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CMOS FET Large Signal Models (book 5.1-5.2)
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Short Sidetrack: PN-junction

(from book: Carusone, Johns, Martin)
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nFET/NMOS and pFET/PMOS cross section

p-type body




nMOSFET Device Symbols
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Plus the 'digital’ version preferred in Philipp's drawings: live.



pMOSFET Device Symbols
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Plus the 'digital’ version preferred in Philipp's drawings: live.



Large signal models of the MOSFET

Large signal models can be used when the variables are anywhere
between the supply rails. Supply rails in the book denominated as
Vdd and — Vss. Sometimes the signal zero reference Gnd is

Gnd = — Vs (mostly for discussion of digital circuits), but
sometimes it is also somewhere between the supply rails!

Ip=f(Vg—Vs,Vp— Vs) = f(Vgs, Vpbs)

Some 'hidden’ parameters in those functions, either 'process
parameters’ or 'design parameters: W, L p, Cox, Vi, Ay 0

Two large signal models in the course:

» Book model with 4 functions and regions of operation

» EKV unified model with one function and no division into
regions of operation



Regions of operation (1/3)
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There are 4 differnt regions of operation usually modelled with their
own formula for hand-calculations modelling the current ips in
dependence of vgs and vps.



Regions of operation (2/3)
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The blue line separates the 'triode region’ (below) from the 'active
region’ (above), and the red the 'weak inversion’ (left) from the
'strong inversion’. This results in the 4 possible combinations: 1)
weak inversion, triode region OR 2) weak inversion, active region
OR 3) strong inversion, triode region OR 4) strong inversion, active



Regions of operation (3/3)
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Note that different names for these regions are also used in
literature:

linear-/saturation region for triode-/active region
above-/sub-threshold for strong-/weak inversion



The EKV model

(Check hand out paper by Vittoz, equations (1)-(12).)

Somewhat more complicated, there is also a 'unified’ formula that
is valid in ALL of the 4 regions and which "automatically’
simplifies to the region specific formulae when clearly within a
region (i.e. far from the region separation lines).

Ip =l — Ig

VG —Vin—nVs(p) 2

IF(R) =lsin|l+e VT (]. + /\VDS)

(Note that parameter A is also expressed as the Early Voltage
V4= % and Vj is proportional to the transistor length L and thus
sometimes expressed as V4 = VL, where V), is a process
parameter.)

The book only consider the region dependent simpler equations for
hand calculations.



Regions of operation: strong- vs weak inversion

This two regions of operation are dependent on Vg!!!
INDEPENDENT of the active- and triode region of operation (see
next slide) the transistor can operate in either:

weak inversion = subthreshold vs. strong inversion = above
threshold

These are dependent on Vs > V4, for strong inversion and

Vs < Vin for weak inversion. The transition between the two is
not really aprupt and refered to as moderate inversion.



Regions of operation: triode- vs active region

This two regions of operation are dependent on Vpg!!!
INDEPENDENT of weak- and strong inversion the transistor can
operate in either:

Triode region = 'linear’ region vs. saturation = active region
These are dependent on Vps > Vi,; for active region and

Vps < Vsar for triode region, where the definition of Vg, is
different dependent on if the transistor is in weak (Vsar =~ 4V7)or
strong inversion (Vgr = Vo).



strong inversion, active region

1
Ip = an (Vg — Vin — nVs)? (1 + AVps)

Different name in the EKV model: 8 := k, and 1 < n <2 and
often n~ 1 and is neglected



weak inversion, active region

Vg —Vin—nVs

Ip = Ise v (]. + >\VDS) (16.13)
Where Is = 2nk,V2



strong inversion, triode region

(Note: term * (1 + AVpps) neglected here
.. not so influential for small Vps)
EKV: n
Ip = kn Vs | Ve = Vin = 5(Vo + Vs)|

Sedra & Smith:
1
Ip = knVps [Vov - 2VDS]

Which is the same for Vs =0and n=1
For Vps << Vv (1st order Taylor expansion around Vps = 0):

ID = kn Vov VDS = 8DS — knvov



weak inversion, triode region

EKV:

Ve—Vi [ —Vs  =Vp
Ip =Ilse "7 <eVT —eVT>
For v¢ = 0:
Vov. —Vp
Ip = Ise™r <1 —eVr )
For Vps << Vo, (1st order Taylor expansion around Vps = 0):
Voy

Vov \/p 1
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[llustration Ip vs Vs
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[llustration Ip vs V¢s

'old school’ without considering weak inversion.
ip A




lllustration Ip vs Vps, channel length modulation

Here in saturation, but this works in subthreshold too.
ip A

Triode | i —_—

Voy




Chapter 5 NFET

Note! Chapter 5 only treats Above Threshold Regions of Operation
'Above Threshold’ is also called 'Strong Inversion’

Table 5.1 Regions of Operation of the Enhancement NMOS Transistor

i ) .
2 Triode —_si<  Saturation
+ Ups<Voy | Ups 2 Yoy
Ve i
w ip 1 W)p2
+ Y L +
+ L—l Ups |
' U6s = Vin + Yov
s :
= - ' Cutoff
H U
= = = Slope = : /G5 < Vin
gps = L i
Bs=mg o
=K (%)voy oy s

B 955< V,,: no channel; transistor in cutoff; i, = 0

8 g = V,, +0py: achannel is induced; transistor operates in the triode region or the saturation region depend-
ing on whether the channel is continuous or pinched off at the drain end;

1

Saturation Region

Triode Region

Continuous channel, obtained by: Pinched-off channel, obtained by:

YGp> Vin Y6p < Vin
or equivalently: or equivalently:
Ups < Yoy Ups 2 Yov
Then, Then
e (W 12 1, (W 2
ip =k (z][( Y6s = Vin)Ups — i"ux] ip = 5k, (z)(‘/m = Vin)
or cquivalently,

or equivalently,

in = b (%) (vov—3uns) vns in = 3K(¥)odv




Chapter 5 PFET

'"Above Threshold’ is also called 'Strong Inversion’

Table 5.2 Regions of Operation of the Enhancement PMOS Transistor

ip<— Triode —>le— Saturation —>
<ol | o oy

= [Vl + [vov]
Cutoff
Usg < [V
yd

: lvorl
= k() ooy

B 9 < |V,f: no channel; transistor in cutoff; i, = 0

" g = |V,| + |voy] : a channel is induced; transistor operates in the triode region or in the saturation region
depending on whether the channel is continuous or pinched off at the drain end;

Triode Region Saturation Region
Continuous channel, obtained by: Pinched-off channel, obtained by:
96> |Vyl UG S Vsl
or equivalently or equivalently
vsp < [von] vsp 2 [vo]
Then Then
. (W 12 . 1,,(W 2
ip = K1) s~ Wauso - 5o in = 305(¥)Cuso Vi)
or equivalently or equivalently

iv = () (1vor - 3vs0) 50 in = k(%) v




Subthreshold in book?

Mentioned in passing in chapter 5 and equation in chapter 16.1.4



Effects of Parameter Tweaking: A
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A can be tweaked at design time by changing L: note that
$ = Va = Lx* V) where V} is a process parameter.



Effects of Parameter Tweaking: k,
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as Vos

kn can be tweaked at design time by chaging W/L. Note that
k, = %MCOX where 1 Coy is a process parameter.



Effects of Parameter Tweaking: vip, v

Vin, Vep cannot be tweaked at design time. They are process
parameters.



Content

MOSFET circuits at DC (book 5.3)



Diode Connected Transistor

In strong inversion:

i¢+
1

v I'=Skn(V = Vin)?




Simple Current Mirror
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When will loye = lin, lout ?é lin: lout = lin, lour = xlin?
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Further Model Refinements (book 5.4, will be discussed later)
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