The ability of a MOSFET in saturation to control the current
through the drain using a voltage between the gate and the
source makes it possible produce large voltage swings if
an appropriately large resistor is used.

In the NMOS common source circuit, the saturation mode
(red section) transfer function is expressed as:

Vout(Vin) = Vop — 0.5'Rp K, (Vin — Vi)?

Using values based off the circuit demo in class, we get

VDD =5V Voo Vout
Rp =2 kQ i Vao
k. =25 mA/VZ :
Vin=1.6V
Vin .—.—I
Vout(Vin) =5 —25+(v|y—1.6)?




Saturation mode transfer function:
Vout(Vin) =5 —25+(v|y—1.6)?
for an input
vy = 1.8 + 0.01-cos(wt)
Vour(Viy) =5 - 25+((1.8 - 1.6) + 0.01-cos(wt))?
Vout(Vin) = 5 —25+((0.2)2 - 2:0.2:0.01-cos(wt) — 0.012-cos?(wt))
VOUT(le) - 4 — 0.1 OO'COS(wt) -— 0.0025'0082(wt)

The first term is a DC offset, the second term is our
fundamental with a gain of -10 (V/V), and the third is a
harmonic due to the “x?” property of saturation mode.

If the cosine amplitude is sufficiently small, then the
harmonic can be ignored.



In general, we can find the fundamental gain (gain of the
time varying signal) by taking the derivative of the transfer
function and evaluating it at the DC bias.

Vout(Vin) = Voo — 0.5'Rp K (Vi — Vi)?
Vout (Vin) =—Rp Ky (Vin = Vi)

Gain = Vo1’ (VinTVin_oc) = -RoKn*(Vin_oc = Vin)
for the previous values

vy = 1.8 + 0.01-cos(wt)
Gain =-2000-0.025-0.2 = -10 (V/V)

If the DC inputis changed, so does the gain.

Vin=1.7+0.01-cos(wt)
Gain =-2000-0.025-0.1 = -5 (V/IV)

Interestingly...we would get the same gain if V55,=8 V. why?



This circuit is fine for the process to evaluate the gain of
this circuit in saturation.

The x-fer vy 1(v)y) Was simple.

Vout(Vin) = Vob — 0.5°Rp K (Viny = Vin)?

VouTt



Actual circuits are more complicated.

A simpler model of the MOSFET in saturation is needed for
evaluating the small variations of an input.




MOSFET SMALL SIGNAL MODEL
MOSFET Saturation equation .-I
ip(Vgs) = 0.5'Kk,,*(Vgs — Vin)?

As we did with the diode, we would like to be able to use
superposition to evaluate large signal “bias” voltages
separately from the small signal “time varying” sources.

The device is non-linear so we need to use an
approximation.

The approach.

1. Use vgg that has both a large (V) and small (v,;) component.
2. Expand the equation (cross multiplying or series expansion).
3. ldentify the large signal, small signal, and error components.
4. Interpret the components in terms of type of device.



1.vgs = Vgs + Vgs
iD(VGS) = iD(VGS + vgs) = O'5°kn'(\,GS + Vgs = th)2
2. Expand

iD(VGS + Vgs) = 0°5'kn°((\,GS = vtn)2 + 2'(VGS = vtn)°vgs + Vgsz)
iD = 0°5°kn'(\,GS = vtn)2 + l‘n’(VGS = th)°vgs + O°5'kn'vgs2

3.ip =1+
Large Signal: 15=0.5k,(Vgs— Vi,)?

Small Signal: iy=k,"(Vgs—Vin)'Vgs
Error Term:  iggg = 0.5°K"v,s2

4. Interpretation

o &
Ip = 0.5k, (Vgs — Vin)? is @ MOSFET in Saturation. Vg OmVgs
ig = K, (Vgs — Vin)'Vgs is a trans-conductance. -

id = gm°vgs where Onm = kn’(VGS = vtn)



Small Signal Analysis with Common Source Circuit

VDD VDD
\éoo =250 (\)lo o Large
D= .
K, = 25 mA/V? R, Signal
V,=1.6V Circuit

vin=1.8+0.01:-cos(wt)

Vour

g, = 25:(1.8-1.6)
g, =5 mA/V

e v Small Signal Circuit
v v out
n 9s Vgs = Vin = 0.01-cos(wt)
- Rp Vout = -0.005:2000-v,

Vot = -0.1:-cos(wt)
- - - Gain=-10 (VIV)



Another Example with Large Capacitors and Inductor

+12V
k, = 8 mA/V?2 Large
Ve =1V 256mA  gignal
Circuit
I, = 256mA
Vgs = (256*2/8)12 + 1 = 9V
Vin Om = 8:(9-1) = 64 MAIV
C
- -12V -12V

Small Signal Circuit
vgs = vin

1kQ v, =-.064-1000-v,,

voutl Vin = -64 (VN )

Vout



MORE REALISTIC SMALL SIGNAL MODEL

Relationship to v, is linear.

iD(VGSaVDS) = 0°5°kn'(\,GS + vgs = th)z'(‘l + AVDS)

The value of A is small enough the we typically only use it
in the small signal circuit. Treat the relationship as a
resistor.

Large Signal: 15 =0.5:k,*(Vgs— Vi,)?
Small Signal: iy=90,,"Vgs * Vgl

gm =Kk, (Ves-Vin) and r, = (A-lp)™ = Vllp




Small Signal Analysis - rely on r, to provide voltage gain.

+Vpp Large
Signal
lgias Circuit

Ib = lgias

Vgs = (2lgjas/k,) V2 + Vy,

9 = (2K, Ig1as) 12
ro = 1/(Algjas)

Small Signal Circuit

out gm l' V

Vout/Vin = (2k 'BIAS) 2|(Nlgjas)
out/vln (2k I'BIAS)1IZIA



Actual circuits are more complicated.

A simpler model of the MOSFET in saturation for evaluating
the small variations of the input would be helpful.




I, for all devices is lg,5/2.

VDD VDD

Ip = lgias/2
Vgs = (Igias/kn) V2 + Vy,

9 = (K, lgias) 2
-VSS ro = 1/(A'BIAS)






Q.

k, =5 mA/V?2
Vi, =2V

V, =50V




Q .

V,, =2V
V, = 50V

k. =5 mA/V2

1.5kQ
10kQ

5V

Enforce
Ip =0.5%0.005*(Vgs-V,,,)?

Vas = Vps
5"0*1 .5k'vDs'|D*0.5k='5
o = (10-V,s)/2K

0.0025*(Vzs-2)2 = (10-V4¢)/2000
5*v682'20*sz+20 — 1 O-VGS
5*VGSZ'1 g*sz'1 0 — 0

Vgs = (19 + (192 + 4*5%10)112)/(2*5)
Vs =3.17V
o = 3.4mA

d., = 5.8mA/V
r, = 14.6kQ



Q.

k, =5 mA/V?2
Vi, =2V

V, =50V




1.5kQ
10kQ







1.5kQ
10kQ

ry
Vgs

0.0058v,
0 14.6kQ



1.5kQ
10kQ



Vgs = VgV = -V,

KCLatv,:
v, /790 + (v,-v;)/14.6k - 0.0058*v, =0
v,(1/790 + 1/14.6) = v,(1/14.6 + 0.0058)

v v, = 4.4 (VIV)




Q,: 6V
k. = 2mAIV?
V, =1V

V, =40V

2kQ




Q.

k,, = 2mA/V?
Vi, =1V

V, =40V

2kQ

5kQ

1kQ

6V

Enforce
'D - 0. 5*0.002*(VGS-th)2

Ves = Vps
6-15*2k-Vpg-1p*1k=0
Ip = (6-Vps)/3k

0.001*(Vgg-1)2 = (6-V4s)/3000
3*VG32-6*VGS+3 — G-VGS
3*\/032-5*\/03-3 — 0

Vgs = (5 + (52 + 4*3*3)112)/(2*3)
Vs = 2.135V
o =1.3mA

d, = 2.3mAIV
r,=31kQ



Q,: 6V
k. = 2mAIV?
V, =1V

V, =40V

2kQ




Q.

k,, = 2mA/V?
Vi, =1V

V, =40V




Q.

k,, = 2mA/V?
Vi, =1V

V, =40V




Q.

k,, = 2mA/V?
Vi, =1V

V, =40V

. KCLatv,:
i,=v,/31k + 0.0023*v,
v,(1/31 + 2.3) = 1000i;

v /i, = 430Q
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