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Review: Small-signal model
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Review: Small-signal model
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Review: MOS Device Capacitances, layout
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Common-Source Stage - with Load

» The common-source topology: receives the input at the gate and produces the
output at the drain

1 %4
Vour = Vop — Rp =11, Cox (Vm — Vrn)? (saturation)
l Vbp 2
R 1 W
= "D Vinl VTH = VDD — RD2'un 0x (le - VTH)
vout
Vi, o—|I£M1 1 (triode)
as 1 W
- Vour = Vbop — Rp Eruncoxf [Z(VM — Vra)Vour — Vozut]
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Common-Source Stage - with Load

» The common-source topology: receives the input at the gate and produces the
output at the drain

1 /%4
Vout = Vpp — Rp— ,ufn ox (Vm — VTH) (Saturation)
l Vbp 2
R 1 W
= "D Vinl VTH = VDD — RD2'un 0x (le - VTH)
vout
Vi, o—|I£M1 1 (triode)
L 1 W
- Vour = Vbop — Rp Eruncoxf [Z(VM — Vra)Vour — Vozut]
Vout << 2(‘/m _ VTH) Vbp
R,» Rp
Vour =V, —
t ob Ron + Rp Vout
_ Vbp Vinoﬁl Fron
— W L
1 4+ p,Cox ZRD(Vm — Vru) i
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Common-Source Stage - with Load

Vout > Vzn _ VTHI

Vbp
1 /%4
RD Vout — VDD — RDZ,U/n 0x (Vm — VTH)
Vout 0 Vour
Vin o—{[5 M1 A=y
14
- — _RD/J% ox (Vm - VTH)

- _ngD
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Common-Source Stage - with Load

Vout > Vzn _ VTHl

Vbp
1 W
RD Vout — VDD — RDZ,U/n 0x (Vm - VTH)
Vout oV,
Vin o—{|, M1 A= 3 Vin
W
- - _RD/J*ncoxf(Vin — VTH)
- _ngD
small-signal model: T
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Common-Source Stage - with Load

Vout > Vzn _ VTHl

Vbp
1 W
RD Vout — VDD — RDZ,U/n 0x (Vm - VTH)
Vout oV,
Vin o—{|, M1 A= 3 Vin
W
- - _RD/J*ncoxf(Vin — VTH)
- _ngD
small-signal model: T
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Example: I and g,, as a function of V,,?
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Example: I and g,, as a function of V,,?
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Example: I and g,, as a function of V,,?

Voo (triode)
Rp gm = unCox(W/L)Vps
Vout 1 w 2
Vour =V _R_ncox_zvin_v Vour =V,
Vin o—{l- M t DD Dz,u 7 [ ( TH) Vour Om]
A — d Vour . —UnCox(W/L)Rp Vour
= ’ dVin 1 + pnCox(W/L)YRp(Vin — Ve — Vour)
(poi'nt A)
(saturation)
I A gmy 8m = MnCox(W/L)(Vgs — Vrh)
Ronl < Rp
VDD |
Rp
- :
VTH Vin VTH Vin1 Vin
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CS stage including channel-length modulation

1 W
Vout — VDD - RDZI'Ln 0x (Vm - VTH) (1 + )"Vout)
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CS stage including channel-length modulation

1 W
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Example: Voltage gain?

Ay = —gmbRD

Ay = —gmro
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CS Stage - with Load

= |t is difficult to fabricate resistors with controlled values or a reasonable physical size
» use transistors with gain and drain shorted

Diode—Connected Device

o o

[ i v OFLY ro o)

o (@) ! @

Vx/Ix = (1/gm)liro =~ 1/8m

— ¢
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CS Stage - with Load

It is difficult to fabricate resistors with controlled values or a reasonable physical size
» use transistors with gain and drain shorted

Diode—Connected Device
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O
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CS Stage - with Load

Vbp 1
Av = _gmlg n g
m2 mb?2
_|th Sl 1
*—C Vout - _gm2 1+ n
Vi M
in o_":_|_ 1 NI Ca WDl 1
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CS Stage - with Load

Vbp A, = —gm j
—||_: M gmlgmzl s
—oVour  gm 147
"‘"°_":l’"‘ V2 Ca WDy 1
! S T /20nCor W/ D)ol 1 + 1

__[W/L) 1
(W/L), 1+n

v' The input-output characteristic is relatively linear

1 W 1 W
~ ncox - Vin = V- == nCox - V —Vour =V 2
K (L)l( TH1) S H (L>2( DD t — Vru)
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CS Stage - with Load

|;|_ Voo (assuming no r,)
— 5 M2
41_0 A = Mn (W/L)l
Vout v
M p (W/L)Z

Vin o— |:_|_M1
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CS Stage - with Load

|‘:‘|_ Voo (assuming no r,)
—= M2
41_0 A = :u/n(W/L)l
Vout v
M p (W/L)Z

Vin °—||:-|-M1

» A high gain requires a “strong” input device and a “weak” load device
» disproportionately wide or long transistors >> large input or load cap
= another limitation: reduction in allowable voltage swings

V. —V
VG s2 TH2| _ A

A 4

14 2 14 2
n \ T (Vgs1 — Vru1)" = up T (VGs2 — Vru2)
1 2 Ves1t — Vrui
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CS Stage - with Load

V
bb * Including channel-length modulation:
_||_: M,
——o Vout 1
Ay = —8&mi lro1llroz
Vin °—|I_: M Em?2
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CS Stage with Load

» To achieve a large voltage gain in a single stage, A.= -g~R» suggests that we
should increase the load impedance of the CS stage

= With a resistor or diode-connected load, increasing the load resistance translates
to a large dc drop across the load, limiting the output voltage swing

= A more practical approach is to replace the load with a device that does not obey
Ohm'’s law, such as a current source
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CS Stage with Load

Vpp — o—Jo —]
Vb e—{[T M, V2 Im2V2 = ro2 =ro2

vino—||;lM1 Vin |5 My Vino—[; M;

E:> |||—+ o °Vout E:> —oV

Ay, = —gmi(ro1llro2)

The output impedance and minimum required |Vos| of M: less strongly coupled
than the value and voltage drop of a resistor

\Vbs2.min|l = |Ves2 — Vraal

If ro, is not sufficiently high, the length and width of M, can be increased while
maintaining the same overdrive voltage
= penalty: the larger capacitance introduced by M, at the output node
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CS Stage with Load

» Replace the constant current source with an amplifying device
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CS Stage with Load

» Replace the constant current source with an amplifying device

2 Im2V2 =g
Vout ° Vout oVout
5’ Im1V1 roq é 1§>(gm1 + Im2)Vin ro1 ||l'02

Ay = —(gm1 + 8m2)(7”01||”02)‘
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CS Stage with Load

» Replace the constant current source with an amplifying device

2 Im2V2 =g
Vout ° Vout oVout
5’ Im1V1 roq é 1§>(gm1 + Im2)Vin ro1 ||I'02

= —(8m1 + &m2)(ro1| |”02)‘

» a “complementary CS stage”

x the bias current of the two transistors is a strong function of PVT
Vis1 + |Ves2|l = Vpp

x it amplifies supply voltage variations (“supply noise”)
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CS Stage with Load

= A MOS device operating in the deep triode region behaves as a resistor

— Vbp IVDD
M
—II: 2 > Ron2
V)
be Q—ovout |:> —O Vout
Vin 0—"_: M, Vin °—| M, R 1
n2 —
1 ° wpCox(W/L)2(Vpbp — Vi — |Vrupl)

MS EE 320 28



CS Stage with Load

= A MOS device operating in the deep triode region behaves as a resistor

— Vbp 1 Vbp
M
—": 2 > Ron2
V)
be Q—oVout |:> —oO Vout
Vin 0—": M, Vin °—| M, R 1
n2 —
1 ° wpCox(W/L)2(Vpbp — Vi — |Vrupl)

x Dependence of Ronz on u,Ce, Vs, and Ve
X Co and Vme vary with process and temperature
X generating a precise V., requires additional complexity
v Triode loads consume less voltage headroom than diode-connected

29
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CS Stage with Source Degeneration

» The nonlinear dependence of the drain current upon overdrive: nonlinearity

= Placing a “degeneration” resistor in series with the source terminal makes the
input device more linear (i.e., make the gain a weaker function of g,,)

Vbp
;RD

Vin0—||:¢lb

I

Q
3
|

=03Ip/dVin gm
Vs = Vin — IDRs L+ gmRs
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CS Stage with Source Degeneration

» The nonlinear dependence of the drain current upon overdrive: nonlinearity

= Placing a “degeneration” resistor in series with the source terminal makes the
input device more linear (i.e., make the gain a weaker function of g,,)

Vbp /
D
;RD T ‘_Ill
+
M, ——o Vyut Vin ( ;_ \f1 ImV1
Vin 0—“_: ¢ Ip =
Rs

I

A, =—-G,R
G, =93Ip/dV;, G _ _ &n . RD
- m — > —&mI\D
VGS = Vin — IDRS I+ ngS - 1—|—ng5
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CS Stage with Source Degeneration

= Ro Gn =
M1‘—° out
V; /
|n°—||_:¢D sz_GmRD
%RS _ _ngD
= 1+ngS

» As Rsincreases, G» becomes a weaker function of g» and hence the drain current

» For Rs>» 1/g-, we have G.»= 1/Rs, i.e., b= Vi./Rs: most of the change in Vi.appears
across Rs and the drain current is a “linearized” function of the input voltage

» The linearization is obtained at the cost of lower gain
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G,, in the presence of g, and r,
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G,, in the presence of g, and r,

Vbp I
out
Rp , I"
Vin Vi ImV1 =g ImbVbs
M, $— Vout -

Vin o—||_:¢lo Re

IoutRS

Iout — 8mV1 — gmeX —

Fo
IoutRS
— gm(Vm - IoutRS) + gmb(_loutRS) - -
(0]
Gm _ Iout
Vin

Emro
Rs +[1+ (gm + 8mp)Rslro
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Gain by Inspection

T Vbp
ERD _ _ngD : Av _ 1 Rp
M1‘—°Vout ’ 1+ngS S RS
VinO—III"p Em

I

= -.|—||;'

3

Rs

Im
Rs + gi J Resistance seen in the source path
m
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Example: Calculate the small-signal gain
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Example: Calculate the small-signal gain
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