Studio 3 Review

e MOSFET as current source

e Small V:
Resistor (value controlled by V()

 Large V:
Current source (value controlled by V()



Simulation Review: Circuit

e Fixed V¢, Sweep V¢ I,
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Simulation Review: Result

Follows linear R, model only for “small” V
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Simulation Review: Result

linear R nonlinear (“‘triode” region)
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MOSFET Behavior

MOSFET channel behaves differently as the
channel drain-source voltage V¢ increases:

Small Vq:

linear V¢-I, relationship (model as R )
nonlinear (‘‘triode”’) relationship
approximately constant current
determined (mostly) by V¢



What Changed?

 Reexamine R derivation:
— Apply Vs : inversion layer of mobile charge

Vs=0 Ves> Vin Vps=0
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Reexamine R, Derivation

e Calculate mobile channel charge

o Assumed same voltage along channel
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What Changed: Voltage in Vo Channel

* Problem: apply V4 (to make current flow)

Vs=0 Vas=+3V Vos=+1V Vi =+1V




Example: Apply 1V V4

e Voltage drop from gate to channel:

3JVatSend|.......

Vs=0 Vaes=+3V

2V at D end

yY Vas
+3V

e Less mobile charge at D end

Vos=+1V Vi=+1V

 Can't assume same charge density across

channel



Approach:

Divide channel along length x into segments dx

Within segment, voltage change negligible

Current I, same all along channel (Kirchhoff)

"KVL" from source to drain

Define
Vs=0

Vch(X)

voltage in channel vs. position
Vaes=+3V Vos=+1V
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Resistance of dx segment

Original 1

equation: on W
q tun Cox f (VGS - VTH)

1

“Length” =dx; dR(x)= 7

use Vch(X): w,C oy a (VGS =V (%) = VTH)
dR(x) = dx
Massage U,Co W (Vs =V (X) = Vi)
Vs=0 Vaes=+3V Vos=+1V

dR ¢
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Voltage drop dV across dx segment

e Ohm’s Law: dV =1,dR

e Substitute for dR: qV — I,dx

C, WV -V, (x)-V,
e Massage: #,CosW (Vs =V (¥) = Vi)

w,C, W (Ve =V, (x) =V, )dV = I,dx

Ves=+3V Vos=+1V

dR ¢
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Integrate both sides
e Limitson V:0to Vg  Limits on X: 0 to L

Vs L

[ 1,Co W (Vs =V, (x) = Vi )dV = [ 1,dx
0

0

x=0 x=L

Vs=0 Vaes=+3V Vos=+1V
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Integrate, evaluate both sides

e Integral result

Vs L
V2
u,C, W (VGS -~ Vi )V - 7} = I,x
0 0
e Evaluate
V 2
u,C, W (VGS Vi )VDS - % =1,L

e TRIODE REGION EQUATION

w
ID = luncox f (VGS - VTH )VDS -

V052
2




Triode region equation: Limit for V<< V¢ - Vg

¢ Vs small = V. very small

W V..
I,=u,C, T (VGS ~Viu )VDS - _135_

£ -

e Approaches resistive model

w
ID = Auncox f(VGS - VTH )VDS
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“Small” V¢ How small is “‘small”?

2
W vV
_ W _ DS
I,=ucC, (VGS Viu )VDS
L 2
) e ’ QUADRATIC
LINEAR
oA IN Vg

e Compare magnitude of linear, quadratic terms
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Pinchoff
e Condition: V=V y4

— Gate-to-channel difference must exceed V4
for mobile charge in channel

 What is current at pinchoff?

Vs=0 Vaes=+3V Vos=+2V
I Viy=+1V
4’ ' —— Vobs
Ves — T t2V
L 2

+3V —

Ver=VrH
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Current at Pinchoff

* Vo=V = Vs - Yos=V1a = Vps=Vgs - Vru

e Substitute condition into triode equatiorg_

Vs
A

114 - \
I,=u, oxf (VGS _VTH)(VGS -V; )_

ID¢

|
|'< VDS
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VDS
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(

~

VGS - VTH)

2

Vpbs =Vgs = Vi

DA 1RIODE / SATURATION
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Current at Pinchoff

e Current depends only on V¢ (ideally)
e SATURATION REGION EQUATION

MnCOX W 2
I, = L (VGS _VTH)
O Vps =Vgs -V
I 9, DS GS TH
D¢ ™} TRIODE ; SATURATION
| — +
. | : VDs
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Beyond Pinchoff (Simplest Model)

 Higher Vi = No additional mobile charge in
channel = No increase in current

Vs=0 i Vaes=+3V i V os=+3V V=1V
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Behavior

e Current source, controlled by V ¢
e "Saturation region" (will be used as amplifier)

Vpbs =Vgs = Vi

ID$ DA TRIODE / SATURATION
| — +
X | : VDS
VGS — ) '
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Summary: NMOS

GATE DRAIN APPROXIMATE BEHAVIOR
Vps >
Vs - Vrr SATURATION | I, DEPENDS ONLY ON VGS - Vg
1, =HCa Wiy _y
D= GS TH
2 L
Vos>Viu |y < DRAIN-SOURCE CHANNEL "LOOKS"
Ves - Vm TRIODE RESISTIVE FOR “SMALL” V.
W Vo
I,=u,C, — (VGS - Vi )VDS -
L 2
Vs < Vi CUTOFF I,=0

e Analysis strategy: Assume / guess operating
region, check for consistency
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Summary: PMOS

GATE DRAIN APPROXIMATE BEHAVIOR
Vps <
Vs - Vrr SATURATION | I, DEPENDS ONLY ON VGS - Vg
1= HCu Wiy _y g
D= GS TH
2 L
Vos<Veu |y » DRAIN-SOURCE CHANNEL "LOOKS"
Ves - Vm TRIODE RESISTIVE FOR “SMALL” V.
W Vo
I,=-uC, — (VGS -V )VDS -
L 2
Vs> Vi CUTOFF I,=0

e Positive current flows out of drain

* Vg, Vpg Negative
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Lab Exercise: Schematic

SCOPE
CH 1 (X)
o | VDs
+ +5V
Ip l VDs C)
: L t
E- """""""""""" ‘E - o
1k G '
—o—AN— | < Lo Re lkfk
P =
1o . - AN
—VGS R R ; +5V
: 7 CD4007 -~ T |
217 Vs
— . 1T N6 ouT SCOPE
- Is=Ip ~ 3|, -~ o ° "o
s £ = A ) PN w}
—T Le3se _
= 15V =~LoRe

* Display I, - V5 plot on scope
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Lab Exercise: V-I plot

o = :F_'_"'l‘
.~ : 43 uA
B e Bl
] i
—— .93V
[ ]
SLOPE IN ACTIVE
REGION 1/ r,
) 1,93V _
Ty HBuh 40.2 k2,
TRIODE
a
Vap
- v]
O i z2 = o =

Note V¢ dependence in active region

— Not accounted for in simple model
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Beyond Pinchoff (Reality)

* Higher Vi = Pinchoff point moves toward S
= Effective channel length L' < LL
= ""Channel Length Modulation"

=> I, iInfluenced by V¢

LI

Vs=0 Vas=+3V V os=+3V V=41V
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Lab Exercise: Scope V-I plot

N

Iy o
(u4) IR Print
tackit R e .:__,_443"1'4 ; - : i : :
=3 | : : : : - : : : : PRINT
L3V . . Button
. . : , : . - : : : saves
00 SLoPE N ACTIVE e A R ek L R SR Irnage
f REGIH = J , w -, To File
| ‘) _ L3V _ 1 : : 4 x : ; : :
300 To = 48 uA +0.2 kil Y : : = X : : i Ink Sawver
1 : : : z : : : q 0ff
TRIODE ; ; : : : ; ; ; ;
4 ] Layw
E oy . . : : Portrait
o o 7 I Fie
‘ A Format
N 4 X : : = : : : JPEG
e CH1 1.00%  CH2+1.00v
v P
o — 22-Jan-13 10:25
o 2 3 4 s

e Try different values of V

— Note what changes, what doesn’t
in output characteristic

Note: If you try to save the scope image to a USB stick and you get a message
“Control is inactive in XY mode” use the Utility > Options > Printer Setup menu

and be sure the PRIBT Button function is set to “Saves Image To File”
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Data analysis “extra”: MATLAB

-3
. i Tria’d M Pos: 1.300ms Print 3§10 ]
A AW Fon = 1790 ——
PRINT : eyl
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Saves
To Files

@ Vpg = 9.306e-001V
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2F
Ink Sawver
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Layout
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File
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e Use “Saves All To Files” option in YT mode to
save Vg, I, data to .csv file

e MATLAB code online to fit parameters
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