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" | Outline

= Introduction to MOSFET
o WHAT does it look like
o HOW does it work

= The characteristic curves
= Circuit analysis techniques with MOSFET
" MOSFET v.s. BJT

" More examples of useful modules
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2 | Structure of MOSFET

Metal-Oxide-Semiconductor Field-Effect Transistors
(MOSFET) Channel width

Gate

oD Source
2 region
G °—|
) Oxide
Si0o
Oy 2

Enhancement-type

NMOS transistor /
p — type | \
substrate B Channel
(Body) length
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2 | Structure of MOSFET

O D
B
G ls ; G lD
I —>
Og
n — type n — type
Enhancement-type
NMOS transistor p — type

1,

Cross section of an enhancement-type NMOS transistor
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2 | Structure of MOSFET

o D
B
G O I 0 S G D
9
Oy
n — type n — type
Enhancement-type IJ
NMOS transistor p — type \
This is an

Body effect: the substrate B UNEXPECTED
acts as a second gate when pn junction

the pn junction between
the base and the source is
forward biased

Enable a zero bias
(cutoff mode)

11/8/20 Milin Zhang, Dept of EE, Tsinghua University



2 | Structure of MOSFET

OS
G < B
o—[F—o

Op

Enhancement-type
PMOS transistor

D ls ;G lD
GO—‘ B n — type n — type
p — type
N

T, NMOS

11/8/20

Los [

— type — type

1,

Cross section of an enhancement-type PMOS transistor

n — type
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" | Circuit symbols of MOSFET

ls G lD
%)
n—type n — type
p — type

T

Enhancement-type
NMOS transistor

ls %G lD
P —type P — type
n— type

T,

Enhancement-type
PMOS transistor
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GO—|_)—O GO—|<—O
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= | NMOS v.s. PMOS

oDl o
B B

G I = G O I < o

Og
ls »;» lD l »» i

n — type n — type — type — type
p — type n — type
TB TB
Enhancement-type Enhancement-type
NMOS transistor PMOS transistor

How to integrate NMOS & PMOS onto a same substrate?
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= | Complementary MOS (CMOS)

ltype * ltype /// ltype % ltype

p —type

1.
l

Connected to the most negative power supply to avoid body-effect

11/8/20 Milin Zhang, Dept of EE, Tsinghua University



" | Outline

= Introduction to MOSFET >
o WHAT does it look like %

o HOW does it work l ,» l

p — type

T, NMOs
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I

p —type

T, PMOS
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" | How Does It Work

— L] L =1L ]
= O S G QD
depletion region
} . - /
1,
—

= Depletion regions are generated around both the

Source and the Drain
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" | How Does It Work

— L e
— O S
s } — -
—_— n n
“T 17
p
carriers disappeared
B in this region

= Apply a voltage v to the gate
= The holes are pushed downward into the substrate
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" | How Does It Work

» The electrons from source and drain are attracted into

the “carrier-disappeared” region
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¥ | How Does It Work

L Vel
= QS I_
—iE -
vGS_I__ _ n @/??\e n
p
Channel
B

®" The induced electrons forms a n type channel
= this type of MOSFET is called n — channel MOSTFET
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" | How Does It Work

L] = =
= oS
+ :9 |
vGSI_ E—a n

The gate and the channel region form a parallel-plate
capacitor C,,, with the oxide layer acting as the
capacitor dielectric
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¥ | How Does It Work

11/8/20

™1 Ves Ups| +
QS QD _
] .

n n

B

=
Apply a small voltage vps to the gate
When v is higher than the threshold voltage v;,, A current
ip flows through the channel
Currents through the drain and source are the same i, = ig
No current @ Gate i = 0
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" | How Does It Work

11/8/20

= The voltage difference vgog >> vep = Vgs — Upgs

1.

When the voltage v is increased

Channel is NOT uniform depth

Milin Zhang, Dept of EE, Tsinghua University

Channel depth
is NOT uniform
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" | How Does It Work

Vg is increasing

vDSZO

Ves > Vip Vgs — Ups > Vip Vgs — VUps = Vip

iH|l
|I|:|
nI—ITI

Ves | +
_}s _d6 _io
n n

T

Ves | + Vps| +
} s T-96 D
n n

||}g—l

il

Channel formed Depth not uniform
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Channel pinched
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" | Outline

= Introduction to MOSFET >
o WHAT does it look like H%: )
o HOW does it work

= The characteristic curves

11/8/20 Milin Zhang, Dept of EE, Tsinghua University
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8| ip — vpg characteristics

Vpg is increasing

Vgs — Ups > Vip Ves — Vps = Vip

L Vgs | + Vps| + . Ves | + Vps| + . Vs | + Vps| +
T 0s T-¢6 Df_ T 0s T-¢6 Df_ T 0s T-¢6 Df_
Ll - Ll - Ll
3 3
B

T

Triode _ .
region Saturation region

4n

v vGS‘l'
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8| ip — vpg characteristics

lp
A
Triode

@ Triode region region | Saturation region
>i€

Vs > Vip

Ves — Vps > Vip

electron mobility v VUgs d

oxide capacitance
channel width
/ channel length threshold voltage
W So L
th)Vps — o

ip = (nCox) L (vgs —V 5 VDS Define aspect ratio = %

' Define overdrive voltage voy = vgs — Vi

Define MOSFET transconductance parameter k,, = (1,,Cox) (%) =k, (%)
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r-————=—-=-=-=-=-= - lp
iCT( Saturation mode

Triode
region

I U <

h v vgs !
@ Triode region ” Ubs
. 1
‘b = kn ’(UGS = VenJvos =5 bs MOSFET behaves as
~ ky(Wes — Ven)Vps when v kept small
\ X "
Define rp¢ =

kn(vgs—Ven)  knvov
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8| ip — vpg characteristics

lp
A

Triode

@ boundary between regions region Saturation region

Vs > Vip

Ves — Vps = Vip

1

ip = kn|(Wgs — Ven)vps — _vlz)S]
2 v VUgs l

VUpssat = Vov A\ .
Upssat = Vov = Vgs — Vin

1
= Ekn(vas - Vth)2
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8| ip — vpg characteristics

@ Saturation region

Vs > Vip

Ves — Vps < Vip

Lp

2

kn(Vgs — Vth)2

lp
A

Triode

region Saturation region

v vGS'l’

T

Ves | +
J15
n

G

2 75
5
"H“g

||}-g—l

Upssat = Vov = Vgs — Vin

Current saturates since
the channel is pinched off

11/8/20
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8| ip — vpg characteristics

95,
A
Triode E
region | Saturation region
'” |

Channel
Effective = // length L
channel > P
length ,,/’:,,—
L—AL sl

7 _________ > Ups
|
1 W 1 W 1
. 2
Ip = P (tnCox) (m) (Vgs — Ven)* = > (tnCox) ( I ) ( AL) (Ves — Ven)?
1 —==
L
1 W AL
~ E (.unCox) (T) (1 + T) (vGS - Vth)2
v
L increases
25
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8| ip — vpg characteristics

lp
Vgs | +
- is T- 96
n

A

Triode

region

I

|

E Saturation region
€ >e

|

1

p
L Channel .
Effective ?// length L B
channel > e
length /,,«:/, —:: ________
PR e Vovgg
— ) > Ups
—Va Upssat = Vov = Vgs — Vin
Early ;
v
Voltage ip =5 kn(vgs — Ven)? (1 * LS)
2 A
Channel-length modulation
(THE EARLY EFFECT)
26
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" | Outline

= Introduction to MOSFET
o WHAT does it look like
o HOW does it work

» The characteristic curves

o i) — Vpg characteristics

o i — Vg characteristics
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2| Recall: i) — v)g characteristics

Vpg is increasing

Vgs — Ups > Vip Ves — Vps = Vip

L Ves | + Vps| + . Vs | + Vps| + . Vs | + Vps| +
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2| i) — v characteristics

Vs matters in the saturation region

@ Saturation region

Vgs > Vin

Ves — Vps < Vip

ip = Ekn(vGS — Vin)?
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" | Outline

= Introduction to MOSFET
o WHAT does it look like
o HOW does it work

» The characteristic curves

o i[p — Vpg characteristics -
iD — VUps iD —Vgs @ Sat.

0 i — Vg Characteristics

o The transfer characteristic
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" | The Transfer Characteristic

Ups
A

Vaa . .
Cutoff [Saturation| Triode

>le e
R¢
I

ic l —O
+ O : "
_ 9 Vo = Vps
Vin = VUgs
— -

> Vgs
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" | The Transfer Characteristic

Ups
A
V
dd Cutoff [Saturation| Triode
€ g3
Rp
I
lDl O
_l_
+ O : -
— Vo = Ups
Vin = Vgs
_ =t _—
Vth \
L | ]
Vin < Vth
lD = 0
Vo = Vgqg —ipRp = Vyq
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" | The Transfer Characteristic

Ups
A

Vaa . .
Cutoff [Saturation| Triode

>l >l
Rc

i
lcl —O
+ O } "
— 9 Vo = Vps
Vin = Vgs
_ =t —
Vth \
> Vgs
_
Vin > Vth

Vgs — Vps < Vip
Ip = Ekn(vcs - Vth)z

. 1
Vo = Vga —ipRp = Vg — gkn(vas - Vth)ZRD
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" | The Transfer Characteristic

Vaa
;Rc
I
lcl —O
_l_
+ O }
— 9 Vo = Vps
Vin = Vgs
e _—
11/8/20

Saturation

Triode

\

> vGS
Vin > Vth
Vgs — Vps > Vip
. 1 2
ip = kn [(vas — Ven)vps — EUDS]

Vo = Vga — ipRp
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" | Outline

= Introduction to MOSFET
o WHAT does it look like

T
o HOW does it work .-
= The characteristic curves /
o [ — Vpg characteristics = e
Ip — Vps ip —Vgs @ Sat. Transfer characteristic

0 i — Vg Characteristics

o The transfer characteristic

= Circuit analysis techniques with MOSFET

o DC analysis techniques

11/8/20 Milin Zhang, Dept of EE, Tsinghua University 35



N | Characteristics Summary of MOSFET

bip

11/8/20

Triode region

Saturation region

when

Vgs > Vin

Vgs — Ups > Vi

kn |(vgs — Ven)vps — Evgs

s = Ip

Milin Zhang, Dept of EE, Tsinghua University

Vgs > Vin

Vgs — Ups < Vip
ip = 1k (ves — Ven)?
D 2 n\vYGS th

is = ip
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= | Example 1

QUESTION: Find out the resistance of Rp and Rs to bias the transistor at I, = 0.4mA
and Vp = 0.5V withV,, = 0.7V, V4 = 2.5V, Vg = =25V, W = 32um, L = 1um,
1, Cor = 100uA/V?. Neglect the channel-length modulation effect.

Vdd = Since VD == OSV, VG = 0V
; vGS - vDS == _OSV < Vth
RD >
J i = Assume the transistor is biased in saturation region
: S = According to KVL & transistor characteristics
— RS‘ lLD VD = Vdd - iDRD RD == Skﬂ
i < VSS + iDRS + VGS =0 . > RS - BZSkQ
Vss ,
lp = Ekn(vcs — Ven)? ! Vas = 1.2V

Check assumption
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" | Outline

= Introduction to MOSFET %
G ol B

o WHAT does it look like
o HOW does it work

region | Saturation region

» The characteristic curves === |  / /= —
o [ — Vpg characteristics \ﬁ L

\ Ves
Vpssat = Vov = Vgs — Vin Vin Vin

o lD - vGS Chara cte r|St|CS _ lp — Ups ip —Vgs @ Sat. Transfer characteristic

o The transfer characteristic

= Circuit analysis techniques with MOSFET
o DC analysis techniques

o AC analysis techniques
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" | Recall: Signal Amplification of BJT

Vce (D
es (v,)
Cutoff mode | Active mode | Saturation mode
> € > €
Vce n n 4 i
signal

: g > ? swing
Bias//\ \1 U J 4 @vo

> Vpr (Vi)

= Step 1 find a proper bias point / quiescent point |
= Step 2 characterized by DC voltages Vg and Vg

L
VBE Y
Vee = Vaq — Rclse V't

= Step 3 a sufficiently small voltage vgg
superimposed on Vg
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" | Signal Amplification of MOSFET

vD v p
) A S ( o) =1
dd Cutoff M Triode
> Lol
in, i
i
lDl VDS
: + signal
+ O S ? swing
Vi = Vo = VUps / -
e Bias \ @v,
—_ 1 - . \
> U V;
Ve GS ( m)

= Step 1 find a proper bias point / quiescent point Vs

= Step 2 characterized by DC voltages Vg and Vg
1
Vps = Vaa — Rplp = Vaa — Ekn(vGS — Ven)?Rp

= Step 3 a sufficiently small voltage v superimposed on V¢
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" | Signal Amplification of MOSFET

AvDS (vo) ) :
V
dd Cutoff M Triode
> Lol
Rp [
LO
) dome
_|_
+ c : 2 7 - I 1 I [ | A
_ > Vo, = Vps -’ I ? t |~ vUBE
Vin = Vgs P L _
_ —_— -7 \— - v
- - e < g 1 \
7/
A N v ~ > Vos (Vin)

[ | Vti}/

I I / d

I ' L7 Yo

I Slope 4,, | v

: Pe fv | e dvi Vin=VgGs

| I //

I l // = kn(vin Vth)RD T —9mRp

I I,

[ |

_____ e’ Define TRANSCONDUCTANCE g,,, = k,,(v;;, — V1)

1
Vo = Vga — Ekn(vin — Vin)?Rp
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" | Recall: Locate the Bias Point for BJT

WHY?

" (@ isdetermined by Vg
" () determines the GAIN 4,

Key to small signal amplification

" () has effects on the OUTPUT SIGNAL SWING

—, - VBE IIJCE (170)
’.
AvCE (v") AT Cutoff mode Saturation mode
N o
//' —
Cutoff mode ) Saturation mode ~ ————— g
> < -——
— = better
\ choice
- for Q
\ * signal
bﬁtt-er swing = > vgg (Vin)
choice
@ vo VcE (vo) <>
for Q A B
~A,v BE >
v Cutoff mode bt Saturation mode
- vCEsat —\'
> Vg (Vin)
better
VBE choice :ﬁaked
for Q U U V PP
: > Vg (Vin)
11/8/20 Milin Zhang, Dept of EE, Tsinghua University

®

42



B | Locate the Bias Point for MOSFET

= Method 1 = Method 2 "= Method 3
By fixing Vg By fixing I ¢ By fixing V; &
Connecting a R

Vaa Vaa Vb

® ot © & 1@, )

|+ Ié |

Is Rz Rs

y
Ves | - ) S <
I

I A A4

11/8/20 Milin Zhang, Dept of EE, Tsinghua University

= Method 4 —
Using Drain-to-Gate
feedback resistor

Vaa
© IR
VAVAV
R¢
Vs
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" | Outline

= Introduction to MOSFET >
o WHAT does it look like GHE%

o HOW does it work T
* The characteristiccurves . " e
o [p — Vpg Characteristics ﬁ L
o i, — Vgs characteristics N )
=voy = vgs — Vin Ven Gs Vin

o The transfer characteristic Ip — VUps ip — Vgs @ Sat.  Transfer characteristic

= Circuit analysis techniques with MOSFET
o DC analysis techniques

o AC analysis techniques
* Locate the bias point
* Small-signal operation & model
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" | Signal Amplification of MOSFET

+

Vin =

Vin = Vgs + Vgssin(wt + @)

_L_

> Vs (Vin)

= The transistor is biased @ vgs = Vg

= A small ACsignal is applied to input

Milin Zhang, Dept of EE, Tsinghua University

Ups (vo) _)‘ <« Vygs
cutoff | [
> t
A
/‘ ’\ signal
7 . )T_ ? swing
Bias \ \IJL @v,
. v
pOInt Q &
Vin
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" | Signal Amplification of MOSFET

I
lDl O
+ O } "
_ 9 Vo = Vps
Vin = VUgs
—4 -

Recall: Define
TRANSCONDUCTANCE

Im = kn(vin - Vth)

11/8/20

Vin = Vgs + Vgssin(wt + @) = Vgs + Vinac

= |n saturation region, according to the transistor characteristic

. 1 2
b =5 kn (VGS + Vinac — Vth) Rp

1 1
= 2 kn(Vgs — Vth)zRD + kn(Vgs — Vth)vin,AC + 2 knvizn,ACRD

Ip

1.2
If (Vs = Ven)Vinac > 5 VinacRo

=~ Ip + kn(Vgs — Ven)Vinac
Im

Milin Zhang, Dept of EE, Tsinghua University 46



2 | Transconductance g,,

Vaa ip
A
;RD
f Bias
iDl —O0 point\,, .
_|_ ID l\ ,\\\\ T
+ O } Y[ N
— ] Vo = Ups '
Vin = Vgs -
_ == _ .
») .
<:\ V«\;s
Vin = Vs + Vinac oo
‘ - De—
ip =1Ip + ImVin.Ac
dip
TRANSCONDUCTANCE 9m = v
CSlip=1p

11/8/20 Milin Zhang, Dept of EE, Tsinghua University
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¥ | Voltage Gain A,

Vad
I = According to KVL
Rp . . .
i Vo = Vdd - lDRD - Vdd — (lD|DC + lD|AC) RD
ip} [—o
+ .
+ O : :Vdd_IDRD_lD| Rp
) v.o=v AC
Vi = o DS
in GS
. - - Vps 9mVinAc
= Define voltage gain
Vin = Vs + Vinac
_ - A = Volac _ —9mVinacRp — _g.R
ip = v = = = D
D D T ImVin,Ac v Vinlac VinAc m
dip
Im =
01765 ip=Ip

11/8/20 Milin Zhang, Dept of EE, Tsinghua University



= | Summary: Small-Signal Operation

Vaa
;RD
I
lDl O
_l_
+ O }
_ 9 Vo = Vps
Vin = Vgs
e _—
11/8/20

Vin = Vgs + Vgssin(wt + @) = Vgs + Vinac

: v
Voltage gain 4, = olac = —9mRp

vinlAC

Transconductance Im =

Milin Zhang, Dept of EE, Tsinghua University
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" | Recall: BJT Small-Signal Operation

Vaa
Vin = Vgg + VpeSin(wt + @) = Vg + vy
Rc
. v
lcl Voltage gain 4, = olac = —g.. R,
> + vinlAC
+ O
_ Vo = VcE
Vin = VBE | ° di ;
C c
_ = L ~ Transconductance G, = = —
- - 51735 i VT
R;, c
. Vrp B
Input resistance @ Base R;, =—=—
Ig m

Why we don’t discuss input resistance for MOSFET?
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= | Summary: Small-Signal Operation

Vaa
;RD
I
lDl O
_|_
+ O }
— 9 Vo = Vps
Vin = Vgs
e _—
11/8/20

Vin = Vgs + Vgssin(wt + @) = Vgs + Vinac

Vo |AC

Voltage gain 4, = = —gmRp
vinlAC
dip
Transconductance gm = =k, (Vgs — Ven)
avGS P
D—ID
Input resistance @ Base R;,, = Sinceiz =0

Milin Zhang, Dept of EE, Tsinghua University 51



= | Small-Signal Model

Vaa
1s,
I
ipd —o
_|_
+ O :
— ) Vo = VUps
Vin = Vgs
e _—

Vin = Vgs + vgssin(wt + @) = Vs + Vinac

Volac

11/8/20

Voltage gain 4, = = —9gmRp
Vinlac
dip
Transconductance  gm = 35— =k, (Vgs — Ven)
GSlip=Ip

SIMPLIFIED HYBRID-t MODEL

G O—0 D

ImVys

S
IF take channel-length modulation into account

G o——0 O D

CQQ
[%)
AAA
A 4
=
Q

ImVys

S

Milin Zhang, Dept of EE, Tsinghua University 52



" | Small-Signal Model

V
dd SIMPLIFIED T MODEL
Ifl’ D D
— 0
lDl ImVys ImVys
, +
v o I ) V, =D
Vin = VUgs ° DS Go + Go ro
_|_
—— — = 1 1
- = = S Vgs — Vgs
Im Im _
i SIMPLIFIED HYBRID-t MODEL i S S
G o——o D IF take channel-
,Zs length modulation
ImVgs .
= into account
S
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= | Small-Signal Model

SIMPLIFIED HYBRID-t MODEL

ImVgs

SIMPLIFIED T MODEL

G o

HYBRID-t MODEL and T MODEL are equivalent

11/8/20 Milin Zhang, Dept of EE, Tsinghua University 54



= | Example 2

QUESTION: Find out the small-signal voltage gain A,,, input resistance R;;,, and the largest
allowable input signal with V,;, = 1.5V, V4 = 15V, V, =50V, k,, = 0.25uA/V 2.

Vaa
= Step 1: perform DC analysis
Rp2 | .
R, ilD“ " Let’s ASSUME Q, is biased in Saturation mode
O
¢y | | . L 4 = According to KVL & transistor characteristics
0 |I ! -
p— — > ~
* & R, ” vp = Vg — IpRp I, = 1.06mA
Vin 1
- — Y Ip =5kn(Wgs — Ven)? D49 U= 4.4V
—1 1 L 2
R, — - - - IG =0 Vs = Vp

Check assumption
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= | Example 2

QUESTION: Find out the small-signal voltage gain A,,, input resistance R;;,, and the largest
allowable input signal with V,;, = 1.5V, V4 = 15V, V, =50V, k,, = 0.25uA/V 2.

Step 2: perform AC analysis

o Step 2.1: replace the transistor with the
small-signal model

o Step 2.2: turn off DC sources
o SHORT all voltage sources

o OPEN all current sources

o Step 2.3: Calculate small-signal
model parameters

Im = kn(gs — Vin) = 0.725mA/V

— — .

%
T =ﬁ = 47kQ)
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= | Example 2

QUESTION: Find out the small-signal voltage gain A,,, input resistance R;;,, and the largest
allowable input signal with V,;, = 1.5V, V4 = 15V, V, =50V, k,, = 0.25uA/V 2.

= Step 2: perform AC analysis

o Step 2.4: Analyze resulting circuit

O
+ Vo = _gmvgs(RD”RL”ro)
Vo = _gmvin(RD”RL”ro)

The voltage gain

1%
A, = vfo = _gm(RD”RL”ro)

mn

= —3.3

11/8/20 Milin Zhang, Dept of EE, Tsinghua University 57



" | Recall: Body Effect of MOSFET

Og

Enhancement-type
NMOS transistor

BODY EFFECT: the
substrate acts as a second
gate when the pn junction
between the base and the
source is forward biased

11/8/20

n — type

i =B

n — type

p — type Lj\
This is an

Enable a zero bias
(cutoff mode)

Milin Zhang, Dept of EE, Tsinghua University

B

UNEXPECTED
pn junction
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2 | Small-Signal Model

IF take body effect into account

;TRD oD

iul —O G O——0
+ +
|
+ c I 9 v — v ng 'ro
Vin = Vgs o bs _ ImVys ImbVbs

Define BODY TRANSCONDUCTANCE

di,,

0vpgg

Imb =

vgs=constant
vps=constan

11/8/20 Milin Zhang, Dept of EE, Tsinghua University
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" | Outline

= Introduction to MOSFET ’ l -L l
o WHAT does it look like GHE}B - -

o HOW does it work

» The characteristic curves o i

oooooooooooooooooooooo
region Saturation region

o [p — Vpg characteristics

o ip — Vgg characteristics i‘ 1

o The transfer characteristic

Vov = Vgs — Vin Vin Vin

lp — VUps ip —Vgs @ Sat. Transfer characteristic

= Circuit analysis techniques with MOSFET

D
. . G o0—0 o——O0 B
o DC analysis techniques + 1 & :
vfs ImVgs T o
(o,

o AC analysis techniques T °

* Locate the bias point s
e Small-signal operation & model
* Basic BJT Amplifier Configurations
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¥ | Recall: Basic BJT Amp. Configurations

Vaa
RCIJL'C iy
OC Common-Emitter (CE)
123 > ip Amplifier
Na
B
Ry (] vy

Common-Base (CB)

Amplifier

= Assume the transistor is biased
in active mode

= There are three ports: Base,

Collector and Emitter
Common-Collector (CC)

= An amplifier requires two Amplifier

voltages: v;,, and v, -

11/8/20 Milin Zhang, Dept of EE, Tsinghua University 61



| Basic MOSFET Amp. Configurations

Vaa

Vg
o 5
-

= Assume the transistor is biased

in saturation mode

= There are three ports: Gate,

Source and Drain
= An amplifier requires two
voltages: v;,, and v,

11/8/20

Rp ¢l'z) vp
UD } Rg Vs

Vout

Milin Zhang, Dept of EE, Tsinghu; University

Common-Source (CS)
Amplifier

Common-Gate (CG)
Amplifier

Common-Drain (CD)

v... Amplifier
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2| Example 3: CS Amplifier

QUESTION: Find out the voltage gain, the input and output resistances with given v;,,,
Rsig' kn, RGI RD, Cl, Cz,Cs, Vddl Vss, and Vth‘

V,
f = Step 1: perform DC analysis
Rp Ti tp = Step 2: perform AC analysis
| < &
Rug G, [ ¢! Step 2.1: ff DC
sig Gy | ) a Step 2.1:turno sources
|| ] e a Step 2.2: Calculate small-signal
R
Cj) L model parameters, g,
Usig R v T - o Step 2.3: replace the transistor with
L L 1 the small-signal model
— — —V. —
Rin 53 Rout o Step 2.4: Analyze the resulting

circuit

11/8/20 Milin Zhang, Dept of EE, Tsinghua University 63



" | Example 4: CG Amplifier

QUESTION: Find out the voltage gain, the input and output resistances with given v;,,,

Rgig, kn, Rp, Cy, €3, Vaqa, Vss, and V.. The body effect can not be neglected.

Va
ey

d

l'lD

-
) | €— go
| |
=
—_ >
Rsig Cy
l Ry
| —
Lin ¢ e
vsig
r— _VSS
Rin Rout
11/8/20 Milin Zhang, Dept of EE, Tsinghua University
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2| Example 5: CD Amplifier

QUESTION: Find out the voltage gain, the input and output resistances with given v;,,,

RSigl kn, RGI Cl, Cz, Vddl Vss, and Vth'

fue.
R.. C —> i <€
sig 1” —_ B : -
Vo

n

_ =

<2sig %RG ¢ C2
— RL
) = =

11/8/20 Milin Zhang, Dept of EE, Tsinghua University
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" | Outline

= Introduction to MOSFET b l ] l
o WHAT does it look like 6 oloc” A ——
o HOW does it work s Lo T

» The characteristic curves .

o ip — Vpg Characteristics ﬁ

o ip — Vs Characteristics

ves 1
> Vgs Var > Ugs

Vpssat = Vov = Vgs — Ven Vin

; The tranSfer characterlstlc iD — VUps iD — Vgs @ Sat. Transfer characteristic

= Circuit analysis techniques with MOSFET

o DC analysis techniques .

o AC analysis techniques -
* Locate the bias point
* Small-signal operation & model
* Basic BJT Amplifier Configurations

o The frequency response

(o,
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2| Example 6: CS Amp. w/ High Freq. Mod.

QUESTION: Find out the voltage gain, the input and output resistances with given v;,,,
Rsig' kn, RGI RD, Cl, Cz,Cs, Vddl Vss, and Vth‘

Vdd
L

l'lD
— 9{

11/8/20 Milin Zhang, Dept of EE, Tsinghua University 67



" | Recall: Example 5: CE Amplifier

QUESTION: Find out the voltage gain, the input and output resistances with given v;,,,
Rsig' RB' RC' Cl, Cz,CE, Vddl Vss, and :8

coupling =L = Step 2: perform AC analysis
capacitor Re S 4ic o Step 2.1: turn off DC sources
1%
; \C .y —“ - o SHORT all voltage sources
o 1|I =il o OPEN all current sources
: Na
R 1
© L Yo T 56y
Usig Ry = |= g
Ce - The bypass capacitor C; provides a
e — I .
— . = = = . very LOW impedance to ground at all
in out

signal frequencies of interest

Bypass capacitor The coupling capacitor C; and C, act

as perfect short circuit at all signal

frequencies of interest
11/8/20 Milin Zhang, Dept of EE, Tsinghua University 68



2| Example 6: CS Amp. w/ High Freq. Mod.

QUESTION: Find out the voltage gain, the input and output resistances with given v;,,,
Rsig' kn, RGI RD, Cl, Cz,Cs, Vddl Vss, and Vth‘

Vdd
; IDEALLY
RD ri iD

| -— 3" = (; and C, are coupling capacitors
Rug G —> Czll = (s is bypass capacitor
|

| ] S = (4, C,,and Cg IDEALLY are short

<+> Ry, circuit @DC
Vsig N T | = WHAT HAPPEN IN A REAL SCENARIO?

— = —_

Rin _VSS B Rout

11/8/20 Milin Zhang, Dept of EE, Tsinghua University 69



8| The Frequency Response

G,/dB = 20log(|G,])

A

ngG
G, = - (R.[|RplIT,)
" RagtRe TP pigh

Low
freq. freq.
band Midband band
> €

> €
/ !
~ N
TN\
3dB
//

Due to S
Cy, Cy, fi fu  f/Hz
and Cg
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2| Example 6: CS Amp. w/ High Freq. Mod.

QUESTION: Find out the voltage gain, the input and output resistances with given v;,,,
Rsig' kn, RGI RD, Cl, Cz,Cs, Vddl Vss, and Vth‘

R Il i = According to KVL

D

Vaa = Check the effect from C;
r

Rg

|I <

CI %O vG: Veo:

2 1 sig
_L_

Rsig + 5¢7 + Ro

R, 1

= VUsig R 1

SCl(RSig + RG)

sig+R61_|_

()
(g:_:\./

Q
I—mw—i ¢
~ 3
T
|

11/8/20 Milin Zhang, Dept of EE, Tsinghua University 71



" | Recall: Transfer Function for HPF

QUESTION: design a stereo amplifier with two output channels to split the high and
low frequencies.

|(Gr((1))| A /vl WZ\
— 1 | : MR
o + I
R]_ V]_ I
Vin " : |
L v, E
o | f
v, R, 1 ]
G(w) = = ' w
1(w) V. " Ritjol 10 1% 100k
| Ry
W C()L W, = —
Gz((x)) = WZ = R J - : ¢ L
in 1 +jowlL
11/8/20 Milin Zhang, Dept of EE, Tsinghua University
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2| Example 6: CS Amp. w/ High Freq. Mod.

QUESTION: Find out the voltage gain, the input and output resistances with given v;,,,
Rsig' kn, RGI RD, Cl, Cz,Cs, Vddl Vss, and Vth‘

= Check the effect from C;

R ;l i = According to KVL
D r D "
= _ll o Rg
Rsig | I Czl Vg = 1 Usig
| ) RSig + S_C]_ + RG
O fi
RG S
e S o " "9 Rgig + Rals 4 1
— = L C1(Rsig + R¢)
- - Vs = S
This is a High Pass
1
Wi =

C1(Rsig + Rg)
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2| Example 6: CS Amp. w/ High Freq. Mod.

QUESTION: Find out the voltage gain, the input and output resistances with given v;,,,
Rsig' kn, RGI RD, Cl, Cz,Cs, Vddl Vss, and Vth‘

>
Vaa » Check the effect from C,
R ;l i = According to KVL
g o RpR
o DIy
Rsig | Vout = —lg 1
—) RD + RL + E
® f
. S
Usig ¢ — 1 = _ldRL T
CS r— +
== -4 1 C,(Rp + RL)l
- - _VSS =
L
This is a High Pass
1
@2 =T (R, + Ry
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2| Example 6: CS Amp. w/ High Freq. Mod.

QUESTION: Find out the voltage gain, the input and output resistances with given v;,,,
Rsig' kn, RGI RD, Cl, Cz,Cs, Vddl Vss, and Vth‘

Vaa
RDIrl' Ip

Check the effect from Cs

According to KVL

C v
2 oo 1
Rsig € | : Ve — ImVys sCq = Vys
|| ] IR
R
O, 5
Usig R¢ ¢ — —_— . vgs - Im e
Cs = S + Ce
S
e -

11/8/20 Milin Zhang, Dept of EE, Tsinghua University 75



8| The Frequency Response

G,/dB = 20log(|G,])

A

ngG
G, =— (Ri||Rpl|Ty)
"7 Rag+Rg TP high

Low
freq. freq.
band Midband band
> <€

/ !
~ N
TN\
3dB
L~ v

Due to/ / >
Cy, C, fi / fu  f/Hz
and Cg

Due to the transistor
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= | Small-Signal Model

Vaa SIMPLIFIED HYBRID-rt MODEL
1y,
I G O——0 O D
iDl —O0 +
' o | = + Vgs om¥ss Tr:
_ Vo = Ups P
Vin = VUgs (o,
- = = J,
S
THE HIGH FREQUENCY MODEL
C
G o == oD
+
Cys e 9mVgs To
S

11/8/20 Milin Zhang, Dept of EE, Tsinghua University
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2| Example 6: CS Amp. w/ High Freq. Mod.

QUESTION: Find out the voltage gain, the input and output resistances with given v;,,,
Rsig' kn, RGI RD, Cl, Cz,Cs, Vddl Vss, and Vth‘

T T 0" —s |
' A l
I R.: I
WL e ]
- 'O |
RD : Usig RB !
Rsig _, lin Cya N Vo | R;, :
VY vc i 1 O 1= =
m ImVys | o e e e e e e -
O Vs ==
_ (S ——
Usig RG Cgs To RL ——— _' _____ I
- | —>
— — — —— ! W :
— — — - | R rH : RG_TH = Rsig”RB
+
:<_>17 I RB
G_TH | Vgry = Vg
! , [ - Rsig + Rp g
i R;, [
' |
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2| Example 6: CS Amp. w/ High Freq. Mod.

QUESTION: Find out the voltage gain, the input and output resistances with given v;,,,
Rsig' kn, R(;, RD, Cl, Cz,Cs, Vddl Vss, and Vth‘

= According to KVL & KCL, and device

characteristics

= . Rp
R¢ th [ C gd v :
_ —y 'in gd = 5 Vout = (_gmvgs + lgd)(RLl |RD||rO)
W—0 1 ] . - ;
Vin + ImVys l ImVgs > lga Define R;
C) Vgs = ~ —g, UyoR!
VG TH Cgs o R, mrgsT
-4 C. . —1— igd — (vgs - Uout)Sng
— in r— —

=1+ ngi)Sngvgs

iin = igs +iga = (Cos + Cga(1 + gmR}) ) 5Vgs
Define C;,
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2| Example 6: CS Amp. w/ High Freq. Mod.

QUESTION: Find out the voltage gain, the input and output resistances with given v;,,,
Rsig' kn, RGI RD, Cl, Cz,Cs, Vddl Vss, and Vth‘

o | * The overall gain
' =
> "Rp Vo _gmvgsRi
. lgd G‘U = =
—/W—0— 1 ] ° !
Vin -+ GmVgs _ —9mRL  VerH
C) )y Vsig 1+ SRg tuCin
V6 TH Cgs o Ry R'R 1
— . Imhi K¢
— Ci, — —é— N Rsig + RG 1+ SRG_THCin
Rty = Rsig”RB ¢ L
R, Midband Low Pass
Ve TH = —Rsig + Rp Usig Gain !

Wy1 =5
RG_THCin

Cin = Cgs + ng(l + ngL)
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" | Outline

= |ntroduction to MOSFET
o WHAT does it look like
o HOW does it work -

= The characteristic curves o i

Triode ! Cutoff | Saturation | Triode
i ion region

o [p — Vps characteristics

o [p — Vgs Characteristics i—

. . vgs |
o The transfer characteristic —\ ves -

Upssat = Vov = Vs — Vin Vth

lp — VUps ip —Vgs @ Sat. Transfer characteristic

= Circuit analysis techniques with MOSFET
o DC analysis techniques

o AC analysis techniques ¢ o0—0

o——o0 B
+ +
* Locate the bias point s e, D= Consider
o o body effect

e Small-signal operation & model

* Basic BJT Amplifier Configurations

Go
+
o The frequency response J— High frequency

C‘qs—l_ —S :’,a model
" MOSFET v.s. BIT

11/8/20 Milin Zhang, Dept of EE, Tsinghua University 81



| MOSFET v.s. BJT

NMOS npn BJT
oD oC
Circuit G B

symbol o— S © B °_|<

Oy O F
ls EG lD lc lB IE
Physical n - type n— type -
Structure P~ type n
T,
11/8/20 Milin Zhang, Dept of EE, Tsinghua University 82



" | MOSFET v.s. BJT

NMOS

npn BIT

To Operate in
Active mode

biased in saturation region

Vs > Vip
I— To induce a channel

Ves — Vps < Vip

I— To pinch-off channel @ drain

biased in active region

Ve > VBEon
I— EB] forward biased

Vec < Vpcon

I— CB]J reverse biased

Characteristics
in active mode

11/8/20

. w 1,
ip = (UnCox) (T) [(vas — Vin)vps — 3 vDS]

iG:O

VBE v
iC:ISeVT (1+#)
A

ip=1Ic/B

Milin Zhang, Dept of EE, Tsinghua University



" | MOSFET v.s. BJT

NMOS npn BIT
G o0—o —o0 D Bo——m— | C
+ 3 v
The small vos %}m% 27, T Yowwe [
signal model o l
l s
S E
. - )
ngh Go J_‘*‘ ” 2 O D Bo Jx - ”Cu ocC
frequency . 3 | !
Cgs—l_ i i >ro C__ T o ImVrn <:r
model -l = o
S E
I¢
Transconductance G = kn(Ves — Vi) Im = V_
T
Input resistance
g . Vp B
w/ Source/Emitter R;, = R;, =—=—
grounded I gm
11/8/20 Milin Zhang, Dept of EE, Tsinghua University 84



" | Outline

= Introduction to MOSFET
= The characteristic curves

= Circuit analysis techniques with MOSFET

o DC analysis techniques

o AC analysis techniques

o The frequency response

= MOSFET v.s. BJT

" More examples of useful modules

o Current sources

11/8/20 Milin Zhang, Dept of EE, Tsinghua University
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" | Recall: HOW to Locate the Bias Point

= Method 3 — Using Constant-Current Source @

Vaa

? = [pisindependent of § and Rg

= How to realize a current source?

Rp
—_
W _I:a ) Current mirror explained in next chapter

11/8/20 Milin Zhang, Dept of EE, Tsinghua University 86



" | Example 6: BJT current mirror

QUESTION: Find out the relationship between I,..r and I,,; with Q; and @, are matched.

Since Q; and Q, are matched B By, = By, =B

ITC l ou l
! T = According to the BJT characteristic
|
Vou VBE1 VBE2
O Tou Iy =Ise VT and I, =1, =Ige VT
Q1>| o |<\Q2 = According to KCL
BE
— I ICZ
= Lrer = Ic1 +1g1 +1gy =1Ic1 + ? + B
Loyt 1 p—oo 1
. Iref B 1 _|_Z
B

11/8/20 Milin Zhang, Dept of EE, Tsinghua University 87



" | Example 6: BJT current mirror

QUESTION: Find out the relationship between I,..r and I,,; with Q; and @, are matched.

Iref J’ Iout ll
|
—0 Vour
o >|—+—|< 0
VBE
—=

sssssssssssssss
VBE
Electron diffusivity in bas
collector current i, = Ise Vr i
rrrrrrrrrr

AEqD n
Saturation current 15 =

11/8/20

Doping concentration in the base

" What if the area of EBJ of Q, is m times of Q?
D Iy =mls

= According to the BJT characteristic

VBE1 VBE?2
ey =Is1e VT and Loy = Icp = Ise VT

p—0

>m

Milin Zhang, Dept of EE, Tsinghua University 88



" | Example 6: BJT current mirror

QUESTION: Find out the relationship between I,..r and I,,; with Q; and @, are matched.

out ll
|

oL

v

UBEg

Q2

11/8/20

_L_

Rout

= Step 1l:remove [,

= Step 2: Apply a SMALL testing voltage. Look for Al ¢

_ _ Va2
L0 Vour TV¢est . Ro — o2 — 7

Tout
Iout
-
O
+ gmvbel + gmvbez Vout +vtest
vbel vbeZ
£ To1 T To2

» R, = oo ifneglectthe Early Effect
|

Ideal current source
Milin Zhang, Dept of EE, Tsinghua University 89



" | Example 6: BJT current mirror

QUESTION: Find out the relationship between I,..r and I,,; with Q; and @, are matched.

= |f take the Early Effect into account

Tt ¥
T = According to the BJT characteristic
|

O Vou VBE1 V
' ICl = Ise VT (1 + CEl)
Va1

Qly——KQz VBE2 V
+ (1 + CEZ)

UBE Tout = Iz = mlse VT

_ Va2
—
- 1 VBE1
IBl = EISe VT
1 VBE2
IBZ = EISe VT
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" | Example 6: BJT current mirror

QUESTION: Find out the relationship between I,..r and I,,; with Q; and @, are matched.

= According to KCL

»1' m (1 + VIEEZ)
I _ _ A2
| Var ) TR
——0 Vout HTm is very small
V Veez
v CE2 1 + ===
Ql>|—+—|<oz . m(1+52) om0
- Veer 1+m Veer 1 1+m 1 Ve
vEE (1 + VAl ) + ﬂ (1 + VAl ) T ﬁ ( + VAl )
——
— _ m (1 + VCEZ) (1 _ VCE1> N m (1 N Ve _ VCEl)
14 1tm Vaz Var/ 1,14m Vaz Vaa
B B
__m (1 N M)
1+ 14+m V4o
B
. Vout=VBE
The error term >
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" | Example 7: BJT current mirror

QUESTION: Find out the relationship between I,..r and I,,; with Q; and @, are matched.

= Since Q; and Q; are matched B By, = Bg, =B
Vdd

Iref"’ -1 l’ Loye . .
| = According to the BJT characteristic
|

VBE2
Q V . VBE1
|<\ S I =Ige Vr and I, =1, =1IceVr

Q1 +—|< Q; = According to KCL
VBE Ig3
— Lier = Icq +1g3 =11 +
— ref Cc1 B3 Cc1 1 +,B
Iout 1 ﬂ—>00 . 1
i TR 1+
B +B B
= The output resistance R, =1,, = ;’ﬁ
out
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" | Example 8: Wilson current mirror

QUESTION: Find out the relationship between I,..r and I,,; with Q; and @, are matched.

Iout * Iref
|
l’out I

3

W { o

11/8/20

= Since Q; and Q; are matched B By, = Bg, =B

= According to the BJT characteristic

VBE B
lc1 =1 =IeVT and

I = [ro= I
out C3 1 | ,8 E3
u According to KCL

~ 1+2/
Lref = Ico + Ip3 = EEYE ,BIB I+ Iy

b
5 Ioyr = 1+8 ; (Ic1 +Ip1 + Ip2)

Loyt _ 1 B—oo . 1
Iref 1+ # , i
BB +2)

Milin Zhang, Dept of EE, Tsinghua University 93




" | Example 8: Wilson current mirror

QUESTION: Find out the relationship between I,..r and I,,; with Q; and @, are matched.

Iout I
1
: t I I
Vout I out - IB3

—_
311 C "
Vout ImVbe3 Tr3
+vtest - 7"03 vb€3
o Lo :
+
UBE Ig3 i »L I¢;
= -+

ImVUpe1 ImVUbe2
Ube1 Ube
= Step 1: remove Lor <*5 . - ¢

= Step 2: Apply a SMALL testing
voltage. Look for Al
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" | Example 8: Wilson current mirror

QUESTION: Find out the relationship between I,..r and I,,; with Q; and @, are matched.

Itest I
e <— "B3
c .
Vtest l ImVbes el T According to KCL
VUbe3 - I I
17 c1 . lc2
Igs l' llcz N gz = 17‘03 + Blgs + I3
+ +

ImVbe1 ImVUbe2 I _ I _ —I
vbel 'l]be * - cCl1 — tcz2 — B3
\/
rTL'l rnZ

= The input resistance

2 1
-+ 2+ )I T2 + 511
<ﬁ B )1c1703 IgClnl ,8

R = Vtest _ To3 IT'og —
° liest  Ipy, + Blps (%+ 1) Iy

~ 2r03
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= | Summary: BJT current mirror

V
Ies Iout l L. ¥ —dd— l I,y Tour I
I ref ’ ou I
| | Vout Q3 |
—o Vout _KQ3 _o Vout
oo | et e
VBE VBE ;;E
= = ==
1 1 1
IO‘LLt _— 2 2
2
Iref 1+ ’E 1+ W 1+ ,ﬁ
Ro To2 To2 E To3
Milin Zhang, Dept of EE, Tsinghua University 96
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2| Example 9: MOSFET current mirror

QUESTION: Find out the relationship between I,..r and I,,; with Q; and @, are matched.

= Since Q; and Q; are matched B ky o, = kpng, = kn

Iref l Iout l . P
| = According to the MOSFET characteristic
|
O Vou Vgs > Vin
P Saturation region
0, <:||—+—|I__) 0, Vgs — Vps = 0 < Vi

UBE
T Irer =5 kna, (Ves1 = Vin)?

Loyt = Ekn,QZ (Ves1 — Ven)?

. Iout: 1
Iref
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2| Example 9: MOSFET current mirror

QUESTION: Find out the relationship between I,..r and I,,; with Q; and @, are matched.

IrefJ'

Q1

A==

UBEg

Lyt ¥
|
|

—() Vout

Q2

_L_

11/8/20

(W |14
= What if (—) * (—)
L/, L/,

= According to the MOSFET characteristic
1 w ,
Lrer = E.uncox (T) Ves1 — Vin)
1

1 w 5
Iout = 5 UnCox <_) (Ves1 — Ven)
2 L/,

loue = (W/L),

. Iref - (W/L)l
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2| Example 9: MOSFET current mirror

QUESTION: Find out the relationship between I,..r and I,,; with Q; and @, are matched.

out ll
|

= Step 1l:remove [,

= Step 2: Apply a SMALL testing voltage. Look for Al ¢

_ _Vaz
——0 Vout TV¢est . Ro = To2 =

0

Rout
Q2

11/8/20

lout
Iout
-
T O O
ImVUbe1 + ImVygs2 Vour T V¢est
v
gs1 v
2
To1 g To2

» R, = o ifneglectthe Early Effect

Milin Zhang, Dept of EE, Tsinghua University 99



= | MOSFET v.s. BJT current mirror

ref Y Ioue l Iref Y Ioue l
| |
1 |
—0 Vout —O0 Vout
o+ e o | e
VBE VBE
= =
1
Iout —2 1
Lo 1+73
Ro To2 To2

11/8/20
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" | Outline

® Introduction to MOSFET
= The characteristic curves

= Circuit analysis techniques with MOSFET

o DC analysis techniques
o AC analysis techniques

o The frequency response

" MIOSFET v.s. BJT

" More examples of useful modules

o Current sources
o The MOS differential pair

11/8/20 Milin Zhang, Dept of EE, Tsinghua University 101



= | What is MOS Differential Pair

Vdd Vdd
1 1 Features of MOS differential pair
iml ) in = Two matched transistors
Rp 3 2R, 7% 7% W
Y51 O i 0 vy, (.uncox T)1 = (MnCox T)z = Hnlox -
vinlo_'l I:) (__I |—0 Vinz = The two Sources are joined together
Q1 Vg Q; = A constant current source for biasing
connected to the sources
Vi = The transistors are typically biased in
Vs saturation region
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= | Operation w/ Common-Mode Input

v V
e 44 = According to KCL
. . 1
ipy ¥ in, ip1 = ipz =71
Rp 5, 5, Rp = Assume the trans. are biased in sat. region
lp1 = E.uncox T(VGSI — Vin)
v o—-I I—O v _ 1 |14
M I:) <_-| M ipz = 5 tnCox — Vgsz2 — Vth)2
0 Q 2 L
2
I
D Vos1 =Vgs2 =Ven + W
l | .unCox L
=  According to KVL
_VSS

Vp1 = Vp1 = Vga — ip1Rp

Voo > 1, )
GS — "th {0 fit the

Vep < Vi, ~assumption
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= | Operation w/ Common-Mode Input

v v Vgs > Vth .
= - There must be to fit the
vep < Vi, assumption

W
-
\w)
||

The highest value of vy,

Vemmax = Vaa — Iip1Rp + Vi

& Vg Q2 = The lowest value of vy,
ﬁl' I Vemmin = —Vss + Veursre + Vs
) —Vss i
I
Ves1 = Vgs2 = Ven + 7
.unCoxT

Vp1 = Vp1 = Vga — ip1Rp
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" | Outline

= |Introduction to MOSFET
= The characteristic curves

= Circuit analysis techniques with MOSFET
o DC analysis techniques
o AC analysis techniques
o The frequency response

MOSFET v.s. BJT

= More examples of useful modules
o Current sources

o The MOS differential pair
* What is MOS differential pair
* Operation w/ common-mode input

* Operation w/ differential-mode input
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" | Operation w/ Differential-Mode Input

v v
e 44 =  According to KVL
iml' ! in2 Via = Vgs1 = Vin2 — Vgs2
Ro 2 2 R D Vig = Vgs1 — Vgs2
Vp1 O 0 Vp:
» Define differential output v, = vp, — Vpq
v o[ -
Q, v Q, _1_ = Assume the trans. are biased in sat. region
ﬁi ip1 >ipy if vig>0
I
D  Voa =Vp2—Vp1 >0
_ —Vss i
I iDl < iDZ lf Vid <0
Ves1 = Vgs2 = Ven + W
'uncoxT . vod = Vpy — VUpq <0

Vp1 = Vp1 = Vga — ip1Rp
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" | Operation w/ Differential-Mode Input

e — Let’s find the range of v;4

A highest value of v;; is achieved when

iy
o
[y
«—
S
iy
=)
[\¥]
| |

RD 3’ 3’ RD iDl == I
leo_ —O Up2
iDZ =0 with Vgs2 = Vth
Via o_'IE jl_
0 0 . Ves1 = Vidmax + Vin
1 Vg 2 ___
= Assume the trans. are biased in sat. region
Vi 1 w
? I == unCox— WVgs1 — Ven)?
2 L
_VSS
> 21
Vidmax = |7,
kn
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" | Operation w/ Differential-Mode Input

e — Let’s find the range of v;4
21

A highest value of V4 is Vig max = o
n

Rp 3 2 Rp ipy =1
Vp1 O] —0 vp: @

iy
o
[y
«—
S
=y
=)
[\¥]
| |

iDZ =0 with Vgs2 = Vth

1
V1
|
T

Similarly, the lowest value of v;; is

21
ll Vidmin = — E

NOTE: both of the transistors are biased
in the saturation region
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" | Outline

= |Introduction to MOSFET
= The characteristic curves

= Circuit analysis techniques with MOSFET
o DC analysis techniques
o AC analysis techniques
o The frequency response

MOSFET v.s. BJT

= More examples of useful modules
o Current sources
o The MOS differential pair
* What is MOS differential pair
* Operation w/ common-mode input
* Operation w/ differential-mode input

* Large-signal operation
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" | Large-Signal Operation

Vdd Vdd
T T DEFINE DIFFERENTIAL INPUT v;4 = vgq — Vg
iml I ipo ASSUME Q; & @, are biased in saturation region
Rp 2 Ry = According to characteristic
Vp1 O 0 Vp: 1
ip1 = Ekn(VG‘Sl — Vin)?
Vg1 O—'I E (__I I_o Vg2 1
0, ., 0, ip2 = Ekn(Vasz — Vin)?
S

1
ﬁil b \/E—\/E:\Ekn(vcﬂ—vasz)

—Vss

= According to KCL

iD1+iD2 :I
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" | Large-Signal Operation

Vaa Vaa
iDl l i lp2
Ry 2 2 R
Vp1 O 0 Vp:
Ve1 0—'| E (__I I_o VG2
o S
—Vss

. . 1
Vip1 —+/lp2 = \Ekn(vcm — Vgs2)

iDl +iD2 :I

g . I vig izdkn
7*7]’%’(1‘ 4l

R TSP v2ikn
27272 \/knl(l 4l

<S

. . I
vaid:O . lp1 = lp> :E
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" | Large-Signal Operation

Ip
A —
Vaa Vaa tp2 I Ip1
1 T I I
iD11' '1' lp2 |
Ry 2 2 R
Vp1 Qv —0 Vp> F
V61 O—'IE (__II_O Vg2
Q
1 ’s v > Vig
=
I v v k
—Vss == 2 ey 1 = 2
b1 =5+ \/ n 4l

Y N AT vigkn
| 273 7]’%’(1 4l
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" | Outline

Introduction to MOSFET
The characteristic curves

Circuit analysis techniques with MOSFET

o DC analysis techniques

o AC analysis techniques

o The frequency response

MOSFET v.s. BJT

More examples of useful modules

o Current sources
o The MOS differential pair

11/8/20

What is MOS differential pair
Operation w/ common-mode input
Operation w/ differential-mode input
Large-signal operation

Small-signal operation

Milin Zhang, Dept of EE, Tsinghua University
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" | Small-Signal Operation

Yaa Yaa Ve is a DCinput
Vid . .
—= is a very small AC signal
ip ¥ Vi, 2 Y 8
Rp < 5, R, = Step 1: perform DC analysis
Vo1 O ——o0 v,z
Ipy = 1Ip, = E
Vem + vzﬂ II; (_—Il Vem — vzﬂ
Ql Vg QZ
—Vss
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" | Small-Signal Operation

< Rp
——o0 v,z
(__||—o _Via
2
Q2

11/8/20

Ve is a DCinput

Vi . .
?d is a very small AC signal

= Step 1: perform DC analysis

Ip =1, =
p1 = Ip2 =5
= Step 2: perform AC analysis

o Step 2.1: turn off DC sources
o Step 2.2: Calculate small-signal
model parameters, g,
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" | Small-Signal Operation

Vey is a

Vid

Ipy = 1Ip, =

DC input

is a very small AC signal

Step 1: perform DC analysis

2

= Step 2: perform AC analysis

Step 2.1: turn off DC sources

Step 2.2: Calculate small-signal
model parameters, g,

Step 2.3: replace the transistor with
the small-signal model

Step 2.4: Analyze the resulting

<
[
v 2 2 Ry
i l
%‘1 Vy, O— F—o0 Vo >
o— —0
+ ImVys ImVys +
Wi < > D
e
_ m)
a
a
a
circuit
11/8/20 Milin Zhang, Dept of EE, Tsinghua University
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" | Small-Signal Operation

Yid
ipy ¥ Yip,
< <
Rp 2 2 Rp -
Vid Via
7 Vo1 O 0 v, 7
o— —0 Ip1 =
+ ImVys ImVys +
vgs < >

Vo1

Vo2

D v

11/8/20 Milin Zhang, Dept of EE, Tsinghua University

Ve is a DCinput
is a very small AC signal

Step 1: perform DC analysis

In, =
D22

= Step 2: perform AC analysis

Vid
_gmi(RDHro)

Vid
gm i(RD”T‘O)
= Vo2 — Vo1 = —ImVia (RplI7,)
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" | Summary: Differential Pair

Vdd Vdd
ips ¥ i,
Rp 3 2 Ry
O S— —o v.,
Vin1 o_'I E j I_o Vin2
7 I
—Vss

11/8/20

DEFINE COMMON MODE VOLTAGE

ViCM = E (vinl + vinz)
DEFINE DIFFERENTIAL MODE VOLTAGE
Vida = Vin1 — Vin2
The voltage gain
Voo — U
Aeul = —=—"==10
Vicm
— Vo1

Vo2
|Aq| = < = gmRp||7)

id
DEFINE COMMON MODE REJECTION RATIO
Ag

Acu

Ideally
>00

CMRR =
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" | Summary: Differential Pair

Ad Ideally
Why we need CMRR? CMRR = v ;00
cM
Ideal output Real case
CMRR = « CMRR #
Yaa
" AV W B
""""""" Vocm
VieM ..o . v
oCM n "
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" | Outline

® Introduction to MOSFET
= The characteristic curves

= Circuit analysis techniques with MOSFET

o DC analysis techniques
o AC analysis techniques

o The frequency response

" MIOSFET v.s. BJT

" More examples of useful modules

o Current sources
o The MOS differential pair
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" | Reading tasks & learning goals

= Reading tasks

u]

Microelectronic Circuits, 6™ edition
 Chapter5, 7.4.2-7.5,8.1-8.2.2,9.1-9.3

= |Learning goals

u]

u]

u]

11/8/20

Know the structure of a MOSFET and how it works

Well understand the characteristic of MOSFET

Well understand how to locate the bias point of a MOSFET in circuit
Well understand how to analyze a circuit with MOSFET

Well understand the similarity and difference between BJT and
MOSFET

Well understand the MOSFET amplification circuit configuration and
analysis

Know the fundamental analysis on current source and differential pairs
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