Lecture 21

OUTLINE

 Frequency Response
— Review of basic concepts
— high-frequency MOSFET model
— CS stage
— CG stage
— Source follower
— Cascode stage

e Reading: Chapter 11
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A, Roll-Off due to C;

* The impedance of C, decreases at high frequencies, so
that it shunts some of the output current to ground.

A=0| == Vpp Vs
20log | X

1 °”tm=—gm(RD|| - ]
I
— _ R,

I 1+ joR,C,

* In general, if nodej in the signal path has a small-
signal resistance of R; to ground and a capacitance C; to
ground, then it contrlbutes a pole at frequency (R; C) -1
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Pole Identification Example 1
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Pole Identification Example 2

- Vpp
= Rp
A=0 l oV
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Vino %G o ;
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o = — ; o=
rik.
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Dealing with a Floating Capacitance

e Recall that a pole is computed by finding the resistance
and capacitance between a node and (AC) GROUND.

* Itis not straightforward to compute the pole due to C;
in the circuit below, because neither of its terminals is

grounded.
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Miller’s Theorem

e If A, is the voltage gain from node 1 to 2, then a
floating impedance Z; can be converted to two

grounded impedances Z, and Z,:

Vi-V, Vi 7 -7 V,
ZF Zl 2
@
g ->
v,
L ;
V1_V2 V2

Z, Z, "V, v
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Miller Multiplication

 Applying Miller’s theorem, we can convert a floating
capacitance between the input and output nodes of
an amplifier into two grounded capacitances.

 The capacitance at the input node is larger than the
original floating capacitance.

7 _ . _ JaC. _ 1
- ROELIRECE Y
ViHD_L Ay Vout - Vin out
1
ya)C . CF““‘H; gCF“_A_v)

11/% 1-A,  je(l-A),
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Application of Miller’s Theorem

Voo
ﬂ« — O RD
Ck
Rg l il ° Vout
Vin'::= AM! I M1
1
D =

" Re (1"‘ 0.,Rp )CF
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MOSFET Intrinsic Capacitances

The MOSFET has intrinsic capacitances which affect its
performance at high frequencies:
1. gate oxide capacitance between the gate and channel,

2. overlap and fringing capacitances between the gate and the
source/drain regions, and

3. source-bulk & drain-bulk junction capacitances (C;z & Cpp).

p—-substrate
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High-Frequency MOSFET Model

 The gate oxide capacitance can be decomposed into a
capacitance between the gate and the source (C;) and

a capacitance between the gate and the drain (G,).
— Insaturation, C; = (2/3)XCyye, and ;= 0. ( Cy,o=C,, WL )
— C, in parallel with the source overlap/fringing capacitance = Cg

ate’ gate

— G, in parallel with the drain overlap/fringing capacitance = Cg,

C?In
¢ \/l\/ Ca o1 7"
. f\ /\ CGST V_Gs ImVGs %ro ICDB

=
5!

— CSB
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Example

...with MOSFET capacitances

CS stage explicitly shown
_Lcssz L
Vo Cas2
Cpbg2
M,
Vout
VOUt
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Simplified circuit for
high-frequency analysis

VOI.-IT

Cpe1* Cpe2+Cas2

m, L
I

I Csg1
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Transit Frequency

* The “transit” or “cut-off” frequency, f;, is a measure
of the intrinsic speed of a transistor, and is defined as
the frequency where the current gain falls to 1.

Conceptual set-up to measure fI

_gV l,, 1
IOUt gmvln I L :‘gmzin‘ = gm(cj :1
V ’Dut ac in Ja)r in

=2 =" aNp O
Zin :(()r :C—
—m, "

l'il’|(+) lj" = 2721: _ gm
L Cn 1 T C

= - GS
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Small-Signal Model for CS Stage

RThev X | l Y
Wy l ri * * ° Vout
+

VThevC_ Cin I Vx ImVx =c, ., =Rp
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... Applying Miller’s Theorem

RThev
Wy ri l ° Vout
+
V'TI‘IE'«.@r é I Vx ?va’x I I CY RD
VThev = Vin a)p = 1
RThev= Ra | RThev (Cin T (1+ ngD )CGD)
1
Cx=Cgp (1+9mRp) ONE
1 1
Cy=Cgqgp (1+ ) R|C, +|1+—— |C
ngD out ngD GD
Note that @, o, > @y,
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Direct Analysis of CS Stage

e Direct analysis yields slightly different pole locations
and an extra zero:

—
CXY
o 1
" (1+g mRD )CXY RThev T RThevCin T RD (CXY T Cout)
o . = (1+g mRD )CXY RThev + RThevCin + RD (CXY + Cout)
’* RThev RD (CinCXY T CoutCXY + CinCout )
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/0O Impedances of CS Stage

A=0

L. =~ — [ = R
Ja)[CGS+(1+ngD)CGD] IR
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CG Stage: Pole Frequencies

CG stage with MOSFET capacitances shown

;RVDD Dpx = 11
[ _ O out m
CIEI)B Y_ Cﬁn Cx =Cas +Csg
L
= M, :_Il—o—o Vy, .
Rs x| = Ces ®. ., =—
VinC M & p1Y RDCY
- Csgp
= CY = CGD + CDB
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AC Analysis of Source Follower

— V|
l:O CGD D
—
Rs X
Vino—'m,—o—ll: M,
Ces= Yy
@ I
11
1+(ja))%

EE105 Spring 2008

e The transfer function of a
source follower can be
obtained by direct AC
analysis, similarly as for
the emitter follower

R
a= g—S(CGDCGs +CgpCes +CesCss)

b= RyCqp + 0+ Cs8

I
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Example

e VDD
_Clem C
Rs [1 1 1+(jo) =
Vinc—\W—e II: M, Vout _ O
Cesi =y Vo a(jo) +b(jw)+1
A‘T Vout
Cep2 I Cpg2* Csp1
Vbo—il =
M,
T R
o g_[C(301C631 +(Cop1 + Cgs1)(Cspy + Copy + CDBz)]
m1l
b: R C +CGD1+CSBl +CGD2+CDBZ
S~™GD1

gml
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Source Follower: Input Capacitance

. . R
e Recall that the voltage gain of a source followeris A, = 1 >
—+Rq
Follower stage with MOSFET capacitances shown U
1-0 —_ Vpp e (,, can be decomposed into
— Cep C, and C, at the input and
X | output nodes, respectively:
© - m, C
= C, =(1- = G5
Cxy=Cas T Y. X ( A\/)CGS 149, R
Rs= = Cgp Ces
T T Cin =Cop +
= - 1+9_R
gm S
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Example

Vino_"-: M

A#0 ._-I
Vb.EIZI:_ ; CL

1
1+ gml(rOl | roz)
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Source Follower: Output Impedance

4=0 — Vpp e The output impedance of
a source follower can be
Vino _T_ II.: M obtained by direct AC
CGS analysis of small-signal
&—O model, similarly as for the
"‘ emitter follower
Zout

Vy  JoR;Cys +1
iX ijGS +gm
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Source Follower as Active Inductor

5 JoR;Cpse +1
out -
Ja)CGS + gm
CASE 1: R < 1/gm CASE 2: R > 1/gm
|Zout| A |Zout|‘
1 =
Im .
R 1
G
7 o

 Afollower is typically used to lower the driving impedance,
i.e. Rg is large compared to 1/g,, so that the “active inductor”
characteristic on the right is usually observed.
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I
Vb._l M DD
? I wm _ roqllroz
3 13 =0 T A I:M.?,
Vino_ll: M, +— Vout - o

7 _ ja)(r01 1o )CGS3 +1
out :
JOCqs5 + Ops
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MOS Cascode Stage

* For a cascode stage, Miller multiplication is smaller
than in the CS stage.

PD)
Voe—[o m,

Re Y

Vinc m XII: M1
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Cascode Stage: Pole Frequencies

Z . O Cascode stage with MOSFET capacitances shown
(Miller approximation applied)
" .
RD = a)p,out — R (C C )
p\“pe2 T Lapo2
I_:T l ° Vout
Vos—lfs M, I Cep2* Cpg2
RG X -

Y
Vin M, Im2
Icesz”cem (1+ g )+ Cpg1* Csp2
gl‘l"l‘[ m1

1+ -

sz}I )

= 1

Ces1+Caqp (

a)p,Y = 1 ]
|:CDBl+CGSZ+(1+ mz]CGD1+CSBZ:|
2

1 gm gml

RG |:C681 + (1+ gml ]CGD1:|
ng
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Cascode Stage: I/0O Impedances

° Vout
Cep2* Cpg2

9m2
Cgs2t Cgpq (1% ) )+ Cpp1*Csp2

m

1 1

fn ™ Zan = Ro |15 (Ceor +Coss)
Jo\Lgp, +Cpp,

J a)|:CGSl + (1"' gmljcem}
m?2
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