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- Thevenin Equivalent
Network| = NG

——o

* Principle

— Any linear two-terminal network consisting of current or voltage
sources and impedances can be replaced by an equivalent circuit
containing a single voltage source in series with a single impedance.

« Application

— To find the Thevenin equivalent voltage at a pair of terminals, the load
is first removed leaving an open circuit. The open circuit voltage across
this terminal pair is the Thevenin equivalent voltage.

— The equivalent resistance is found by replacing each independent
voltage source with a short circuit (zeroing the voltage source),
replacing each independent current source with an open circuit
(zeroing the current source) and calculating the resistance between
the terminals of interest. Dependent sources are not replaced and can
have an effect on the value of the equivalent resistance.
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Low-Pass Circuit

In frequency domain: V =

I/o: I/l :AVZZ: 1
1+ joRC V. 1+ joRC

P R
"1+ joRC 1+ jf/f,
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Low-Pass Circuit

1 1 7 = RC = time constant

B 27RC - 2T

At very high frequencies,
STC goes as

G= —2010g\/1+ (w/w,)

G ~-20log(w/ w,))=-20X

20 log|A,| (dB)
3

R e

570 it A where X =log(w/w,)
.30 ! >
01 10

f/f, (log scale)

At high frequencies, slope of curve is —20 dB

if X=1(w=10w,)),decreaseis—20dB = —-20dB/decade
et ILLINOIS
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High-Pass Circuit

ﬁ A
| I +C R I. -
: S i
v (D R A g i
- E | .
0.1 1 19 4_(log scale)
- VZ-RI _ Vil A U
R+—— 1+—— SV ] L= jf, 1 f
joC  joRC ! 22 IRC
"'"'ILI.INOIS

Biecticaland Computer Engn ECE 342 - Jose Schutt-Aine 5

University of Illinois at Urba (.h pg



Octave & Decade

20 log|A,| (dB)

frequency (log scale)

LO

Overall gain A(f) is

g M e ]
S+ S, 10

A(f) =
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PN Junction

+ + : - -
Loy [0 e
o] holes o'@| electrons 1
+, + ' - -
Pyee  |0,@| ntype
A depletion
region
o
5 ‘
© barrier
e voltage V,
' >

X
« When a p material is connected to an n-type material, a junction is formed

— Holes from p-type diffuse to n-type region

— Electrons from n-type diffuse to p-type region

— Through these diffusion processes, recombination takes place
— Some holes disappear from p-type

— Some electrons disappear from n-type

A depletion region consisting of bound charges is thus formed
Charges on both sides cause electric field = potential =
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Diode Models

Exponential Eiecewise Linear Constant-Voltage-Drop
. In
o A Slope=1/r, A
A
i - . e e
0 5V Up {] ;H 'y ﬂ n? 1||'I,r Un
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Diode Models

i, ldeal-diode j,Small-signal
A A Slope = 1/r,
Iy |-
|
|
|
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Diode Circuits - Rectification

V., = Asin wt

—pt
Vout
o [os i
R
v () : VANVANYANES :
Vout
D2 :Z D3
—p
Rectification with ripple reduction. C must be large enough so that RC time

constant is much larger than period

D1 ICI Z& o4 VAout
i - “‘\“J‘R“./\“\“ -
Q) TS
D2 :Z D3 I \", \", \\
l
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NMOS Transistor

Gate
Oxide SiO,, Drain

(thickness: t,,) ‘

Source

channel

| «—— L —»

p-type substrate (body)

n-+

* NMOS Transistor
— N-Channel MOSFET
— Built on p-type substrate
— MOQOS devices are smaller than BJTs
— MOS devices consume less power than BJTs
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Source
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Drain

Source

RN

Drain

Source i
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Triode

Active
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MOS Regions of Operation

" Resistive

Vee >V,

Vg small

Nonlinear
Veg >V,
VDS< (VGS B VT)

~

Saturation
Vee >V,
VDS 2 VGS o VT

12



MOS - Triode Region - 1

inversion layer

p-type substrate (body)
*
5B
/4
[ = yu— _
p=H L Cox [(VGS Ve )VDS ] C,,. gate oxide capacitance
- electron mobility
V. .<<(V..-V. L: channel length
o <<(Vas =V7) W: channel width
& 3 Q¢ V;: threshold voltage
COX — = = .
tOX tO)C
"'"'ILLINOIS
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MOS - Triode Region

0.4 mA 4 Vas=Vr+2V

Vgs=Vy+1.5V

Vgs=V+0.5V

50 mV 200 mV

FET is like a linear resistor with & — W
(VGS B VT)

- ILLIN OIS ECE 342 - Jose Schutt-Aine
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MOS - Triode Region - 2

A T
inversion layer

p-type substrate (body)
ﬁ
5B
1
VGS > VT ]D :’Ll”COX%I:(VGS _VT)VDS _EVgSil

VDS < (VGS o VT)

— Charge distribution is nonuniform across channel
— Less charge induced in proximity of drain

FI\F
Biectricl s {(LéltNLOIS ECE 342 - Jose Schutt-Aine 15

Uni 11111 at Urbana-Champaign



MOS - Active (Saturation) Region

Saturation occurs at pinch off when VDS = (VGS — VT) VDSP

inversion layer

p-type substrate (body)
I —
4B
Vee >V,
4 2
Vs > (Vs =V7) [y =mp,C, (V _VT)
(saturation) 2L
""'"ILLINOIS
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Body Effect

 The body effect
— V;varies with bias between source and body
— Leads to modulation of V;

Potential on substrate affects threshold voltage

Vi) =Ve+ 7] (21l + V) " = (210]) " |

kT N, _ _ .
6:|=| — |In| —= Fermi potential of material
q n

1

1/2
y = (29N.¢,) Body bias coefficient

C

ox
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Channel-Length Modulation

Source : | : Drain
[ I |
| I |
_ I Ds™VDsat
: Vpsat=Ves VT | :
I [ |
I [ |
| { -AL -, AL | -—
I | |
- L 5 lr!

With depletion layer widening, the channel length is in effect reduced from
L to L-AL =» Channel-length modulation

This leads to the following |-V relationship

. | R 4
I, :Eknf(vGS —V, )2 (1+/IVDS)

Where A is a process technology parameter
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Channel-Length Modulation

Ip

‘ triode
I

/ I Saturati

i aturation

)

|

I

I

1

\

1 I

-V
V= 1A o8

Channel-length modulation causes iy to increase with vyqin
saturation region
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PMOS Transistor

PMOS

Field oxide Gate  Gate oxide
\ Source Drain
\ / i
K p+ Channel pt 8
w nt %
Well
e o

- All polarities are reversed from nMOS

- Vgs Vps and V, are negative

- Current iy enters source and leaves through drain
- Hole mobility is lower = low transconductance

- nMOS favored over pMOS
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Biasing of Amp

Bias will provide quiescent points for input and output about which
variations will take place. Bias maintain amplifier in active region.

A v /\

VC!I — R — \/
' I i t point
quiescent > quiescent p
point time VQO
-
time

V,(¢) = VQI +v,(?)
V() =V,,+v,(t) PR
v (t)=A,v,(¢) Iat

Amplifier characteristics are determined by bias point

FI\F
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Voltage Amplifier

I R |

AMM A > ° ©

—’WW\F—J:O —»>
A () Vi- R, <>Avo Vi V, D_%RL

0 O ' l 00

R A R
Voltage gainis:—>= A =—2>+*—
v, R, + R
; R = AoVl
nputv, =v. ———— 0
P R + R RL T Ro

Want R; large ( so v;~v,) Want R, small (as small as
(actually want R, >> R,) ideal possible) to achieve maximum
R.=c0 gain = ideal R,=0

vo Ri RL

Overall gain: =4
12 R +R R, +R,
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Small-Signal Model

What is a small-signal incremental model?

— Equivalent circuit that only accounts for signal level fluctuations about
the DC bias operating points

— Fluctuations are assumed to be small enough so as not to drive the
devices out of the proper range of operation

— Assumed to be linear

— Derives from superposition principle

o IL LINOIS
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Common Emitter Configuration

The emitter current /- can be approximated as:

VCC ~ VBE /VT
I, =1.e
An incremental conductance g, can be
R¢ defined as
— a]E _ ]S Ve Ve _ ]E
VBE Vout ge = 8V B V € _7
e BE T T
| | R
From which we get: v, = =
Vlr'l ge ]E
Emitter resistance
v
26 mV
Usually, V, =26 mV = r, =
1
E

l-fu-
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Hybrid-x Incremental Model for BJTs

"x
Bo—AMM, - 0 C

E

r.: input resistance looking into the base

r,. parasitic series resistance looking into base — ohmic base resistance
g,,: BJT transconductance

r,=r,.: output collector resistance related to the Early effect

l-fu-
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Hybrid-r Parameters

Ol I,
gm = = —
aVBE I, =cons tant VT Can show that
rﬂisdeﬁnedaszrﬂz‘f—” rﬂ:(lg_l_l)re
Ly o
Em =
r
Since i, = En'z then r,o= r _
Em ﬂ = 8wz
r., =1, 1s associated with the Early effect
1 1
rce:r():‘VA‘: ‘VA‘ gm+]/'_:7
I. pl, = e

ECE 342 - Jose Schutt-Aine
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Common Emitter (CE) Amplifier

out

—WW—|

Vsig (

/

Bias: Choose R, & R, to set V2V is then set. Choose R to set I~I..
Quiescent point of V will be determined by R.. Emitter is an AC short.

out
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Incremental Model for CE Amplifier
Hybrid-r model (ignoring r,)

o A N
+
+ VOUt
Rg Vr g ImVr o Rc R,
o
E
Vi
RB:R1||R2 RinZTZRBllrn

l

Sometimes R, >r_and R, =r,

ECE 342 - Jose Schutt-Aine
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CE Amplifier

Output Impedance
Rout — RC || 7'0
If 7"0 > RC’ Rout :RC

from which A, = A, i
R, +R,

It can be seen that if Ry, >> r,, the gain will be highly dependent on 4. This is not
good because of g variations

If RSl.g <r, G, =-g, (RC | R, || ro)

.l-l\l-
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CE with External Resistors
VCC
C

b2

Re
Re

vical and Com ECE 342 — Jose Schutt-Aine
University of Illinois a
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CE with External Resistors

Voo &E(RIR) g (RIIR)

v, g 7R, +R.+r.+R, R, (B+1)+r +R,

mn

1

AMB = —8n (RL | RC)
R, (B+1) R,
1
7/'” i 7"7[ i

, ___ P(RIR)
YR (BH1)+r, +R,

R: and R degrade the gain

ECE 342 - Jose Schutt-Aine
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CE with External Resistors

A

and since
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The gain can be written as:

MB —

)i
sy g
E(,B+1)+rﬁ+RB_ r R,
BB T (pe)
b . R
= neglectin B
(8+1) 5 5 (8+1)
__a(RLHRC)
Mo R, +71,

ECE 342 - Jose Schutt-Aine



Example

Given Vge00=0.6V, find the gain for the circuit shown

12V

Vo =1.5V

Vyp =1.5V =06V =09V

0.9 09
c« ° R,+R., 1kQ

~
N

=0.9 mA

ECE 342 — Jose Schutt-Aine
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Example (Cont’)

[.=09mA=TV =12V -09%x10=3V

out()

AC analysis: R, is shorted and R=Rz,=100Q. Since fis not
known, use:

R
A =- e with a=1
R, +71,
P =tr 20 9880
I, 09
__ 19090 _ 455 A, =-775

MBET 1004288

ECE 342 — Jose Schutt-Aine
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Emitter Follower

circuit +V, Incremental model

0V,

Vo — gmvﬂ_l_v_ﬂ RE :VﬂLgm_l_iJRE
r

1 %
— ; —_— 7T
v. =v_+R,, +v =v_+v R.| g +r_ +r_RB

T T

.l-l\l-
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Emitter Follower

1
V., =V_ 1+&+RE[gm +—j

_ rﬂ- rﬂ- —

+l R
v, Em v F B (gmrﬂ+1)RE
v, [gm‘l‘l]RE"‘l‘FRB (gmrﬂ+1)RE+rﬁ+RB

rﬂ' ’/‘72'
. V (,B-I-I)RE
= ¢ = :1
Using g,r.=p v, (B+1)R,+7, +R,

Emitter follower has unity voltage gain
EGEILLINOIS
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Emitter Follower — Input Impedance

V. :vﬁ[1+RB/rﬂ+RE(gm+l/rﬁ)]

I, v_Ir,
r,=r,+R,+R,(f+]1)

cor
Electrical and Computer Engineering
University of Illinois at Urbana-Champaign
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Emitter Follower — Output Impedance

1
. VO r ImVx
lB E—
r +R
<, |
vO vO gm7l' [0 vO RE ()VO
lo= —gmv7Z = + -
R, r.+ R, RE r +R, r +R =
1 g 1 1
I =V + 4 =v|r +R,+R +1
° O{RE r +R, rE+RB} o7+ Ry + Ry (5 )]RE(FE+RB)

ECE 342 - Jose Schutt-Aine
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Output Impedance (cont’)
Using g r. =/f
y R, (r.+Ry) R (r,+Ry)/ (B+1])

_OZR — —
i “r +Ry+ R (B+1) R +(r,+Ry)/(B+])

Rout :RE ||(VH+RB)/(IB+1)

If we neglect R,

A, = (B+DRy  a R =R, ||—=
r.+(S+DR, L +1

cor
) rical and Computer Engineering
ersity of Illinois at Urbana-Champaign
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Common Base Configuration

J N/

EB v Vee

.l-l\l-
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Common Base Configuration

OV

V. =—V

I o

Vo = _gmvirRC = gmviRC

Voltage gain =—%-=g R.=

. l V —o v
Current gain = 0 — gnf T _— g2V
l l.
l l (gm +_
rﬂ'
— -
Rout o RC in ﬂ—l—l

ECE 342 - Jose Schutt-Aine
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BJT Topologies - Summary

CE CB EF

AVQ _ngC ngC 1

Rin V. ,Brj—l ' +RE (IB_I_I)

Rowl R R, Ryl /(f+1)

ECE 342 — Jose Schutt-Aine
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Common Source MOSFET Amplifier

v

Bias is to keep MOS in saturation region

.l-l\l-
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Common Source MOSFET Amplifier

Small-Signal Equivalent Circuit for MOS (device only)

Oo——0 I +O
Vgs gmvgs Mds Vo
o— 0 | ~o
1, W 2
I zgknf(VGs -7) Which leads to
ol 21, \/7
g, = =—2 =2k, NW /LI
8VGS Vos—Vaso Veﬁf gm n \/ D
where V., — V. =V g is proportional to= NW /L

eff

ECE 342 — Jose Schutt-Aine
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MOSFET Output Impedance

To calculate r,, account for A

Wy ) 1 B
ds o T
ol,, Vos=Voso ﬂ,,uzwzcox [VGS -V, ]2 Al
1 . W 2
]DP — Ekn I(VG - VT)

r,s, accounts for channel width modulation resistance.

ECE 342 - Jose Schutt-Aine
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MOSFET Output Impedance

To calculate r,, account for A

Wy ) 1 B
ds o T
ol,, Vos=Voso ﬂ,,uzwzcox [VGS -V, ]2 Al
1 . W 2
]DP — Ekn I(VG - VT)

r,s, accounts for channel width modulation resistance.

ECE 342 - Jose Schutt-Aine
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Midband Frequency Gain

Incremental model for complete amplifier

O O
G -
Vin (P RB om * ds RD Vout
S -
O O
A _ vout _ RB rdsR
MB ~— o
v, Ry, +R, "1, +R,

J-AJ-
Biectical {(LéIENLOIS ECE 342 - Jose Schutt-Aine
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Body Effect

Potential on substrate affects threshold voltage

Vi) =V 47| (2l + V)= (2le]) |

kT, [N,
‘¢F‘: — |(In . . .
q n Fermi potential of material

1

1/2
(29N,¢,) o
y = Body bias coefficient
C

ox

o IL LINOIS

11111
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Body Effect — (Con’t)

Define g,,, as the body transconductance

oI,

a VB S |V g =constant
Vg =constant

gmb =

Can show that g 1 — Zg
m m

oV, 4

where y = =
aI/SB 2\/¢F T VSB

cet ILLINOIS
) i 1d Computer Engineering
linois at Urbana-Champaign
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University of Il
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Source Follower Configuration

VDD

Since source is not tied to the substrate,
we need to model the body effect. Note:
substrate is always tied to ground.

G D

“ImVgs™ ImY s l
—iH]
gmh“'
—o0 V
aut

out

S

1 1
GL:R_ Define g, =—and G =g, +g&,, +G,
L rds

o II. LINOIS
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Source Follower

V . gmng . gm (vin _Voul)

out G G

Voutgds T VoutGL T gmbvout = gmvgs

VoutG = nggS =V, gmc‘;gs — Em (Vinc;_ Vout)

voutG — gmvin o gmvout

.l-l\l-
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Source Follower

VoutG :gmvgs 0ut(G+gm) :gmvin

Em Em

m+G gm+gmb+gds+GL

Em Em

m+G gm+gmb+gds+GL

ECE 342 — Jose Schutt-Aine



Source Follower

Neglecting G, and g, (since they are small)

AGS = Em ~ ] This value is close to 1
gm + gmb
Output impedance of source follower
1 1
gm gmb

Internal output impedance

1 1
r =—7]I | 7, <= This value is low

out
g m g mb

FI\F
Biectical {(LéltNLOIS ECE 342 - Jose Schutt-Aine
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Common Gate Amplifier

Circuit Vi C)

Small-Signal
Model

.l-l\l-
Biectical {(LéltNOIS ECE 342 - Jose Schutt-Aine
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Common Gate Amplifier

A gm +gmb+gds

MB

— G +g, —I—(gm +g, —I—gdS)GL/Gg
gds < (gm +gmb) to get

(gm T gmb)RL

4 =

M.

« Common Gate (CG)
— CG amplifier is non-inverting
— CG amplifier has low input impedance
— CG is unity current-gain amplifier

cet ILLINOIS
) i 1d Computer Engineering
linois at Urbana-Champaign
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MOS Topologies - Ideal

CS

CG

SF

A

Vo _ngD

ngD

R.

n

R

out

Em

cor
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Low-Pass Circuit

In frequency domain: ¥V, =

V. V 1

I/o: ! :>Av:_0:
1+ joRC V. 1+ joRC

P R
"1+ joRC 1+ jf/f,

ECE 342 — Jose Schutt-Aine
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Low-Pass Circuit

1 1
fom s
27RC 271

A
< !
2 10 :
g :
Q& 207777 L .

.30 l : -
01 1 10 f/f_ (log scale)
7 =27 RC = time constant
"""ILLINOIS

Biectical and Computer Ex ECE 342 - Jose Schutt-Aine

University of Illinois at Urba Lhmpg
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High-Pass Circuit

|C| A
O
N A _ : _—
+ Z i
< .
V| (D R VD ? :
_ é ---------- .i __________ r
-a : 1'0 >
01 L fff_ (log scale)
R V
— V - o _ )
R ‘wC I ‘wRC Vi1 : =i/ 1
/ J 27 fRC
£ = 1
, =
27RC
~r
_E.m_[.i‘m..,,.{&!;!{nvgig!gs ECE 342 - Jose Schutt-Aine 59



Three Frequency Bands

due to the eftect
of C,.and C,,

V A
il
(dB)
i —— Midband >r<— High-f band
: idban igh-frequency banc
Low-frequency B
band * All capacitances can be neglected I
I . e Gain falls oft
* Gain falls off | (( 4’ |
|

due to the effect|

i CasCa .04 ——'—+— ______

and C

20 log

.-‘1l '-.f| H.IH:I

[ ]
T

T Tu f (Hz)

cet ILLINOIS
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MOSFET High-Frequency Model

Go
Vgs —
C
Csb — sbo
1+@
v,
14
g luncoxfl/eﬁ”
gmb :ng —

o IL LINOIS

oD
— Cgs ImVgs ImbVds e
—_—C
—T1 “db C
Cdb dbo
l Cen 1+ @
S v,
° 1
B r, =V, /1, = /11
:\/21unC0xK]D _& 2
L Ve C,==WLC, +WL,C,,
V
& C . =WL C
2\/2¢F + Vsb ad ov ~ox
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CS - Three Frequency Bands

VDD

it

(dB)

<|=

sig

—

Low-frequency |
hand

* Gain falls off |
due to the effect|
af Cap, T
and C~

Midband

* All capacitances can be neglected

" Y

20 log |A | (dB)

High-frequency band

o Gain lalls off
due to the effect
of C,, and C,,

ECE 342 — Jose Schutt-Aine
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Unity-Gain Frequency f;
f;is defined as the frequency at which the short-circuit current gain

of the common source configuration becomes unity

ng Ia
-«

S~
| | ot

Define:
h(b gs — | gmvgs rds S — ja)

O
|
|

Q

(neglect sC,,V since ngié small)
_ 1
I,=gV,—sC,V, o _ Em

] I S(C -I-ng)

[ =gV — Va=—T

= gs
0 gm gs S(Cgs-l—cgd)
oL ILLINOIS

X I
University of Il
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Calculating f;

For s=jo, magnitude of current gain becomes unity at

g, g,
@, = = f, =
'C,+C, T 2z(C +Cy,)

fr~ 100 MHz for 5-um CMOS, /.~ several GHz for
0.13um CMOS

ECE 342 - Jose Schutt-Aine
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CS - High-Frequency Response

Q

ECE 342 — Jose Schutt-Aine
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CS - High-Frequency Response

= Ry= R,

RG =R, ”Rz

ECE 342 - Jose Schutt-Aine

66



CS - High-Frequency Response

Rsig = Rsig ” RG rx-P RL = rds || RD || RL
[
Rsig | C
—AWW- PV
) 1 0
. X ’
RGVSIQ () VgS __CgS gmvgs R!L
RG'l-Rsig _

I —Sng(V V) Sng[VgS_(_ng'LVgS)}

gd

I,=sC,(1+g,R )V,

o IL LINOIS
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CS - Miller Effect
Define C,, such that

sC V =Sng(1+ng'L)VgS

eq’ gs
I/0 = _g mRL Vgs
C,=Cgu (1 + ngL) = Miller Capacitance
-
’ 1 X
Rsig :
|
RV A i} °v,
V. = g sig . X g
in p— p— :
Rg + RSig Vin() Cos—- Ceq nggs<+ R
v
e
“Mla{é!,,'llﬂgis ECE 342 — Jose Schutt-Aine 68
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CS — Miller Effect

V _ RGV;ig 1
5\ R R, 1+ S,

/. Is the corner frequency of the STC circuit

|
° 27C R

in” sig

Mél\ler

C,=C,+C, =C, + bgd (1+ ng'Lj

ECE 342 - Jose Schutt-Aine
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CS — Miller Effect

v R, o1
- ngL .
I/Sig RG T Rsig 1 + ]f/]i)

V A

0

_ M
Vsig 1+ jf /7 fy

1
Zﬂ-Cl’nRSig

fu=1,

ECE 342 — Jose Schutt-Aine
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High-Frequency Hybrid-r Model

X u

s o] oo
+
r v, —/C_ % g.v ry
I Il _B
C 4 _
gm — ro — T > rﬂ' -
T C gm J)
E
Em _ _
C7Z+C,u_2 > Cﬂ_Cde_I_Cje’ Ca’e— FEm
7 [+
C, =", m=03-05 f — Em
V
(HCB 27(C, +C,)
Voe
e
| blcclcala{éﬁlt”lkgl{s ECE 342 - Jose Schutt-Aine 71
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CE - Three Fr_equency Bands

J
(dB)

2
I'/.:;i;:r

Low-frequency
band

* Gain falls off
due to the effects
of G Cias
and C,

Midband

* All capacitances can be neglected

20 log |Ay| (AB)

High-frequency band

= Gain falls off
due to the effects

of C,and C, of

the BJT

ECE 342 — Jose Schutt-Aine
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CE High-Frequency Model

Vee
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CE High-Frequency Model

=P
[
R . | C |
Sl
Y e 5
. | | .
!
+ ,_x_.,
: C —— :
Vsig T Va InV, * RL v,
0
v
vV o=V . Ry '
Sig Sig
Ry, +R,, 1 +r,+(R,|IR,)

ECE 342 - Jose Schutt-Aine
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CE High-Frequency Model

Ry =7l n+(Ry IR, |

R'L :7'0 HIQC HIQL
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Bipolar Miller Effect

r)'{' -
[
R S
| | | —P o
. | | | N
| !
+ L)_(_..,
V C, v \Y; R, V
sig T ImVax + L 0
O

The left hand side of the circuit at XX’ knows
the existence of C, only through the current
l,=>» replace C, with C ., from base to ground

ECE 342 - Jose Schutt-Aine 77
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Bipolar Miller Effect
Iﬂ =SCﬂ (vﬂ —vo) =SCﬂ [vﬁ —(—ng'Lvﬂ)]
[,=5C, (1+ng'L)vﬂ

sC,v,=1,=sC, (1+ng'L)vﬂ

C,=C, (1 +g R, ), Miller capacitance for BJT

ECE 342 - Jose Schutt-Aine
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Bipolar Miller Effect

=P
R 1 X
T I |
sig
. ——> S
I
+1 *
| 1
+ |.)_{ _.,
: C.—— —
Vsig T Va Ceq 9,V + R L V,
O
. 1 v
=Y.
T Sig .
1+ jf/f,
/o= .
272-CinRSig
~rre
“mm{é!;qgg{s ECE 342 - Jose Schutt-Aine 79




Bipolar Miller Effect (cont’)

where C, =C_+ Ceq =C_+ Cﬂ (1 + ng'L)

V. :_ R, rg R Ir 1
I/;ig RB+RSig r;z_l_r ( Slg”R ) 1+.]f/-](0_
£ =4, .1
V;‘ig 1_|_]f/]f0
1
fH _flo ) ZﬂcinR;ig

ECE 342 - Jose Schutt-Aine
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Short-Circuit Current Gain

1

— B
\% S 1
—+sC . sC_
I/;Z'
~re
leetri a{é!ﬁ!{gg{s ECE 342 — Jose Schutt-Aine 81
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Short-Circuit Current Gain (Cont’)

Define h,, as short-circuit current gain

L e vc
r—+S( 7[+ ,U)

g, > sC , at freq. of interest

p _de 8

o, } 1+S(Cﬁ+Cﬂ)rﬂ

ECE 342 - Jose Schutt-Aine
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Short-Circuit Current Gain (con’t)

B
e 1+S(Cﬁ+Cﬂ)r7Z

Define h,, has a single pole (or STC) response.
Unity gain bandwidth is for:

—_ gmrﬂ' —_ gm —
hfe_1+L<>~(Cﬂ+cy);;,_1 o 27sz(Cﬂ+Cﬂ)_1

In some cases, if Cﬂ IS known, then

ECE 342 - Jose Schutt-Aine
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Short-Circuit Current Gain (con’t)

_ &
fT_27Z'(Cﬂ+Cﬂ)

From which we get

C,+C,=—Sn_—Sn
C2nf o

Thus, C,+C,=5n=C =Sn_C,
a)T a)T

ECE 342 — Jose Schutt-Aine 84
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CS — Miller Effect — Exact Analysis

VDD

o

I;‘)(31

:

ECE 342 — Jose Schutt-Aine
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CS — Miller Effect — Exact Analysis

R. ng
' A |
— W — o
+ lin Vg+
v, () Rg — (395 ImVgs Mds Rp v,
. o
S
] ! 1 1
Gi:_ GD—R— Gg:R_ g, =—
Ri D g rds ]
R, =R,/ r, =
P P // “ GD + gds
v, GiR;)(gm—Sng)
v G +G,+s|C +C,, |+sC R,| G +G, |+sC,g,R,+5C,C,R,

~re
{éé{l«?{s ECE 342 - Jose Schutt-Aine 36
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CS — Miller Effect — Exact Analysis

We neglect the terms in s? since

2 ! !
S ngCgSRD‘<<‘SngngD‘ or ‘SCgS <<|gm|

V GiR;) (gm _Sng)

Y%

v, B G +G, +s[CgS +C,, (1+ng}>)+ngR}> (Gi +G, )]

If we multiply through by & :é

i

ECE 342 - Jose Schutt-Aine
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CS — Miller Effect — Exact Analysis

v, R]')(gm_Sng)

0

% I+RG, +S{Rl. (C,+C,,(1+g,R, )|+ C LR, (1+RG, )}

From which we extract the 3-dB frequency point

I+RG,
2o RGOl R (158G,

Ju =

ECE 342 - Jose Schutt-Aine 88
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CS — Miller Effect — Exact Analysis

If G, is negligible

)
27 (R CoCy (142K, [+l

Ju =

If R, =0
N I
ZﬂngRl')

Ju

ECE 342 - Jose Schutt-Aine
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BJT-CE — Miller Effect — Exact Analysis

VCC ] ]
R, R.
Rb1 RC
] 1
R, Ces Vo Er = & v
H £ 0
+
i Rb2
R.=R./J !
_= y =
C C 0
- GC + g 0
~re
leetri a{é!ﬁ!yg{s ECE 342 — Jose Schutt-Aine 90
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BJT-CE — Miller Effect — Exact Analysis

C

B “ C

- 8
|| A

+
V| rJI VTf J— CTI ngTI.’ ro RC Vo
. o
E
v G.R.(g,-sC,)

v, G+g, +s[C,+C, |+sC,R.[G +g,]+5C,g,R. +5°C,C,R;

ECE 342 - Jose Schutt-Aine 91
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BJT-CE — Miller Effect — Exact Analysis

We neglect the terms in s? since

s’C,C R.|<|sC g R.| or|sC|<|g,
. ’ sCe| < g

v, GiRé? (gm—SCﬂ)

v G+g,+s[C,+C,(I1+g,R.)+C,R.(G +g,)]

If we multiply through by R. = C];

I

Yo R,C (gm_SCﬂ)

v, I+Rg. +S{Rl. C.+C,(1+g,R,) [+ C,R, (1+R,.gﬁ)}

cor
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BJT-CE — Miller Effect — Exact Analysis

r= I+Rg.
" 2x{R[C,+C, (1+g,R) |+ C R (1+ Rg, )|
R, =0
1
Ju = ,
N 27C R,

cet ILLINOIS
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Example

For the discrete common- T
source MOSFET amplifier
shown, the transistor has V.

=1V, mC_(W/L) = 0.25 2 MQ 2 kQ
mANZ?, =0, C, =3 pF, C

=2./pFand V,=20 V. £ Coraee| Yo
Assume that the coupling 1]

capacitors are short circuits p

at midband and high Moz 02 L e

frequencies.

(a)Find the 3dB bandwidth if R. =0

(b) Find the 3dB bandwidth if R.= 100 O
ECEILLINOIS
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Example — Part (a)

C’cl
G Iél D
L A
E
Ve
RG ——ks gs Em 1',gs F i R D v,
. o
S
_ I V. 20
|fRI-—O, fd = ' T A — :13kQ
27C,R, “ 11516
R =R, |r, =13]]2=1.736 kQ
|
fir = =33.95 MHz

272.7x107% x1.736x10°
"""ILLINOIS

llllllllllllllllllllllll
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Example Part (b)

Ri G (Igd D
- VYVYVV T | %
+ Lin vg+
V; () RG T Cgs EmVgs ¥ ds Rp, v,
: 0
S
TR; =100 g R =0.870x1.736 =1.51
/
Ju = , ,
27 {Rl. C,+C,(1+g,R,) |+ ngRD}
f, = ! =28 MHz
U 2m{0[3+2.7(1+1.51) |+ 2.7%1.736}
, ecca:{éuéllrfNugis ECE 342 — Jose Schutt-Aine 96



Common Base (CB) Amplifier

out
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High-Frequency Analysis of CB Amplifier

Exact analysis is too tedious = approximate

RS E ImV c
VS(> Re o R,
> ¢
1
B
From current gain analysis The ampllfl er’s
G348 = ! upper cutoff
// { } frequency will
{ I+ 'B} I+5 be the lower of
1
Dus-s08 = o these two poles.
UL

ECE 342 — Jose Schutt-Aine
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Emitter Follower
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Emitter Follower High-Frequency

Exact analysis is too tedious =» approximate

rﬂ
Rs g Iy V, W E
MW—o—AW—e +Y|' 0 o)
+
|
s() R 2
S\ B C, IV RV,
C
0 0
L
I+SC”
g. R, g I+g R g
A(s)= = @, 5 = mf~_°n __—@
1+ g.R, ;. SCR o RC, C+C,

ECE 342 — Jose Schutt-Aine
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Bandwidth of Multistage Amplifier

® The time constant 7, is the product of the
capacitance and the resistance seen across its
terminals with:
» All other internal capacitors open circuited
» All independent voltage sources short circuited
» All independent current sources opened

® The upper 3dB frequency point w,,5 is then
found by using :
1

W55 =
Z Tio

ECE 342 — Jose Schutt-Aine
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Open-Circuit Time Constant Method

® The time constant of each capacitor in the
circuit is evaluated. It is the product of the
capacitance and the resistance seen across its
terminals with:
» All other internal capacitors open circuited
» All independent voltage sources short circuited
» All independent current sources opened

® The value of b, is computed by summing the
individual time constants

b, = Zn: C.R,
i=1

ECE 342 — Jose Schutt-Aine
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Open-Circuit Time Constant Method

® An approximation can be made by using the
value of b, to determine the 3dB upper
frequency point wy

® If the zeros are not dominant and if one of the
poles P1 is dominant, then

po L
a)Pl
Assuming that the 3-dB frequency will be approximately

equal to wp,

11
bl B ZCl’Rz’o

ECE 342 — Jose Schutt-Aine
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Series-Shunt Feedback

A=A
+ deal o Vout
ed
V. -V
"t Amplifier . Load
2o
+
Vi Fw

Voltage mixing-voltage sampling feedback

o IL LINOIS
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Shunt- Series Feedback

lin7f
&

oD

Yi

A=A
q | vnut
ea
Amplifier Load
' iDUt
F.

Current mixing-current sampling feedback

o IL LINOIS

llllllllllllllllllllllll
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Series-Series Feedback

Aiv
+ deal Vout
ea
V. -V
n "t Amplifier Load

Vi

Voltage mixing-current sampling feedback

o IL LINOIS
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Shunt-Shunt Feedback

] A v
in'f t
1 Ideal +—
Amplifier . Load
iinCD * g
Fiv
&

Current mixing-voltage sampling feedback

o IL LINOIS
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Series-Shunt Feedback : h-Parameters

A circuit

i
I I
I § I
v T Basic R ho | 1 7 v
! Amplifier |"Z = o
/ 1 m : 4 O S
: hl] :
® <:> " o
V
hV, -J
Feedback Network
‘\. .
B circuit
‘hu baszc < ‘hlZ feedback ‘hm feedback < ‘hZI basic
amplifier networ. network amplifier

o IL LINOIS

l*lt ld( pll-@,
Uni 11111 at Urbai (.h pg
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Inverting Configuration

Vi
1
Vi
- ‘ 2

Terminal 2 is tied
to ground

We introduce R (or R,) to reduce gain (from inf)

 When R is connected to terminal 1, we talk
about negative feedback. If R-is tied to terminal
2, we have positive feedback

o IL LINOIS

llllllllllllllllllllll
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Inverting Configuration

Closed-Loop gain

Observe that the closed-loop gain is the
ratio of external components = we can

make the closed-loop as accurate as we
want. Gain is smaller but more accurate.

ECE 342 - Jose Schutt-Aine

cor
) 1d Computer Engineering
riversity of Illinois at Urbana-Champaign

Llectrical an
University of Il




Non-Inverting Configuration

Ry
i
Rﬁ 0
& -
v, —P>
; I
i}
+
+| V2
Vi

Assume gain is 00 =V, =—>— ()

ECE 342 — Jose Schutt-Aine
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Non-Inverting Configuration

Virtual short — V, =V, =V,

y (R, +R,) .

ECE 342 - Jose Schutt-Aine



Frequency Response — Non-Inverting

Am' (f) — AMBni
A
GB I/I/m' MBmJ€2m o 1 n 124300 . J€20a (1 + AMBan)
MBoa

GBW;” MBmJKZm — MBoa](20a o GBVI/oa

Gain-Bandwidth product is constant

ECE 342 - Jose Schutt-Aine
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Frequency Response — Non-Inverting

Midband voltage gain is reduced from A,z . to A5,

The upper 3-dB frequency will be greater than that of the
op amp by the same factor of gain reduction.

If the low-frequency gain of the op amp is A, 5,,=
200,000 and with resistors A, 5., = 40, the gain is
reduced by a factor of 5,000. If the basic 3-db
frequency is 5 Hz, the noninverting 3dB frequency

will be 25 kHz.
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Complementary MOS

VDD
Q
—{ oMOS
in o—— —— o out
—i AMOS
>  —
n+ n+ P+ .
v p- P

« CMOS Characteristics
— Combine nMOS and pMQOS transistors
— pMOS size is larger for electrical symmetry

l-fu-
Bl {éé[INEOIS ECE 342 — Jose Schutt-Aine 115
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Voltage Transfer Characteristics (VTC)

The static operation of a logic circuit is determined by its VTC

o |
slope=-1
* In low state: noise margin is VoH |
Nm, |
I
| =
Vi, _________I_l slope=1
= — U
. . .. LA S - _____:__'__1 ______ -
* In high state: noise margin is | L -
NMH 0 : /7 ! I // " -
. v Vasd ( Vv ) v
v,.) v, M Vi gy e Vi

NMH :VOH _VIH

. Anideal VTC will maximize noise V), and V, are the points where the
margins slope of the VTC=-1

Optimum:  NAf = NM, =V, /2
"’"'ILLINOIS
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Switching Time & Propagation Delay

Vi A

Vin
input

(Vi viy/2

ViL

v() A

'oH
output

(Vor T Vord/2

VvV

ol

.l-l\l-
Bl {(LG[IENOIS ECE 342 — Jose Schutt-Aine 117
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Switching Time & Propagation Delay

t=rise time (from 10% to 90%)
t~=fall time (from 90% to 10%)

t,.i=low-to-high propagation delay
t,,=high-to-low propagation delay

Inverter propagation delay: —
Y bropagat y [, = (tpLH +tpHL)

ECE 342 - Jose Schutt-Aine 118
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CMOS Noise Margins

When inverter threshold is at V,/2, the noise margin NM,, and NM, are
equalized

3 2
NM, = NM, :§ VDD+§VM

NM,; noise margin for high input
NM, : noise margin for low input
V,,: threshold voltage

Noise margins are typically around 0.4 Vj,5; close to half power-supply voltage =»
CMOQOS ideal from noise-immunity standpoint

l-fu-
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CMOS Switch

Vi

—‘ oMOS

oV

out

Vv, —( nMOS
—>

v v

CMOS switch is called an inverter

.l-l\l-
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CMOS Switch - Input Low

NMOS

| A .
Vesr=Vop g,@ VGSN < VTN — OF F
I—OV°= oo rdsn high
oP
- L > ';{ PMOS
V, 1
rdsp — | W
kl? f (VDD _‘VTPD
P

Fgsp 1S low
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CMOS Switch — On State

V
o I S,

<+ Gp
pMOS O o
D
o Vout P
Oo— D 0 Vout
\ 0 Yn
1
Vin —( nMOS
_... —0
Gn RE‘mﬂn
v A 4

« ON State (V,: high)
— pMOS transistor is off
— Path from V_ to ground is through nMOS =2V, low

~er
I LLI N OIS ECE 342 - Jose Schutt-Aine 122
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CMOS Switch — Input High

NMOS
|
dsn W
kn 7 (VD _VTN) o |
. 8 dsn IS IOW
| A VI PMOS
Vesn=Von=VbD </
/_OP § I dsp hlgh
—
VO
EUE'I(L%INROCS ECE 342 - Jose Schutt-Aine 123



Matched CMOS Inverter VTC

CMOS inverter can be made to switch at specific threshold voltage by
appropriately sizing the transistors

slope=-1 w H, w

Vonu=Vop / f - i, I

p

n

Symmetrical transfer
characteristics is obtained via
matching = equal current driving
capabilities in both directions
(pull-up and pull-down)

Vo=0 Vq

slope=-1 Voo

o IL LINOIS
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Digital Logic - Generalization

De Morgan’s Law

A+B+C+..=A-B-C-...

A-B-C-..=A+B+C+...

Distributive Law

AB+ AC+BC+BD=A(B+C)+B(C+ D)

. General Procedure
1.  Design PDN to satisfy logic function
2. Construct PUN to be complementary of PDN in every way
3. Optimize using distributive rule
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Basic Logic Function

Basic
Function INVERTER NOR NAND
A A —
Symbol AADO—Y ) Do B_}Y
# Devices 1 2 2
PUN PMOS PMOS-Series PMOS-Parallel
: 2 2
#D 1 .
:;;:es NMOS NMOS-Parallel NMOS-Series
Truth A B Y A B Y
Table - 3 4 e 30
1 0 1 0 0 1 0 1
1 1 0 1 1 0

~er
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Pull-Down and Pull-Up Functions

Pull-up network (PUN) 1 pun
C_
Pull-down network (PDN) o
A—
B— PDN
C_

« Key features

— When PDN switch is on, PUN switch is off
and vice versa

— Conditions for being on and off are
complementary
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Pull-Down and Pull-Up

Voo
PDN-parallel
NMOS Ac—| q,
T PUN-series
o Yop PMOS
B
Ao—‘ Q, Bo—| Qq 0—{ Qg
\ 4 v — Yus
- Truth Tables ——
Y,,=A+B Y, =A
A B Ypp A B Yy
0O 0 1 0O 0 1
0 1 0 0O 1 0
1 0 O 1 0 0
1 1 0 1 1 0
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Two-Input NOR Gate

oy Y=A+B=AB

4' Qua | Qg
. I
v v
~rre
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Pull-Down and Pull-Up

PDN-Series
A °—“ Q NMOS '4: j
4>|NA A°_1 QF’A QPB ’_0 B

PUN-Parallel !
5o 9 PMOS , Yup

:

| Voo

YDS _ A_ Truth Tables YUP _ — N E
A B Yo A B Y,
0 0 1 0 0 1 |
0O 1 1 0 1 1
T 0 1 1 0 1
1 1 0 1 1 0
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Two-Input NAND Gate

_| Qup 4| Qgp

 ——— ) Y
Ao—e i Qan Y = A = A + B
—P>
B o '—| Q
) BN
v
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Exclusive-OR (XOR) Function

Y=AB+AB Y =(A+B)A+B)

Y

=i =
xajaaj Mth
XOR

1

pull down pull up

AAOO>
- O -=0|o
e RN o ] 4
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