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NMOS Physical Structure

Source (S)

Drain (D)

Body (B)
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Cross-section

CMOS Physical Structure

PMOS

NMOS
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Physical Operation NMOS

B—— |
+_ [
=T
VGs > Vin
Vps =0
VaGs > Vin

Vps : very small

p_
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Physical Operation NMOS

+ —l—_ +
VG_ST % Vbs VGs > Vin

Vov = VGgs — Vin

VaGs > Vin

Vps > Vov

Vov = Vgs — Vin
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Ip-Vps Characteristics NMOS

I
D

VDS <Vov,-: VDS >Vov
Triode ;' Active
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Ip-Vsp Characteristics PMOS

I
D

VSD <Vov,-: VSD >Vov
Triode ;' Active
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NMOS DC Operation

e Cutoff: Vgs < Vitn, Ip=0

D
=0 e Triode (linear) region: Vps < Vov
CA, |
G, Mo ,
\V/ VvV
GS_ Ip = kj, VovVps — 22
S 2

Vov = VGs — Vin e Active (saturation) region: Vps > Vov

Kn W 2
Ib="5 1 Vov
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PMOS DC Operation

o Cutoff: Vgg < |th| , Ip=20

S
+
_VSG e Triode (linear) region: Vsp < Vov
G °j| lID
IG:O V2
Ip = kfg VovVsp — —=b
5 2

Vov = Vsg — |Vip| ©® Active (saturation) region: Vgsp > Vov

k. W
In = -P " Vv2
D= o5 Vo

\)
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MOSFET DC Biasing Resistive
B— |
Vbp Vbp
+
Re1 Rp Re1< V; Rs
+
Re2 <& Vs Rg Rao Rp
—Vss —Vss
Vo — Rg2(Vpbp + Vss) vy — RGg1(Vpbp + Vss)
Rg1 + Rag2 Rg1 + Ra2

Vo2 = Vgsn + Rslpn

K/ W

Ipn = *n*(VGSn — th)2

2 L

V1 = Vsgp + Rslpp

k! W
IDp — 2pL(VSGp — th)2
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MOSFET DC Biasing

NMOS Current Mirror

Assuming Vgsi > Vin

Vgs1 = Vpsi1 = Vpsi > Vagsi — Vin
= Mj is ACTIVE
k! (W
= Ip1 = " () (Vgs1 — Vin)?
2 \L /)y

Assuming Mo is ACTIVE

I _ Kn (W) (V Vin)?
D2 — 2 (L )s GS2 tn
Since Vgs1 = VGgs?
\"\Y
Ip1 _\L/q
Ip> W
L />
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NMOS Current Mirror Example

[ N . S
R
IDll lIDZ 1|D3 1|D4 lIDS lIDG
M, — M I— Ms I~ Mg — Ms I— Mg
10/0.5 |j2/o.5 |j20/o.5 |j5/o.5 |j30/o.5 ||:L15/o.5
—Vss
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NMOS Current Mirror Example

R— |
Vpp + Vss = Rilp1 + Vags1
: B qu 10 v y )2 = Find Ipy
D1 — 5 05 GS1 tn
Assuming that all transistors are ACTIVE:
IpD1 Ip1
Ipo = ? Ip3 = 2Ip3y Ipg = 7

Ips = 3Ip1 Ipe = 2101
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MOSFET DC Biasing

PMQOS Current Mirror

Assuming Vggi > |th|

Vsg1 = Vsp1 = Vsp1 > Vsgi — |Vip|
= My is ACTIVE
k! (W
= Ip; =P () (VsG1 — |Vipl)?
2 \L /)y

Assuming Mo is ACTIVE

or— (V] (s - v’
D2 — 2 (L SG2 tp
Since Vgg1 = VsG?
W
Ip1 _ \L 1
Ips W
L /2
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PMOS Current Mirror Example

Vbp
M, |"T|V|2 |"T|V|3 |"T|V|4 |"T|V|5 ||1JTV|6
10/1 L2011 I2ia 51 I 401 1L 301
IDll lIDZ 1|D3 1|D4 lIDS lIDG
R

S S S

—Vss
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PMOS Current Mirror Example

I— ]

Vpp + Vss = Rilpi1 + VsaGi

kf) 10 , = Find Ipj
Ip1 = - - (Vsg1 — |Vipl)

2 1
Assuming that all transistors are ACTIVE:

Ipa Ipa

Ipo = 2Ip3 Ip3 = 5 Ipg = >

Ips = 4Ip3 Ipe = 3Ip1
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Current Mirror Biasing Example 1

B— |
. . Vbp
Mg | |V|1o‘|b"| M1,
10/05 -  5/0.5 20/0.5
RS A R
v, 415/1 5/0.5 v/ Ly5/1
| | |[ Mg
4| Ms L 30/2
M, — M — My 20/0.5 ™ My
10/1 |+120/1 |+130/1 l Ly, 15/1
L
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Current Mirror Biasing

Example 2

1
.
S £
H

L 4
Tz
S

3
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MOSFET Small-Signal Operation

k;, W kj, W
- 2 _ 2
D = V Vgs — V V Y/
D 2L( GS T Vgs t) 2L( ov + gs)
KnW_ 5 , W k'w2
= o VovTKn Vowes+ 5 Vas

Assume vgs K< 2Vgoy, then

Ip| _ , W
D =~ ID + knLVQ\/Vgs
+
+ _‘_—|L — V = Ip + 9mVgs
Ve — — 'DbS ]
GS—— - = Ip +iqg
VvV
— — — Idm = knLVov
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Small-Signal Model

/ W / W
gdm = knLVOV — 2knLID
Va 1
ro —_ — =
Ip Anlp
(Go—o oD
+
Vgs OmVgs lo

T model
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Small-Signhal Model PMOS

wW wW
— K/ —_ /
dm = K : Vov = Jzka Ip

o val _ 1
° Ip [ Ap|ID
S
(o]
] Pis
Vsg <¢> Om Vsg lo I—
G o—; oD D

T model T model
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MOS Node Resistances AC, ro = oo

Ryate 1 Rgate = o©
Rs
o;_ Rarain
Rg Rdrain = o©
1 %Rs
R —
D - 1
{ source — —
RG Rsource Im
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Common-Source Amplifier Discrete

I— ]
Vbp
Ro
R Rp J
| | oV
Ry (le) Vg | (le) ©
1 | R,
¥
& T !
1 R, Reo G In Rs
*— -
—Vss
_ _ Rag2
Ip=In , Vg= —Vss+ Ral 4+ RG2(VDD + Vss)
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Common-Source Amplifier AC equivalent, ro = oo

I— |
V
Ry Vg | e
—\W [ =S | Sk
w® | Sk 1 Ro 1
R; Rs

Ri = Rg || Rgate = Rag1 || RGg2 || Rgate

Ro = Rp || Rdrain

V79 . R; Vo . Rp || R

Vi —Rx-|—Ri Vg
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Common-Drain Amplifier Discrete

Ro
o— oy
—Vss
Rag2
Ip=In , Vg= —Vss+ (Vpp + Vss)
Rg1 + Rag2
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Common-Drain Amplifier AC equivalent, ro = oo

Vg |

Ri = Rg || Rgate = RG1 || RGg2 || Rgate

Ro = Rsource

Vg . R; Vo R
Vi  Rx+R; Vg 1 + R
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Common-Gate Amplifier Discrete

Reo
I, 4—‘ Ry Vi
~Vss R, )
Rag2
Ip=In , Vg= —Vss+ Ro1 + Rao (Vpp + Vss)
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Common-Gate Amplifier AC equivalent, ro = oo

B— ]
RG <_‘ oVg
VVY “: Rp R
L Ro L
VS - -
T R ®u
Ri -
Ri = Rsource
Ro = Rp || Rdrain
Vs _ R, Vo _ Rp || RL
Vi Rx + R;j ’ Vs Rsource
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MOSFET Amplifiers - Summary

AC, ro = o©

Rp
Vo
\
1 Rs
Vo . RD
Vi — +Rs
m

Rp
Vo
Vi
L Re
Vo . Rp
Vi " Rsource

Vi
Vo . RS
Vi~ +Rs
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MOS Node Resistances AC, ro finite

—
T' Rp
Rgate = Rgate = o0
Rs
o;_ Rdraln
Ra Rdrain = 9mroRs + ro + Rs
L %Rs
RD -
R 1 1 4+ RD
= | — r —_—
R f_Rsource source - | ro fo
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Common-Source Amplifier Integrated

K/, (W Vp3
Ips = -P|—| (Vbp — Vp3 — |Vip)2 = —=
D3 > (L)3( DD D3 — |Vipl) =
wW
ID2 L2
— = ,» Ip1 = Ip2
Ip3 wW
L/3
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Common-Source Amplifier AC equivalent

B— |
fo2 Vo _ fo1 | ro2
Vi 1
— v, Im1

v My 4—‘ Ri = o0
Fiel

Ro = o1 || ro2
R;
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Common-Drain Amplifier Integrated

I— |
Vbb
R V| 0—|[El
¢o——oV
Vb3 ©
M3 M-

k! (W Vb — Vp3
Ip3= "| | (Vb3 — V)’ =
D3 2(L)3( D3 tn) =
W
ID2 L2
— = » Ip1 = Ip>2
Ip3 wW
L)/3
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Common-Drain Amplifier AC Equivalent

—
_:R Vo __ Fo1 || Fo2
V; M 0) Vi — 1
| “: ! ' — 4+ (ro1 || ro2)
r Idmi1
Ri VO Ri — OO
'
02 1
Ro= | to1 | ro2
= Idmi1
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Two-Port Modeling of Amplifiers

Two—port

—o—J1 Network |___,_

\

(o, : i O
+ + o+
Vi R; Vi Gm Vi Rn 1 Vo
o : o

Vo

7=GmRn

Vi
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m— ]
o . :—
V'<i> R Vi <f G Vi Rp Vo 1tlsc
Isc
Gm —
Vi Vo=0
+ :
R Vi <f G Vi Rn Ci Vo
Vv
Rn pum— _0
IO Vi=0
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Two-Port Modeling of Amplifiers Multistage

Vo V1 Vo Vo Vi Vo

Vi Vi Vi1 VN-1 lj lo
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Two-Port Modeling of Amplifiers Multistage
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Two-Port Modeling of Amplifiers Multistage

N/

o
e

= Gm2Rnp2

N/
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Two-Port Modeling of Amplifiers Multistage
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Common-Gate Amplifier Integrated

— ]
Vbp
M3 ‘ M,
VD3 O—OVO
R VBO—| Ml
V|
K/, (W Vp3
Ina = P| | (Vbp — Vp3 — |Vips)2= >
D3 = (L)3( DD D3 — |Vipl) =
W
Ip2 L /o
— = , Ip1 = Ip2
Ip3 W
L/3
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Common-Gate Amplifier AC Equivalent

g v

- dmi1 Fo1
o2
1
Gm =9m1 + —
—— oV, Fo1
M
—_—_| Rn =01 || ro2
b
R;
Vi Vo
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Common-Source Amplifier - SD Integrated

— ]
M3
Vb3
Ry
kK. (W Vp3
Ip3= 2| | (Vbp — Vb3 — |Vip])? =
D3 = (L)3( DD D3 — |Vipl) ~
W
Ip2 L /o
— = , Ip1 = Ip2
Ip3 W
L)/3
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Common-Source Amplifier - SD AC equivalent

L Rj = o©
F'o2
v G — —9m1
e—— o m =
° 1+ 9miRs + (Rs/ro1)
Vi o—”:Ml
r Rn =ro2 || (Rs 4+ ro1 + 9m1Rsro1)
R; R
S
Vv
- £ — GmRn
Vi
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MOSFET Amplifiers- Summary AC, ro finite

——
Rp
Vo . RD ” o Vo . RS || o
N 1 v. 1
Vv
| — Vi =+ (Rs | o)
Idm 9m
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MOSFET Amplifiers - Summary AC, ro finite

—
Rp —
R
Vo D
VO
\ Vi
L Rs = Re
_ 1
Gm = 9m Rs Gm =9dm + r
o
1+9mRs + ——
Yo Rn=Rp || fo
Rn = Rp || (dmroRs + ro + Rs) v
70 — GmRn
Vo Vi

— = GmRn
Vi
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