Pastre - EPFL
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Folded-Cascode: Output Swing

 Qutput swing:

Max

Vout - VDD -

(VM8—|—VM6+VM4

dsat

dsat

ds+

M9
Vds

Maximize output swing by:

—Minimizing the V

cascode

dsa

. Of

® Degrades speed

v'Bias M5,6 & M7,8 fo get

M3,4 & M9, 10 operate close to
edge of saturation

|

VbD ? |
Mlo:]l Mgllj
| Olgg
o Rt [ |
Bias3 _|MI7 II:M8

\éin+ }EMz M1 \E“_‘

O
Vin-

o— Mo :} || _m6
Bias?2

o—M3 lfM4
Bias1l |

A

|||—<

ECOLE POLYTECHNIQUE uu Um
FEDERALE DE LAUSANNE
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Folded-Cascode: Open-loop Gain

 Gain

Em
Av = gml'Ro,OTA = :

Eox +g0y
- S '(gdsl +ga’s4)
gm6

Eass " 8ds9
Ems
Em1 Ems
2.8 456 '(gdsl + gds4)

 Output resistance
gm6
2.8 456" (gdsl+gds4)

ox

goy ~

Av ~

RO,OTA

|
MleI Mg}lj
@lssl
o I
Bias3 M7 M8
Soy
Vin+
o EMZ M1 \E“ I Vout
_‘ ——O
O
Vin-
8ox
M5 —| I
o M6
Bias2 -l Il:[
M3 ' ||£
Bia%l - ! |\|/|4

I

-(I’flI

L HI l\ll HJ\JL{

e El

Marc Pastre - EPFL

100



Folded-Cascode: Dynamic Characteristics

-Dominant pole @ output node VDD |
Eml MO ||
GBW = =7= Mlo:“ Il_
C@ o o lss1 ‘®
* Non-dominant pole @ nodes o ! J||_M8
A&B "
— Pole at node B is lower in vin+ ;E M2 M1 \E“ Vout
frequency due to more parasitic: o _‘ ~
P~ Emb Vin- -
) ~
Coct - Z amszz‘% =
gs Cos6 o—M5 ) IIZ[M6

Bias?2

M6
P, ~ 27 /1" - _9ms (Estimation) o M3, |S/I
2 2 Cgs6 Bias1l i |

v Speed in the range of basic OTA structure while gain is very high

Marc Pastre - EPFL 101
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Folded-Cascode: Bode Plot

‘ H (J(D) ‘ [dB] p- 2.8 456 (gdsl +gds4)

sz gml.gmG 1 / 1 gmGCL
2.8 456 '(gdsl +gds4)
| e @
7 \¥
GBW ~&mlL )
. Cr
Phase(H(j m))
[degree] 1 0
-450 ”
-9Q° ~
-135° \_
-180°

PM-= 180°- arctg (0gaw/P1)- arctg (0gaw/P2) °

.(I’fl.
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Folded-Cascode: Noise

I
M8

_ _ _ VbD ?
Total equivalent input noise: 2,: MlOL:“
VeZqT = Vequ+v62q2 @ ISSl
2 O ’II
: —
+(% (Veq3 +veq4) Bias3 M7
gml
2
+(@ (Veq9 +Veq10) Vin+ IE‘IE M1 IE“ Vout
gml O _‘
No noise contribution by cascode devices! o
Vin-
— Minimize effect of load device noise by: s Ly,
gm4 << gml and gm9 << gml Biaiz -l
M3
Bias1 -l

— Same as the case for basic OTA structure:
L, L,> L both thermal & flicker noise contribution of l0ad reduced

=)

ECOLE POLYTECHNIQUE UUUM

FEDERALE DE LAUSANNE
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Folded-Cascode Offset

VbD ? |
MlOL:“ Mgl‘
@lssl
o— |
Bias3 — M8
2 2 1 8m3N2 2 1 8may2 2 M7
o°(V,,)=0(Vs) +(g ) 0 (V) +(g ) o (0V,)
ml ml \é|n+ ‘EMZ Mllal Vout )
O
Vin-
— Minimize effect of load device contribution by:
— |
gm4 <<gml and gm9 <<gml Biac?SZ -l Il':lMG
M3 '
| ”j("‘

|||—0

— Same as the case for basic OTA structure:
L, L, > L, both thermal & flicker noise contribution of load reduced

(A

ECOLE POLYTECHNIQUE
FEDERALE DE LAUSANNE
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Circuit Level Tradeoffs

Speed GBW N g9
Sp Ip2 ;
Stability $us - 32K 1) S >C, With ]L“ =2K &
[D6 [DZ CC bz
(N)?ggt& % << 2K fmz & f’”g << (2K—1)% s _ 2K -1
D4 D2 D9 D2 ]DZ
DC Gain g ., g 7 (U U )
]DZ ]D6 " i
Consumption 2K.1ss1Vpp

Electronics Laborator
' P I
.(l Marc Pastre - EPFL 105
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Fully Differential OTA

Advantages: Vbp
— Double the voltage swing compared to Ell Il:l
single-ended M0 é)l M9
— Immunity to noise injected from o :“ sl JII:
substrate & supply. M7 M8
Disadvantages: ?
— Requires extra circuitry to establish the V:in+||; M2 Mlg
common-mode output voltage. (Keep Out- Out+
VX constant) ey
(\3/In—
V x :Vout+J2rVout— o MS:} I:IMG
B |
M3<-I | I_>|M4

& Stability of the C.M.F.B. loop has to be checked and insured.
Inadequate phase margin causes common-mode oscillations

Ill—o

(A

ECOLE POLYTECHNIQUE
FEDERALE DE LAUSANNE

wﬂ’\ﬂ"" Marc Pastre - EPFL 106



CMEB topologies

o amplifier with two
differential pairs:

VI)])
1

Vrm,\ss ‘J m,,
VBIA;| my, VBIAS_| mpy,
\'71:1,\52
+ |_| REF M
T mg, me, mcs mg,
Vous: |

:E “
-
Y (<l ¢ 1L ¥
I
< =

m, m, m > m,
— — V
Y CMFB
I I e I mCS mC6
m, f j m,
1 1
\(‘SS VSS
. - 'M\ﬂ‘ Marc Pastre - EPFL 107
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Example: Fully differential folded cascode OTA
with CMFB circuit using two differential pairs

Vhl)
T

F e
\/BI.-\SJ mln
VBIAS | BIAS | My,
\/7
BIAS2 8
OUT+ REF‘ M
UT- m,, me, m,, me,

7 —
\ BIAS1

Vm;\su [ r\_—ll
|
Sl

<

:<
E
B P B
I
]
,5

ECOLE POLYTECHNIQUE

T T

\'" Vs
Gl W Marc Pastre - EPFL 108
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Digital calibration

.(I’fl.
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Outline

Introduction
Digital compensation of analog circuits

Successive approximations:

— Algorithm

— Working condition

Sub-binary DACs for successive approximations:
— Resolution

— Radix

— Tolerance to component mismatch

— Architectures

— Design

Conclusion

.(I’fl.
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Digital calibration

Analog design is complex

Evolution of manufacturing process towards digital
makes it even more difficult

— Low supply voltage

— Low-precision devices

But digital can also help analog

— Performance improvement by calibration
— Relaxation of design constraints

.(I’fl.
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Analog signal processing enhanced by

digital calibration

Input ——

Analog system

— QOutput

Detection

DAC

| C

ompensation

Digital calibration

algorithm

High-precision calibration of low-precision circuits

Alternative to intrinsically precise circuits
(matching & high area)

Electronics Laboratory

ECOLE POLYTECHNIQUE UUUM
FEDERALE DE LAUSANNI
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Compensation methodology

Detection configuration
— Continuous: normal operation configuration
— Interrupted: special configuration

Detection node(s)
— Imperfection sensing
— Usually voltage-mode

Compensation node(s)
— Imperfection correction
— Current-mode

Electronics Laboratory
lI )l\TL l M LU[ JW
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Offset cancellation in OAs

Closed-loop Open-loop
vV, Vo V. Vo
Vinl Y Vin- -A iVoul le F:node Vin- y + lVOUt
Ro R
- b
AV = 'VO Vout = AVO

Closed-loop: calibration during operation possible
Open-loop: higher detection level

.(I’fl.
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Offset detection in OAs
Closed-loop Open-loop

Voc

Voc
9 ‘j\f oD T } oD

3
—

Vin+ Vo VO‘
‘c 1+ +A _ - A B
IR o o[
2

)/

Em

VO;Compensated = VOC VO;Compensated = 'VOC I A

Open-loop configuration less sensitive to imperfections

(A

ECOLE POLYTECHNIQUE
FEDERALE DE LAUSANNE

wﬂ’\ﬂ"" Marc Pastre - EPFL 115



Offset compensation in OAs

Mo F-I\Tn-jia MsI:HH'-‘i M Mhli% Mi1 H[TMG

Icomp+ Icomp-

Compensation by current injection
Unilateral/bilateral
Compensation current sources: M/2*M DACs

Electronics Laboratory

I
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Choice of compensation node(s)

Compensation current corrects imperfection only

Current injected by a small current mirror, taking into
account:

— Channel length modulation

— Saturation voltage

Connection of the current mirror does not affect the
compensation node characteristics:

— Impedance

— Parasitic capacitance

— System parameters linked to parasitics

.(I’fl.
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Ideal differential pair

|, =1, = No offset

BCHE
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Differential pair: Offset

Il?flz

111 T
§ L
L

65 = & (3B/B) & o7 = & (3V1o)
AB: GB\/M AT: GT\/M

I

.(l Marc Pastre - EPFL 119
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Differential pair: Offset modeling

L =
LR
d

1
AVG :AVTO_ D Aﬂﬂ G(AVG):\/O-JZ’+(]_DGﬂ)2

Em Em

© Offset is minimum when g,, is maximum -> weak inv.

Electronics Laborator
ol N
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Offset: Example

/,

o(AV,.) = |oZ+(

With 65 = 2% and o1 = SmV

c(dVy) [mV]

A
10 ¢ /

S B

0 ; ; —
0.01 0.1 1 10 100

 Low offset Voltage in weak Inv.

Electronics Laboratory
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Offset distribution before compensation

15

o
|

% of samples
|
|

............

L
-

[mV]

Voffset

Gaussian distribution
Depends on component matching

)
M P
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Offset reduction

Offset can be reduced by:
— Matching = Increase area
— Digital calibration

Digital calibration circuits can be made very small

In deep sub-micron technologies:
— Design analog circuits with reasonable performance
— Enhance critical parameters by digital calibration

Mixed-signal solution is optimal in terms of global
circuit area

.(I’fl.
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Offset distribution after digital compensation

10

(o]
|
|

(o2}

% of samples

N

0
-80 -70 60 -50 -40 -30 -20 -10 O 10

\4 (uV]

offset

Uniform distribution (in a 1 LSB interval)
Residual offset depends on DAC resolution

Marc Pastre - EPFL
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Successive approximations

reset all d; = 0
for 1 = n downto 1
set d; =1
iITC,e >0
reset d; = 0
end 1f
end for

The algorithm decides on the basis of comparisons
A comparator senses the sign of the imperfection

i—1
Working condition: b, < b, +ij (i e[2,n]

j=1

Electronics Laboratory

I
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Offset compensation: Target

Vo

negative offset

I
Analog output value (A)
o

Ctrl &
K= sar

DAC

0 2 4 6 8 10 12 14 16
Digital input code (D)

Z,: Correction value that perfectly cancels the offset
A < Z,: Resulting offset negative
A > Z,: Resulting offset positive

!(mlm-l m M\ﬂ"" Marc Pastre - EPFL 126




Offset compensation: Algorithm execution

i R R e SRR SRR

reset all d; = 0 ol . 5 SO S S

for i = n downto 1 o 10} SR e
set d; =1 g r r :

if C, >0 S

reset d; = 0 g Sy A

end if g S FRPEPPR SEPE

end for DY TRTTUTY S SO SO R
OO 1 2 3 4 5

Algorithm step

From MSB to LSB
Bit kept if compensation value insufficient

Electronics Laboratory

n N o Elab n
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DAC Resolution

Resolution = RS < Y opsetuncompensated

LSB I/oﬁ%et ;compensated ;max

Full scale chosen to cover whole uncompensated
offset range

Resolution corresponds to residual offset achieved
after compensation

.(I’fl-
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DACs for successive approximations

Binary radix Sub-binary radix
A

i o e

-----
llllllllllllllllllll

Ideal Missing code Redundancies

Imperfections in DACs for compensation
— Missing codes are problematic
— Redundancies are acceptable

.(I’fl.
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Sub-binary radix DACs

Code redundancies are voluntarily introduced to:
— Account for variations of component values
— Avoid missing codes

Arbitrarily high resolutions can be achieved without
exponential increase of area

For successive approximations:

— Precision is not important

— Resolution is the objective

Sub-binary DACs are ideal in conjunction with
successive approximations

— Very low area

.(I’fl.
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Sub-binary DACs: Radix

Radix = 1.5

Analog output value (A)

14}
12}
10} E

4 6 8 10 12 14 16
Digital input code (D)

Analog output value (A)

Radix = 1.75

T T

0 2 4 6 8 10 12 14 16
Digital input code (D)

(A

ECOLE |Ul\|l( HNIQUE
FEDERALE DE LAUSANNI
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Radix: Tolerance to component mismatch

20
N
1f N
Radix X : : : :
raf S NG S R
12feeee e SRLPE N
10 ; ; ; ;
00 0.2 04 0.6 0.8 10

)

component mismatch

Radix-2 tolerates no mismatch!
100 % mismatch = thermometric DAC (radix-1)

.(I’fl.
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Implementation: Multi-stage current mirrors

é | bias [T
5/1 6/1

5/1 6/1

O
N

b 1

T "
Eﬂ; f L F ”? ﬁf L

Binary radix in each stage (NMOS mirrors)
Sub-binary radix inter-stage (PMOS mirrors)

Electronics Laboratory
I
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Implementation: Current-mode R/2R converters

Req;i
Ibias
%D R iR R
— bj e — -1
OR oR oR 2R []2R b. =b, _|_ij
dy ds ds dq J=
i 7 i i ol
l l i out
Reqi = 2R (V' )

Current divided equally in each branch (i; = b))

Component imperfection = current imbalance =
missing code (or redundancy)
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R/2*R converters

I:eeq;i
Ibias
R iR R
1 b —{—1 1 i1
XR XR XR xR []xTR b. < bl + ij
dy ds do dq J=
e LT T T

X>2 Ry <XR ;1 >b

Current division voluntarily unbalanced
— Radix < 2 (sub-binary)
— Code redundancies
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R/2*R converters: Pseudo-MOS implementation

| l
R| —[wn R ri2| —[wr wi]—
|

Resistors can advantageously be replaced by transistors to
Implement the current division

Unit-size device with fixed W/L implements R

Unit-size devices are put in series (2R) or in parallel (R/2)
Unit-size transistors are kept very small

Condition: Vg identical for all transistors
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M/3M converters

g 1@ 1 0
£

1 Il_ |

i f}{% 1

Radix 1.77 ; maximum mismatch 13 %
Vs = Vpp allows driving d; directly with logic
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°lout
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M/2.5M converters

gl ds d %-Eou dg%-gg gl

Radix 1.86 ; maximum mismatch 7.3 %
Vs = Vpp allows driving d; directly with logic

ST
e

Ql
=
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Current collectors & Output stage

@F Ibias

Ihd
. j
[F_Ij i
rhorh s s o P
ds | |ds ds| |dsds| |Ds do| | Dy dy | |Gy
lout AV > Tout
EF%EEPH{

Current mirrors simple to implement
AV is not problematic
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Possible resistor/mismatch choices

45

40

w
o

Resistor value (x)
w
o

N
o

20 : : : :
000 005 010 015 020 025

A large range of resistor values can be implemented easily
() = More than 6 transistors required to implement xR
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Conclusion

BCHE
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Conclusion

Deep submicron scaling of MOSFETs presents many advantages with respect to speed
and circuit density, as required for example in RF applications.

However, for analog applications, short channel effects, gate leakage current and
matching will degrade the device performances. Moreover, it seems that power
consumption will also increase upon lowering supply voltages.

Shift towards lower gate overdrive due to the low-voltage operation required by deep-
submicron processes will need an accurate modeling of moderate-to-weak inversion
behavior, even for digital applications.

This can be addressed through the g/l based design methodology.

Calibration is necessary in deep sub-micron technologies to reach high performance
Digital calibration circuits can be made very small:

— Successive approximations
- M/2*M sub-binary DAC
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