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m Transistor Amplifier 1
> MOSFET Review
> Basic Principles

> Small-Signal Operation and Models

B Reading: SEDTRA/SMITH book pages 367-393
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Review: Triode Region (v < voy )

B As vy increases, the potential in the channel is no longer a constant.

m Assume the channel potential is v(x):

Voliage

L Ay
o T ]
- Tagdb =
ﬂs 1 4o
n-channel
p-type substrat

T Channel

s | D
W 1 _ W 1, ! !
ip = knT(VDV —g”ns) Ups= Kkn7 [(Vas —Vovps =, vbs ®
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Review: Pinch-Off (vys=v,)

B The channel potential at the drain side is vps.

e B When vps=v,y, the local charge density at the drain
becomes zero.

1 [, m So the channel is pinched off near the Drain.
b _ - Jf ® Once the channel is pinched off, the drain current
IR A T remains constant:

1 W,
ip = 5 kn - Vov

Chamel

m This region, vps>vyy , is called Saturation

Vpssat = Vov = Vgs — Ve

1w
ip = Ek':lf(vﬁs_ V)2
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Review: |-V Curves of NMOS

| , w 1 5
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Triode. N ’( Vos = Vor _
~<— . i Saturation region
s region i
AT oval=======~> e = Vo
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Fig. iy - vps characteristic for an enhancement-type NMOS transistor. T
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Review: Finite r, due to Channel length Modulation

BWhen vps = vop Source [ Channe N
> Pinch-off happens i
L O il
i L-AL 1AL :e
| b
mWhen vpg > vgy ' L I
> Pinch-off point shifts to the source y )
1 w Fig. Increasing v beyond vy, causes the channel pinch-off point o
ip = 5 kn - (Wes — Ven)?(1 + Avps) o slgaty avey o i i, s esin, the e
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Review: Output Resistance of MOSFET

mOutput resistance of NMOS:

-1 e

di 1w i
- =[zik;7(m—vm>z =

dvps

=

-1
Las constant

Fig. Effect of vp,g on iy in the saturation region.
Due to CLM, the output
resistance of MOSFET is not
infinite, but still a large value at
least for long-channel device.
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DC operating point:

Analyze the circuit to determine the voltages at all nodes and the currents through
all branches. Let V;, =1V and &, (W/L) = 1 mA/V2. 1=0.

Vop=+10 V Solution: gLt

\Lt)i}\\ I\L

6 kQ
10-6 Ip

Rg1 = 10 MQ Rp=6kQ 10 MQ

Rz = 10 MQ Rs=6kQ 10 MQ 6 kQ
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Vop=+10V
Ve = Vpp =02 10 x —2 +5V
¢=Vppp 1o — T
Rer = 10 MQ Rp=6kQ 10 MQ Rez + Res 10410
o Assume saturation
5V
Vgs=5— 6l
- 1., w 1
Eagioma Ty Ip = Fkn T (os = Ven)?= 3 X 1 X (5 = 6lp = 1)?
= 1813 — 251, +8 =0
(a) (b)

Ip = 0.5mA

Ip = 0.89mA Abandon
Vs=05Xx6= +3V
Ves=5-3=2V
Vp=10—-6x05= +7V

Assumption validated!
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Transistor Operating Mode in Amplifiers
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Voltage Transfer Curves

W Transistors are transconductance
amplifiers
» MOSFET: v controls /7y

Vop Cut-

vos Muraioh e Triode —>!

off | of

Voo

m Adding load resistors converts current
to voltage — voltage amplifiers

> Drain voltage free to change in saturation
mode

0 ¥ Vods Voo Ve

vps = Vpp —ipRp

Fig. An NMOS amplifier and (b) its VIC
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i
vp < i l
|72
Channel pinched
off at drain
——— Vps Z Vor

I

ves = Vintvor |
|
=4

1
Fig. NMOS in the saturation region

g wsSvor |
Triode__y | VoS = Vo

~ —>%— Satration region ——>

N region .
P27 ) B vas = Vit Vors

vos = VatVor

vos = VatVor

vas = VatVon

0 VonVor Vors Vou ves< Vo Cutofl)

B Transistors are biased in flat part of the |-V
curves

> Saturation mode for MOSFET
B Channel pinched off at drain

> Drain voltage can vary without changing
current

s 1
ip = Ekn(vas —Ven)?
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Biasing the amplifier
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Vps = Vpp — ipRp

1
Vps = Vpp — EknRD(VGS —Ven)?

vgs(t) = Vgs + 1g5(t)

vas

; = |

Fig. MOSFET amplifier with a small time-varying signal v,,(t)

superimposed on the de bias voltage Vs.

Voo Vs dvpg

v6s=Ves
_knRD(VGS iy Vm)
= —knRpVoy
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Consider the amplifier circuit shown below. The transistor is specified to have V, =
0.4V, k," =0.4 mA/V2, W/L=10, »=0. Also, let Vpp=1.8V, Ry=17.5kQ, and Vs=0.6V.

(a) For vge=0 (hence v,=0), find Vo, Ip, Vps, and A,

Vop

(@) Vgs=0.6V,Voy = 0.6 — 0.4 = 0.2V.
o= 2 Kn V3,
ST
= % X 0.4 X 10 X 0.22 =0.08 mA
+ Vbs=Vpp — Rplp

vGs =18-175%x0.08=04V
ac—
= = Ay= —knRpVoy
=—0.4x10x0.2X 175 = —14V/V

—P=A
WNRFSATERATUE
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Maximum Input Signal Amplitude pEner
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G m To keep the MOSFET in saturation
o .
g __§ R A region:
VGS-__Z:<_/7_\_]3_‘_G:__ A 9
|
| Vpsmin 2 Vesmax = Vin
ViF—-—— b . — -
|
|
!
0

ds

Fig. Signal waveforms at gate and drain for the amplifier
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Continued
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(b) Find the maximum allowable amplitude of a sinusoidal Vs

Ves
1.8V/22 e~ VosmaTos"
175 [T TS T 3
; | (b) Since Voy = 0.2V and Vps = 0.4V
’/VL Rp e
I
: : Vpsmin = Vgsmax — Ve
5 .
0.4v 0 t 0.4 — |Ay|Dgs = 0.6 + Dys — 0.4
0.6V 0.2
T e - Ugs < e 13.3mV
S=ASL
RNRFSHAZRATHER 14/20
3 3 . 3 < s L,
Graphical Analysis with Load Line panhk
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n Load line:

Triode—><— Saturation
I

i

vas = Vop

| Load-line
| slope =~ /R

vas = Vas

Il
il
T
I
|
T
I
Il

T e
I \
| A

OV usle Vosly=Vasly Ve Vbs

Fig. Graphical construction to determine the voltage-transfer

characteristic of the amplifier

Voo vos
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Consideration for Bias Point

Voy

too close to Vpp,
imiting positive

too close to triode 3
swing

region, limiting
negative swing.

vos= Vas

Voltage Gain

P kR RS
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An almost-linear

vps = Vpp — Rpip
=Vpp — Rp(p + ia)

segment

4 =Vbp = Rplp — Rpig

Fig. Small signal operation of the MOSFET amplifier

Fig. Total instantaneous voltage vgs and v

Vgs = —igRp = _gmvgsRD
Vds
Ay = = —gmRp
Vgs
q
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o _Vop 1
ip=——
D RD RD DS
ves 0 Voo Vos
Fig. Two load lines and corresponding bias points.
|
|
I
17120
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MOSFET Small Signal Model

Vop
G
"’l Rp
Vps
IR <

m |n small signal AC analysis, DC voltage source = short circuit

Va
Ay = v_s = —gm(RplIro)
gs

ShanghaiTech University

G D

8EmVes

i

B The equivalent circuit is valid for both NMOS and PMOS
m In PMOS, use absolute sign for all parameters: |Vgs|, V|, [Vovl. [Val. and replace k, with ki,

—P=A
WNRFSATERATUE
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Output Resistance and Transconductance
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Output resistance at drain:

M
0 T ID
Transconductance:

. . 1 2
ip=Ip+ig= Ekn(VGS + Vgs — Vin)

1 1
= ;kn(VGs —Vin)? + ky Vs — Vin)vgs + ;anﬁs

ig = kn Vgs — Vm)Vgs

Or
_ dip
m = dves v6s=Vgs
i
Gm =35 = knWVes = Vin) = kn Vov
g

Vov =2Ip/kn = 215/ (ki W/L)
Im =2k W/L [T,

Or
Im = knVov = kn(W/L)Voy
Oor

2Ip 2Ip Ip
Ui 5 v

" Ves—Ven Vov  Vov/2
Three design parameters: W/L, Vo, and Ip.
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