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@ Understand the basic operation of amplifying devices

e MOSFETs
e BJTs
e JFETs

® Be able to model performance aspects relevant for amplifier design

Static behavior
Dynamic behavior
Noise behavior
Operating regions
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@ Symbolic analysis for setting up design equations
e Parameterized small-signal models
e Behavior linearized in operating point
e Model parameters depend on

e Device type and characteristic
e Device geometry
e Operating point

® Numeric analysis for design verification

Static behavior (DC analysis model)

Small-signal dynamic behavior (AC analysis model)
Large signal dynamic behavior (Transient analysis model)
Small-signal dynamic noise behavior (Noise model)
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e Simulators give high-resolution output (many digits)
e Predictability of the circuit behavior can still be low:

e Have the relevant physical effects been modeled (accurately)?

e Have the model parameters been extracted from the measurement data
(correctly)?

e Have the correct numeric algorithms been implemented (accurately)

o Have statistical deviations been described (correctly)?
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MOS . . . . . .
transistors o Field effect devices with their gate isolated from the channel by SiO,

e The Metal Oxide Semiconductor Transistor was invented by Kahng and Dawon
in 1959

e The first CMOS circuit has been reported in 1963 by Wanlass and Sah

e Aluminium and polysilicon are commonly used as gate materials

e Depending on their application MOS transistors are fabricated in different
ways:

e Standard IC CMOS lateral devices with a symmetrical structure

e Modern IC Fin FETs with a three dimensional gate structure

o Lateral or vertical high-voltage MOS transistors of which the low-voltage
gate-source structure differs from the high-voltage gate-drain structure



Device

modeling .
MOS transistors

Anton J.M.
Montagne Application

MOS.
e MOS transistors found their first application in digital circuits
e High-volume analog ICs and mixed signal ICs nowadays predominantly
fabricated in CMOS technology

e Power MOS transistors are available in high-voltage IC processes and as
discrete devices, mostly used as power switches in switched regulators and
switched amplifiers
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PMOS NMOS

source gate drain bulk source gate drain bulk

R IR

23 e

PMOS NMOS
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e Assume:
0s
transistors e Source and the bulk (substrate) of an NMOS have been connected to a

reference potential (0V)
e Drain has been connected to a fairly large positive voltage Vps.

e Brief description of Ips (Vgs) in weak inversion

o Vs = 0: bulk surface potential ¥ defined by the built-in junction voltage and
the oxide capacitance

o Vis > 0: Y, almost linearly increases with Vg, source starts injecting
electrons in the p-region

e These electrons start to form an n-type channel under the gate and we speak of
weak inversion

e These electrons reach the accelerating electrical field of the drain depletion layer
due to diffusion and are collected at the drain terminal

o The Ips (Vs) characteristic shows an exponential relationship similar as the
Ic (Vg) relationship of a lateral bipolar NPN transistor
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o Brief description of Ips (Vigs) in strong inversion

e When Vs > V7 the channel extends further under the gate and the ¥ does
not longer increase significantly with Vs

e Ips now increases quadratically with Vg — V1

e The device now operates in strong inversion

e The threshold voltage V1 is the gate-source voltage at the transition from weak
inversion to strong inversion
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o If the effective gate-source voltage Vs — VT is below Vps the channel does
not extend to the drain.

e In this pinch-off or saturation region the drain-source current shows a minor
dependence on Vpg due to the channel length modulation

e If Vs increases to V1 above Vps (this is equivalent to: Vgp > V1) the
channel extends from the source to the drain:

e /ps becomes strongly dependent on Vpg
e The transistor acts as a controlled resistor and we speak of the linear operating

region
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MOs be taken into account:

transistors

@ The influence of the vertical component of the electrical field in the channel
on the charge carrier mobility cannot longer be ignored: VFMR

® At high lateral field strengths the velocity of the charge carriers saturates.

© The electrical field in the gate increases with shrinking oxide thickness. This
causes a slow change of charge storage in the oxide over time and results in a
slow change of V1 over time which may limit the operational life time of
CMOS ICs

@ The drain depletion region reaches far and deep under the channel and reduces
the channel to bulk depletion capacitance under the channel. This causes a
better coupling between Vs and Y. This Drain Induced Barrier Lowering
(DIBL) effect causes V1 to decrease with Vps and Ips to increases with Vps
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MOS . H
transistors @ Level 1 model is usually referred to the model presented by Shichman and

Hodges:

o relatively simple first generation MOS model for thick oxide long and wide
channel MOSFETs operating in strong inversion

® Level 2 model is also a first generation model.
e based on the Level 1 with corrections that account for small geometry effects
© Level 3 model

e based on Level 1 model, added equations for small geometry effects have a more
empirical character and are more simple than those of the Level 2 model. Also
includes basic modeling of weak inversion operation
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Introduction, second generation models

® BSIM (Berkeley Short-Channel IGFET Model) is a second generation
MOSFET model

e focus on fast and robust simulation rather than on a physical basis

® HSPICE Level 28 model is a second generation model based on the BSIM
model. Its improvements strongly facilitated analog CMOS circuit design. It is
a proprietary model developed by Meta-Software.

©® BSIM2 model is also a second generation MOSFET model.
e Improvement of the BSIM model developed by the university of Berkeley.
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Introduction, third generation models

@ Third generation BSIM3 model includes the geometry parameters in the
intrinsic model.

® MOS Model 9 developed at Philips Laboratories has been made generally
available still distinguishes an intrinsic and extrinsic structure, but has
improved mathematical modeling.

©® EKV Model has a physical base and takes the bulk node as reference. Source
and drain are treated equally yielding a symmetrical model with smooth
analytical equations for all operating regions.

O BSIM4 is suited for analog CMOS design in technology nodes below 100nm.
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MOS b iIB
transistors
Cig | Cos Char
bg:: ’:: lrl IDD l‘[ = .
R, s' 155 Ipp| d' Ra
so—{3 <> Chod
A G|

® Normal mode (Vg > 0), cut-off region: Vs < VTO: lys =0

(

® Normal mode (VC/S > 0), linear region: Vg > VTO:
lgs = YKPVys (Vgs — VTO) (1 + LAMBDA. V)

©® Normal mode (Vds > 0) saturation region: Vpy < VTO:

lgs = WEP (Vs — v10)? (1 4 LAMBDA. Vs5)
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Level 1 small-signal model

Ry
Coar . d
% i T
Cgb Cgs’ l l . Cod’
— Tds'

JLCs | ImUgs IbUbs'
B 1F I
o

s
Ry

3

e Intrinsic MOS transistor with:

* gmand g
o Cos = %Co . Cgq = 0 in saturation region and Cgs, Cgg = %COX in linear region.

e Junction capacitances

e Bulk resistors
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MOS
transistors g §y G d +/‘Ld\_ Ry d
° L] N\ {+—o
-t dCee’ 1 l - T LG
JLCs | 9mUgs GbUbs’ ia
b ] T
o

S

e Small-signal model with added noise sources:

¢ Gate shot noise iy and channel thermal noise igs
e Noise associated with bulk resistors
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Spectral densities S,s and S,4: voltage noise of the bulk resistors Rs and Ry:
MOS
transistors SVS — 4kTRS

Svd = 4kTRy

Noise related to the channel current /ys0:

2
S;d:4kTgm3 f IdSQ
fy

= 4kTgm= (1
Sd 8 3< + f>

3KF  ,p

fr=——rI
4 8kTgm dSQ

fy |Is the corner frequency for the % noise.
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Level 1 small-signal model parameters

par. | cut-off. linear region saturation region
Cgs | cgso.w+cgbo.l+ cgso.w—cgbo.l+ cgso.w-cgbo.l+
+ 2z €ox(max. value) +%%€ox(max. value) —|—%%€ox(max. value)
Cgd | cgdo.w cgdo.w+ cgdo.w
+1WLe, (max. value)
C4s | cj.ad4cjsw.pd or cbd | cj.ad+cjsw.pd or cbd c¢j.ad+cjsw.pd or cbhd
8m 0 %.kaDS %.kp(VDS — VTO) =
=4/2¥ KPlps
rgs | o [¥ kP (Vs — vTO)] 1| 1/(1ambda Ips)

voltage controlled resistor
approximation (Vpgs = 0)

(lambda < 1)
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Meyer Model
Linear region:
2 Vg — Vi)?
Cos = =W.LCox | 1 — (Vea 2 5 | +caso.w
3 (Vgsr = Vi + Voo — Vi)
2 Vo — V)2
Coa' = =W.LCox | 1 — (Ves ) 5 | +cepo.w
3 (Vs — Vit Voo — Vi)

CgbZO

Saturation region:

2
Cgs' = gW.LCOX + CGSO.W, Cggr = CGDO.W, Cgp =0

Cut-off region we have:

Cgs' = CGSO.W, Cgqr = CGDO.W, Cgp = W.LCox + CGBO.L (max. Vg = 0)
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e Ward and Dutton use a capacitance matrix that relates the four dynamic
terminal currents of the intrinsic transistor to the terminal voltages:

Ig Ce¢ —Cop —Cos —Cga Vg
id | _ < —Cpc Cpp —Cps —Cpg Vd
Is —Cs¢ —Csp  Css  —Csp Vs
ib —Cgc —Cgp —Cgs (s Vb

where ig, ig, is and ip are the terminal currents of the intrinsic transistor and
Vg, Vd, Vs and vy, the corresponding intrinsic terminal voltages.



Device
modeling

MOSFET capacitance modeling

Ward-Dutton capacitance model and hybrid-pi model

Anton J.M.
Montagne

MOS

transistors

e If source and bulk are connected together and taken as reference, we have
vs = 0 and v, = 0 and the matrix simplifies to:

(5)=*( - ) ()
Id (Cep—Cpc) —Cep  Cpp Vds
g .%o d

L 7
(u*(”u—l—!, gm +5(Cap — Cpa) Tp/)/) Cep
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EKV model summary

Model developed by Ernst and Vittoz
Physical basis

Voltage-controlled expression for the channel
current Ips (Vsg, Vg, Vpg) for all regions
of operation

Application of Inversion Coefficient for
design described by Binkley
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EKV model: technology current
Binkley defines the technology current Iy as:
lo = 2njio Cox UF [A]

substrate factor n:
na1 + DEP []

oxide capacitance per unit of area Cjy:

Cox = =2 [Fm”]

oxX

€, is the relative permittivity of SiOy, tox is the thickness of the gate oxide and Ut
is the thermal voltage. C[,p is the surface depletion capacitance.
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The transconductance factor B is defined as:
Bsq = HoCox [AV°m?|

1o is the low-field channel carrier mobility in [m2V-1s1].
The technology current can be expresses in Bsq as:

lo = 2nBsqgU% [A]
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EKV model: weak inversion

In weak inversion the forward drain-source current /¢ shows an exponential relation

with the gate voltage:
Ve—V1o _
Ir.R = loexp (‘“’) [A]
Ur

The voltage V1q is the equilibrium threshold voltage. The pinch-off voltage Vp is

defined as:
_Ve—Vno

n

Vp [V
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In strong inversion the currents depend quadratically on the driving voltage:

_ Wy 2
/F,R—TE(VG Vo —nVsp)® [A]

Where W and L are the effective width and length of the channel, respectively.
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EKV model: weak inversion to strong inversion

With the aid of a transition function F(x), the expressions for weak inversion and
strong inversion can be combined into one:

F(x) = (In (1 + exp (%)))2 [-]
exp(x) if x <0
(%) ifx>0

This function returns the forward and the reverse inversion coefficients, ICF and
ICE:

Ve — Vro—nVsp
ICrr = F CANE
F.R < U ) []
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EKV model: inversion coefficients
The inversion coefficients are a measure for the level of inversion at which the
transistor operates.
An inversion coefficient much smaller than unity indicates weak inversion.

An inversion coefficient much larger than unity indicates operation in strong
inversion.

Between weak and strong inversion we speak of moderate inversion.

The actual forward and reverse current can be calculated from their respective
inversion coefficients as:

w
Irr = IOT/CF,R [A]

Or, alternatively:
w
IF R = 2nﬁsqu?rT/CF,R [A]
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MOS e VFMR is modeled as reduction of the transconductance factor B¢, due to the

transistors

gate-source voltage.

A simple mobility reduction model uses the vertical field mobility reduction
factor 6 [V-1].

! ‘BSq -2 -2
=—— [AV
Psq 1+6Vp AV m™]

With this expression ﬁ’sq increases below threshold and has a singularity at
OVp = —1.
This can be corrected by softly clipping the VFMR effect below threshold:

/ ‘BSq -2 2
- P pay
P = Toopurvice PV M
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MOS 0 .
transistors e The channel length modulation can be modeled with an Early voltage. The

Early voltage V4 is approximately proportional with the length of the device:
Va = Varl [-]

Where V4, [Vm™] is the Early voltage per unit of length.

o After including the CLM the expression of the drain-source current Ipg

changes to:
Vs — V,
Ips = (Ir—1Ig) (1+=—2) [A]
Varl

For reverse operation Vs and V) should be swapped.
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e Binkley describes the modeling of velocity saturation for the saturation region
MOS 0 0 o
transistors through introduction of a second term in Bgg:

Bsq 2
ﬁ’sq = [AV*m™]
1
1+ (9 + m) 2U++/ICF

Where Ecrir [Vm™] is the value of the lateral field at which velocity
saturation occurs.

e At a later stage we will use the critical inversion coefficient /Ccrj: the
inversion coefficient at which the reduction of the mobility due to VFMR and

velocity sets in:
1
ICCRIT ~ 5 [—]

(s (o )
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D

G
MOS i i
GRS Vo5 I (Vs Vos) | (Ve Vs U
SBZ ~S,B

e In the saturation region /g can be ignored. If we discard velocity saturation
and CLM and take Vs = 0 we obtain the Level 1 model equation for the

saturation region:

_ W 2
/DS - TZ (VGS VTO) [A]

e In the linear region we cannot ignore the reverse current component. With
Vs = 0 we obtain the Level 1 model equation for the linear region:

w 1
Ips = Whs Vb | Ves — V7o — = Vbs | [A]
L n 2
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EKV model: Static device characteristics

Introduction NMOS transistor myNMOS (W = 220nm, L = 180nm) calculated according to the
MOS above (simplified) model with parameters of a standard CMOS18 process as listed

transistors

by Binkley.

myNmos IDS(VGS)

myNmos IDS(VDS)
180 . . 180 . . ; o
— DS [UA], VDS=4.006-01 —1DS [UA], VGS=4.00e-01 | +—
160 H— DS [UA], VDS=6.00e-01 160 H—IDS [UA], VGS=6.00e-01
— IDS [uA], VDS=8.00e-01 — IDS [UA], VGS=8.00e-01
140 L|—1DS [uAl, vDS=1.00e+00 140 LI—1DS [UAL, VGS=1.00e+00
— IDS [uA], VDS=1.20e+00 — IDS [UA], VGS=1.20e+00 I ——y
DS [UA], VDS=1.40e+00 IDS [UA], VGS=1.40e+00| ——
120 H— DS [uA], VDS=1.60 120 H—IDS [UA], VGS=1.60e+00
— IDS [uA], VDS=1.80e+00 |— IDS [uAl, VGS=1.80e+00
100 100
80 80 —
[ i ————
60 60
40 40 / T |
20 / 20
0 0
00 02 04 06 08 10 00 02 04 06 08 10 12 14 16 18
VGS [V] VDS [V]
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MOS
transistors — +tgd

D
i
l Yo Vds
— Imel y 9m 1 ImbUbs ~s

Ups

e Binkley saturation region:

e (1+ %50)
ng =

nUT\//C;: (1+ e ) +o.5\/ICF (1+ ,C’CC;T) +1

[AV]
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EKV model: Small-signal model transconductance

Yo Vds
= Gm '/ Im f;l f//U

+
B—

e Reverse transconductance approximation (incorrect modeling of velocity

saturation)

Ir

ng =

nUT\/ICR (1 + e ) +o.5\//cR (1 n

IC

ICR

)11

[AV-]

e The total transconductance is found as the difference between the two:

8m = 8m¢

— 8mpg [Av_l]
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180

160

140

120

100

80

60

40

20

d(IG)/d(VG) [UAV], VDS=1. H 2 1
— d(IG)/d(VG) [UANV], VDS=1.80e+00 N
T T T T T ®
0 80 100 120 140 160 180 20 40 60 80 100 120 140 160

myNmos d(ID)/d(VSG),(IDS))

160

MOSFET modeling

EKV model: Small-signal model transconductance

myNmos gm(IDS)

— d(IG)/d(VG) [UA/V], VDS=4.00e-01
— d(IG)/d(VG) [uA/V], VDS=6.
— d(IG)/d(VG) [uUAV], VDS=8.
— d(IG)/d(VG) [UAV], VDS=1.
— d(IG)/d(VG) [UAV], VDS=1.
~—d(IG)/d(VG) [uA/V], VDS=1.

40

— gm [uA/V], VD!
— gm [uA/V], VDS=1.80e+00

IDS [uA]

IDS [uA]

180
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e Approximation (no DIBL)

Vps + Var L

MOSFET modeling

EKV model: Output conductance

ﬁquT

w

8ds =

ICr

Ips 14+ 20Ur+/ICF L
myNmos d(ID)/d VDS ) IDS myNmos go(VDS
=0 Y| (ID)/d(VDS),(IDS)) : : m Y| 9 f ))‘ : :
—go dlff[uAN] VGS=4.00e-01 — go [UA/V], VGS=4.00e-01
350 — go [uA/V], VGS=6. [ ]
250 — go [UA/V], VGS
— go [uUA/V], VGS:
300 — go [UA/V], VGS
\ go [uA/V], VGS:
200 - — go [UA/V], VGS
\ — go_diff [UA/V], VGS 1.80e+00[ [ 250 — go [UANV], VGS=1.80e+00/1
150 200
150 A
100
100
50
\ 50 <
0 0
00 02 04 06 08 10 12 14 16 18 00 02 04 06 08 10 12 14 16

VDS [V]

VDS [V]

1.8
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EKV model: Small-signal intrinsic capacitances

+"/l—

G D
1l L +
— Yo Vds
o :|'_ o , . g .
Ubs ]
. Y Tr.,,, cd “ B

The intrinsic capacitances can be expressed as a part of the total oxide capacitance
Cox:
Cox = WLCpx [F]

The spiCE EKV2.6 model uses two parameters for calculation of these relative

parts:
f 1 1 r 1
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The intrinsic capacitances are:

MOS
transistors 2 X,? + Xr + le
Cgsi = 3 1- —22 Cox [F]
3 (X + xf)
2 X2+ x¢ + 3%
Cogi = = |1 ————=—| Cox [F
gd 3 ( (Xr+Xf)2 x [F]
n—1
Cgbi = —— (Cast — G — ) |IF

Csbi = (n— 1) cgsi [F]

Codi = (N — 1) Cgai [F]
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Introduction

MOS
transistors
055 myNmos CGS(VGS)), COX=3.31e-01 [fF] Qaa myNmos CGD(VGS)), COX=3.31e-01 [fF]
J ! T T T T
— CGD [fF], VDS=4.00e-01
0.12 ||~ CGD [fF], vDS=6.00e-01 —]
L — CGD [fF], VDS=8.
0.20 S ~—CGD [fF], VDS=1.
[ 0.10 H—CGD [fF], VDS=1..
CGD [fF], VDS=1.
— CGD [fF], VDS=1.60e+00
0.15 0.08 |—CGD [fF], VDS=1.80e+00
0.06
010 —CGS [fF], VDS=4.00e-01 ||  0.04
— CGS [fF], VD!
— CGS [fF], VD!
— CGS [fF], VD! 0.02
0.05 — CGS [fF], VD! H
CGS [fF], VD!
— CGS [fF], VD! i1y
— CGS [fF], VD!
0.00 L I I I -0.02
00 02 04 06 08 10 12 14 16 18 00 02 04 06 08 10 12 14 16 18

VGS [V] VGS [V]
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MOS
transistors
N myNmos CSB(VGS)), COX=3.31e-01 [fF] o myNmos CDB(VGS)), COX=3.31e-01 [fF]
- - T T T T
— CDB [fF], VDS=4.00e-01
06T | I — CDB [fF], VD! —
— 0.04 L{—CDB [fF], VD!
T — CDB [fF], VD!
0.06 — CDB [fF], VD /
CDB [fF], VD!
0.03 H—CDB [fF], VDS=1.
0.05 — CDB [fF], VDS=1.80e+00
0.04 0.02
0.03 [— CsB [fF], vDS=4.00e-01 |4
— CSB [fF], VDS=6.00e-01 0.01
|— CSB [fF], VDS=8.00e-01
0.02 CSB [fF], VDS=1.00e+00|
|— CSB [fF], VDS=1.20e+00
OaR CSB [fF], VDS=1.40e+00| | ~ 0-00
- — CSB [fF], VDS=1.60e+00
|— CSB [fF], VDS=1.80e+00
0.00 I I I -0.01
00 02 04 06 08 10 12 14 16 18 00 02 04 06 08 10 12 14 16 18

VGS [V] VGS [V]
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Introduction

MOS
transistors

11
S L :°
1O, = =0 "S> 1S 1S 4O -
s g R ('I“T_ YmpVgs | YmpVgd | gmbUbs id -5
Ubs 'L -
B + T('sl ('th B
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EKV model: Intrinsic noise model

The spectral density S;, of the shot noise ig associated with the gate leakage
current Ig

fy i
S, = 2qle <1 + fg> [A’Hz]

The spectral density of iy differs for the linear and the saturation region.

In the linear region (Vps < Vps sat) the spectral density S;q is that of a
resistor with resistance é:

Siy i = 4kTgo [A*Hz'Y]
In the saturation region, the spectral density S;y can be written as:
Sid.sat = 4kTnl gy, [A’Hz'Y]

Where I' = % in strong inversion ...
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MOS . . . .
O e @ Bias the device in the required operating

point with Vs and Vpg
® Add an AC signal (AC 1 0) to Vac1 only

© Perform an AC analysis over the frequency
range of interest

@ Obtain the following small-signal parameters:

gm = Re{l/(Vac2)}
Cog = Ciss = e {I;X?Cl)}
|m{I(VAc3)}

Cep = 27f
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MOS .
transistors @ Now add the AC signal (AC 1 0) to Vacs

only

® Perform an AC analysis over the frequency
range of interest

© Obtain the following small-signal parameters:

gmb = Re {I(Vac2)}

@ __Im{I(VACl)}
bs ™ 2mf
de _ _|m{I(VAc2)}

27tf
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Determination of small-signal parameters

Anton J.M.

Montagne Simulation test bench
Mos
transistors ® Now add the AC signal (AC 1 0) to Vaca

only

® Perform an AC analysis over the frequency
range of interest

© Finally obtain the following small-signal

parameters:
1
go = — = —Re{l(Vac2)}
r'ds
- . Im{I(VACl)}
dg — — = A~_r

27tf
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2)
Le— +‘_@_’-|
cl e
Cy _A, D myNMOS Ips

on e 1
M1 11

e PSPICE and SIMETRIX parametric analysis with goal functions:

XatNthY(<expr>, <yValue>, <crossingNR>)

[} (V1
e expr: {2 = ’EVS
e yValue: 1
e crossingNR: 1
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