Chapter 4

ingle-stage MOS amplifiers
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Single-stage MOS amplifiers

. NMOS as an amplifier: example of common-source circuit
—  NMOS amplifier example
— Introduction to biasing and small-signal operation

. Biasing in MOS amplifier circuits
—  Fixing VGS
—  Fixing VG and adding a source resistance
— Using RDG
— Using a constant-current source

. Small-signal operation and models
— Introduction to small-signal operation: common-source circuit
—  Small-signal models for NMOS transistors

. Other common single-stage MOS amplifiers
—  Common-source circuit
—  Common-source with source resistance
—  Common-drain circuit
—  Common-gate circuit

. Frequency response of MOSFET
—  HF response of NMOS transistor
—  HF response of common-source amplifier
—  LF response of common-source amplifier
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NMOS amplifier example

Common-source amplifier

e common = grounded

* iy can be defined in two ways
— Kirchhoff’s voltage law in Vyy-Ry-v, loop: V, =V, — Ryl

— Output of transistor:

VDD
A ( , 1,
ip = kn I (vgs — Vr)v, — Ev"] if vps < vgs — V7
.
1
g Rp ip = > k., 7 (vgs — Vp)? otherwise
! 4 \
o—0 i 3
Ilo—ll:Ql
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Small-sighal operation

Common-source amplifier

V. is the constant voltage used to bias the transistor
* V, isthe ACsignal to be amplified

Vob Vs =Vas + Vs
A
i , 2
P
in Y $ ko 1, W , 1%, W
: :HD:Ek”T(VGS V) +k! L( ss — Vi) Vye +2’k . Vi,
e——O i .
. =[: Vgs <<VGS
z{g.\.c_*_') =i, =y +i, with i, =k] L(VGS —V, ) Vg
VoL - L
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Small-sighal operation

Common-source amplifier

| W
V_ = kn T(VGS _Vt)

d
gs

e MOSFET transconductance: g, =

—> Equal to slope of iD-vGS characteristic at bias point: g, = EY
ink GS

»
»

An almost . o
M Sm

linear segment (_/

Biasing: setting the
bias point Q

Small-signal operation:
signal variations around
the point Q
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Small-sighal operation

Common-source amplifier

 Output voltage: v, =V, —Ryl;
1 Vb

:VDD _RD(ID +|d)
:YDD - RDIDJ_RDid

Vp =Vyg ‘D ¢ § Rp

= V; =—Rply =—0,RpV, r

= A =

L Q

V

_d
Vi

=—0,Rp Uy C_r
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NMOS amplifier example

Common-source amplifier

in A Yes = Vop
Triode —>i<— Saturation
l
Voo
Vs = Vig
R Ugs = Vin
D
"/w
e, ek vgs < Vip
Up — Ups
U 0—I| | Q,
¥s Ing Ues = Vio
e _ : Load-line
| slope = = 1/Rp,
— | Ugs = ™
I
| A
: —
0 Voo Vos=Vig—V, Voo = Vu.s'Q Voo Ups = Vo

ELEC-H402/CH4: Single-stage MOS amplifiers




NMOS amplifier example

Common-source amplifier

w0 )

cutoff | saturation

Voo ¢

ip A Vgs = Vop

Triode ——>i<— Saturation
[

VOQ - V/)SQ

VOB

Q=< Q, in—><—Q, in

triode region

Q Ues = Vlo vV

| Load-line oe
: slope = —1/Rp

| Ugsg = **°
I \

| A

0 Voc Vog=Vis—V, Voo = Vbso Voo Ups = Yo

Y

Time
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NMOS amplifier example

Biasing and small scale signals

* Ifinput: small ACsignal V, (no DC component)
=> Add a DC component so that Vgs = Vo +V,
= if V| small, transfer characteristic +/- linear and V, =V, + AV,

0 A 4 gain of circuit
0,—>=<— 0, in—><—0, in

cutoff | saturation |  triode region

Vo §

Slope at Q = voltage gain

Biasing => setting the DC
signals such that the transistor

|
|
|
|
| o . .
Voo = v,,m———r , circuit operates in a linear
| { region for small AC input
L
|
VUH———]L Jr Note: choosing the bias point Q
i | appropriately allows for larger AC
VO(‘___L i input signals
Vi |
|

T
Viol ViB=VYost Vi Voo U
|
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Biasing MOS amplifier circuits

About notations...

* Real voltages and currents in the transistor are noted with
lowercase letters and uppercase indices

— E.8. Vge, ips Vps
 DC voltages and currents for biasing a transistor are usually
noted with uppercase letters and uppercase indices

— E.g. Vg, Iy, Vi, -
* Voltage and current variations (AC signals) are noted with
lowercase letters and lowercase indices

— Eg.v Vye

gs’ id'
* In the frequency analysis (LF and HF), AC signals are noted
with uppercase letters and lowercase indices

- E.g. Vgs' Id’ VdS
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Biasing MOS amplifier circuits

Biasing by fixing V

V. fixed (e.g. by voltage divider with power supply V)

V
v[)[) DD
A
R[)
R, § - R
: " Vgs =V —Vg =—22—V
GS G S DD
0 RGl + RGZ

V, *lIIZQI

T
III

= |, is fixed through transistor equation =1, = %,unCOX VTV(VGS -V,)’

m ELEC-H402/CH4: Single-stage MOS amplifiers 12



Biasing MOS amplifier circuits

Biasing by fixing V

1 W 2

ID — E /unCox T(VGS _Vt)
( can vary a lot between transistors,
even for devices supposedly of the

in A same size |

Device 2

For the same value of Vg,
|, varies a lot between
different transistors

Fixing Vs not a good way
to set I,/

II)I
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Biasing MOS amplifier circuits

Fixing V. and adding a source resistance

| in A Von

|
|
¢ Ip ;
Device 2 p
': Device | R R)

b Ve [ . P
= . 9

Ve Rs ‘: jm e Slope = —1/Ry et—3

! DI \'II\ \l/li)
- |‘ | .
— —J " 0 Ves: Vs Ve Vs ij jRS
3
(a) — (b)
V. -V
— ID —_G GS (c)
R

* If R is chosen large enough, I, becomes much more stable
w.r.t. manufacturing tolerance

* V. again set with voltage divider
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Biasing MOS amplifier circuits

Fixing V- and adding a source resistance

—> Adding a source resistance makes the transistor
biasing much more stable against transistor
manufacturing tolerance

—> |, does not change so much between transistors

vl )

/n
0 ! —> Key idea: set I (and let V4 vary depending on
transistor)

R(i2 RS
j j —> Choosing large values for R;; and R, ensures
that the circuit has large input impedance
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Biasing MOS amplifier circuits
Using a drain-to-gate feedback resistor

Device 2 )
¢ 1D Device 1
’Tl’

S e Slope =-1/R,

— S V.o Ur
0 V(,.sz GS1 VDD GS

e Similar to previous biasing scheme
* R chosen large (usually MQ range) to force I;=0
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Biasing MOS amplifier circuits
Using a constant-current source

* Set |, with a constant-current source
= Vs = 0 in this circuit
= Vs is such that Vs matches I

V[)D
A
I fixed
Sk Vas = Ve +/21p/(nW/L)
In =1
* | Saturation region iif Vg = Vs — V}

l:Q iif Vp = =V,
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Biasing MOS amplifier circuits

... making a current source with 2 NMOS transistors

Current mirror * Drain Q1 connected to gate Q1:
v VD,Ql :VG,Ql
Do
A = Vis.o1 > Ves.or — Vi
—> saturation region
|
R§ | REF fixed by R, Vjp, Vs and NMOS:
/m I \L 0 : | VDD +VSS +VGS ,Q1 o1 4
— 4’/ REF — R X
/m n2 ]
] e =2k v
ed-—Re 1T 2 'Q
\~ * Vs =Vesz g =22 +V5;+VGS‘Q1
, 2
I =1, k LQ2 —2 (Vgs 02— Vi)
— Vs /
- ID2 IREF LQZ
W Ly,
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Small-sighal operation

Example of the common-source circuit

V. is the constant voltage used to bias the transistor
* V, isthe ACsignal to be amplified

Vob Vs =Vas + Vs
A
i , 2
P
in Y $ ko 1, W , 1%, W
: :HD:Ek”T(VGS V) +k! L( ss — Vi) Vye +2’k . Vi,
o—O
. =[: Vgs <<VGS
z{g.\.c_*_') =i, =y +i, with i, =k] L(VGS —V, ) Vg
VoL - L
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Small-sighal operation

Example of the common-source circuit

* MOSFET transconductance: g :i:k'V_V(V -V,)
m n GS t
Vi L
M . . . . aiD
—> Equal to slope of iD-vGS characteristic at bias point: g, =
) 6VGS Ves =Vos

An almost
linear segment

Biasing: setting the
] P . ; bias point Q

Small-signal operation:
signal variations around
the point Q
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Small-sighal operation

 Output voltage: v, =V, —Ryl;
:VDD_RD(ID+id) e
:YDD _YRDIDJ_RDid

Vp =Vyg ‘D ¢ § Rp

:>Vd :_RDid :_ngDVgs
v [,
_ d _ R
— A\/ - gm D v .<+
Vgs . = S
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Small signal equivalent-circuit models

For small- sighal operation, MOSFET transistor...

... behaves like a voltage-controlled current source
— Input voltage v,, between gate and source
= Input resistance is very high (+/- infinite)
— Ouptut current g v, at drain terminal
—> when analyzing (small) AC signal component, NMOS can be
replaced with small-signal equivalent

[

oD

8mVgs
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NMOS small-signal model
... taking into account output resistance

in A

... due to channel pinching

—> Variations in vy result in
different i

= Imperfect current source

G oO—0 ® O D
ar VA ,
o § o |6=1 g =K (W /L)(Vgs =V, )
B D
o ¥
S g,, and r, depend on biasing point !!!
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NMOS small-signal model

g., can be expressed several ways

gmzvi—k’ L (VGS Vt)

:—k' L(VGS V) = (VGS—vt)=\/2V_V_

W
:>gm= 2knTID

1,, W W 2|
I, ==k V.. -V k' D
D 2 L(GS t) — nL (VGS_Vt)2
2|
> 0p=—
VGS_Vt
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Small-signal models

Converting a circuit to its small-signal equivalent

* DC voltage sources => | Ven =

short-circuits

: - !
DC current sources => @1 —

open-circuits

e Capacitors => short- = 1 )

circuits

G o—o0 oD
* Transistors => _ll_—/7 ‘ %>g 3%

equivalent mode

(@]
oO——=
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Small-signal models
T equivalent-circuit model for NMOS transistor

i, =0 8mUgs
e X
Go —0 ° <<—>—o D
-
+ i
< Y 8mUgs
o o ‘o)
Ly
S
(d) (c)
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Small-signal models

T model with output resistance

Ig:O = I, =00

On = kr’l (W / L)(VGS _Vt)
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Amplifiers

Definitions and general characteristics

. . . V
* Open-circuit voltage gain: A, :V_O

* \oltage gain: AV:V—O
V.

* Input resistance: Rizi

: Vv
* Output resistance: R, =—=*
X v, =0

sig =
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Common-source amplifier
Biased with constant-current source

* Bypass capacitor C, for connecting source to ground (in AC)

* Coupling capacitors C, and C, in order not to disturb the DC
bias voltage

V[ oD

A

3 %o
C

g o7

ng
R .
r v ] =
——
10,
Y
—V.S'S
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Common-source amplifier

Replace circuit with small-signal equivalent

|
!

olw

Usip o R G vg.s Fo § R D § R L
= 8mVss

— — o —y —3
I\)‘ll is /\)»'nl

Vgs :Vi — V0|R|_:oo :_(ro ” RD)gmvi — A\/o :_(ro ” RD)gm

= A :_(ro | R, | RL)gm
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Common-source amplifier

Replace circuit with small-signal equivalent

|
!

olw

— —— e — —
R. -{s Rou

RI:% — Ri:RG
R =x = R, =(r,[|Ry)
IX Vsig =0
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Common-source amplifier

Summary
= A\/o :_(ro ” RD)gm
= A =-(LIIRIR)g,
= R =R, Rp large or small ??

— R0 :(ro ” RD)

Moderately high voltage gain
High input resistance
Relatively high output resistance
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CS amplifier with source resistance
R. at source terminal, biased with current source

vl)l)
A
§R,,
C("Z
It l| o — o
| | 2=l
)
0 ¢ /% >/ §R,_
—_— 1
— | !
Vguh ld v /== & R -
o R, b Yul 7, + RS R s = R,
/ =3
s
—— 0V
0y — .
(V) =
"Vss
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CS amplifier with source resistance

| I ) \
= 1= g Ry |
D O o7,
~—
i R R,
R, i
MN L4 O y. — —

R
B |
§ RG T8 Em

Ri:' . R(,

il I‘.”

>
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CS amplifier with source resistance

Use T model for small-signal equivalent

L, =1=1 ‘ % w /\);.:
Rp R, Vgs — 1/ gm Vi
1/9,, +Rs
—=i=g,V, = V.
L Intes =7 g, +Rq
"T + Ry — A/ — ngD
= ’ 1+ ngS

— A/:_gm(RD”RL)
1+ ngS

= R =R,

Ro :\./_X - Ro — RD
IX Vsig =0
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CS amplifier with source resistance

Compared to CS amplifier
* Decreases gain by factor 1+9g_ R

* But remember ... adding a resistance at the source makes the
biasing much more stable w.r.t. transistor variations

* Input and output resistance identical to CS amplifier
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Common-gate amplifier

Input signal applied to source terminal

Voo
A
$h
2
— || ° e}
|
,?’..- =22 R,

ol
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CG amplifier

Small-signal equivalent (neglecting r_)

DA |
O - o7
: Rp Ry Vgs ==V,
G = = =1=-0,V
{
= §tl b =V, =(Ro IR ) g,V
a1 = Ao =0nRs
= A\/:gm(RD “ RL)
U +
sig C_) — Ri :1/ gm
| = R =R

||=
=
o
O
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Common-drain amplifier

... also called source-follower amplifier

* Drainis not connected to ground, but to VDD
—> Small-signal equivalent is connected to ground

vl)l)
A
Ri- C('l
mrv—o—| EI .
P ” C(“_’
I o~
Re T M == &
s * I R,
= R =
AR
— Vs :
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CD amplifier

Small-signal equivalent

* Use either small-signal model for transistor (do not neglect r,)
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CD amplifier

CD circuit characteristics

* Open-circuit gain =7
* Gain =7

* |nput resistance =7

* Qutput resistance =?

 Why is it called source-follower amplifier? What is it used for?
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High-frequency models for MOSFET

Several internal capacitances

_r “* : Gate electrode __L
— UGs l
T = Induced

S o 0 G n-type @ D
Oxide (Si0O,) chan&el
g

C,. ~(2/3)WLC,,

’\.s ) —1/2
- il
g Cy Vg
______

p-type substrate

Depletion region

B

These parasitic capacitances will affect the high-frequency
response of the transistor (and transistor circuit) !
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High-frequency models for MOSFET

Small-signal HF model

Cgr/
Il
5 ® * D
o . | 0
Ves = Gy 8n Ve ! = Cy
S
* C,qsmall but plays significant role
* C,, often neglected to simplify analysis
Ca
; I
GO i * " oD
Ves == &m Vs :
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HF response of common-source amplifier

Replace NMOS with HF small-signal model

Rgq G Ci D
e SR [ e S
+ - < ’
V.\u: — RG Vs e ng gmvgs To :: RD RL ! 0
® ¢ @ ® L O

* Groupr,, Ryand R, and repl-ace source and R; with Thevenin

equivalent, and R, and Rg X
R.. = R..//R I,y Ce
sio x sio/f NG G B " |
M * II /_)_ L 2 O Vo
X' |
e
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HF response of common-source amplifier

HF analysis

X
=

L. Ced
—>

ge

I .
3 O Vo

|

- \L

* Consider |4 small w.rt. gV,

:>Vo ~ _ngl’_Vgs
* Igd — ja)ng (Vgs _Vo)
— jC()ng (Vgs + ngLVgs)
= ja)ng (1+ g.R/ )VgS
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HF response of common-source amplifier
HF analysis (cont’d)

X
———
| O
R
sip G
MN Vo= =g 8V
4 ‘\,,
F
I‘r, / 88

o :>Ceq :ng (1+ ngI’_)
o :>Cin :Cgs +Ceq :Cgs +ng (1+ ngIr_)
. 1/( jeC,,)
VS — . si
® 1(jaC,)+Ry ™

sig

1 R,
V ) ’
1+ Ja)Cm sig {RG T Rsig ) - 1/(C'” RS'Q)

!
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HF response of common-source amplifier

HF analysis (cont’d)

Y R, 1
[ J 0 —_— — R’ -
V. (RGJrRsig}(gm ) @

sig 1+ J .
Wy
* At high frequencies, gain tends to zero
« Cut-off frequency: f, =% ___ 1
2w 27C, Ry,
AT
Midband ><— High-frequency band
All capacitances can be neglected . ,
R " dustothe e
ORI | _'1,‘%8_ _____ of C,,and C,,
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LF response of common-source amplifier

each coupling capacitor creates a high-pass filter
* Effect of C,

R
Vg = G T VSig
Rs + Ry, +-
A
Rs 1
"R, +R, 1 Vi
G + sig§1_|_ :
: JwCCl(RG + RS,g)
V.\il_. @ ...............
High-pass with cut-off
frequency:
¢ 1
" 27C.,(Rs +Ry,)
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LF response of common-source amplifier

each coupling capacitor creates a high-pass filter
* Effect of C (use T-model)

-----------------------------

High-pass with cut-off
frequency:
1

f =
"¢ 272G, (1 g,)
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LF response of common-source amplifier

each coupling capacitor creates a high-pass filter

* Effect of C, (current divider)

_ Rp
= l, =—1, 1
;R R + - +R,
D C(“l Ja)CCZ
. ] Rp 1
{ "Rp+Rig, 1
l__, ijCZ(RD+RL)
Vi e
5; g
= High-pass with cut-off
frequency:
1

f j—
"¢ 272C, (Ry +R,)

ELEC-H402/CH4: Single-stage MOS amplifiers
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LF response of common-source amplifier

Total low-frequency response

VO — RLIO
o L m . . -
Vsi@l R, +R, Rs +RSig Jo+ws, )\ Jo+ @, )\ JO+ o,
}VX:“‘ (dB)A
~3dB
{ / -
20 dB/decade — \
1
: Usually, one cut-off
: frequency is higher than
| the two others
|
: 20 log |A,|
|
|
|
|
| .
ll/:‘f" Y .~
Jp2 f(Hz)
(log scale)
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Frequency response of common-source amplifier

Total LF and HF response

; Midband >r<— High-frequency band
band : * All capacitances can be neglected :

* Gain falls off | ( % | ) fjh“‘”[ iilll\ “:; L
due to the effect| w A 3 dB | l_'L,..( : o LA, v
BT off s ———{ —————— of C,, and C,,
and C~ | |

| |
| |
| 20 log |A,,| (dB) |
| |
| |
| |
| |
| (« Y | =
fL Tu [ (Hz)
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