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Announcements

e Lab

 Lab 1 report is due this week

 Lab 2 report due next week
» Use the Lab 2 updated specs

o HW
 HW1 due today
« HW2 due Feb 8

e Reading
« Razavi Chapters 5 & 7



BJT Circuit Symbols

NPN PNP

C
Collector

Emitter Collector

e BJTs are 3 terminal devices
 Collector, Base, & Emitter

o 2 complementary BJT devices: NPN & PNP



MOSFET Circuit Symbols

NMOS PMOS

o Drain Source
- 'D='51| - - '5='Dl| .
IG—ﬁ IB—n |G—0 IB—n

I — — | —

Vge — I * VB Vge I * Vg
Gate o Body Gate _ T Body
I5=I[}l ID=I51
Source Drain
Vs Vb

e MOSFETSs are 4-terminal devices
» Drain, Gate, Source, & Body
e Body terminal generally has small impact in normal operation modes,
thus device is generally considered a 3-terminal device

» Drain, Gate, and Source are respectively similar to the Collector, Base,
and Emitter of the BJT

e 2 complementary MOSFETS: NMQOS, PMOS



NPN “Large-Signal” (DC) Output Characteristic

|
VCE,sat
. ——————————————————— Ll

Saturation E Active region

e For analog applications, we generally desire the BJT to operate in the
“Active” region

VCE > VCE,SCZZ‘ - O3V




NPN “Large-Signal” (DC) Model

NPN e Exact equation
vee () (j*ic VcE 2 VCE,sat
[ O
— I
P N I in = ? eVBE/VT
- E ;
ic = ISeVBE/VT

e However, Vg doesn’t change much over large values of I..
So, for hand calculations we assume a fixed Vg and use
the following

Ve = 0.7V
Ic = pBlIg
Ige =1Ic +1p




NMOS “Large-Signal” (DC)
Output Characteristic

Ip

VDS <Vov;: VDS >Vov

-
-
— -

~—====== Vgs1

~Vps

e For analog applications, we generally desire the MOSFET to operate
in the “Saturation” region

Vs 2Vor =Vgs — Vi




NMOS “Large-Signal” (DC) Model

D
jl'o
°B
j
S

VpDs 2 Vov = Saturation

Vov = Vgs — Vin

I =0
k! W
— N 2
D=5 L Vov

where k,; =u,C

oxX




PNP “Large-Signal” (DC) Output Characteristic

+
VEB

T 2

Saturation E Active region

e Similar operation to NPN transistor, except
« I flows out of the device
 Flip the terminal voltages in calculations
e For analog applications, we generally desire the BJT to
operate in the "Active” region V>V =03




PNP “Large-Signal” (DC) Model

+ E

n {i
VBC (T C C

e However, Vg doesn’t change much over large values of I..

e Exact equation

VEc 2 VEC, sat

i I cver/ VT
B —

d
ic = IgeVER/VT

So, for hand calculations we assume a fixed Vz; and use

the following

Veg = 0.7 V
Ic = BlIp
Ige =Ic+1Ip
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PMOS "“Large-Signal” (DC)
Output Characteristic

Ip

VSD <Vov;: VSD >Vov
Triode ! Saturation

e Similar operation to NMOS transistor, except
I, flows out of the device
 Flip the terminal voltages in calculations
e For analog applications, we generally desire the BJT
operate in the “Saturation” region

to

Vsp 2Vor =Vsc —‘th‘
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PMOS "“Large-Signal” (DC) Model

]

Do

D

Vsp -~ Vov = Saturation

Vov = Vsg — |Vip|
I =0

/
kp wW

2
2 L VOV

Ip =

where k} = u,C

oxX
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Large-Signal "DC"” Response

=R

IDS ,l,H — VD=VDC=VDD'IDSR

L,
Ves v
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Large-Signal "DC" +
Small-Signal "AC" Response

Voo

=R
IDS"'ids,l,H -%— VD=VDC+VAG=(VDD'IDSR)'idsR

L

v

Vin

Vgs

e For small-signal analysis, we “linearize” the response
about the DC operating point

e If the signal is small enough, linearity holds and the
complete response is the summation of the large-signal
“"DC"” response and the small-signal “"AC"” response
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DC Analysis Small-Signal Analysis

» First, DC analysis is performed to determine operating pomt
- and obtain small-signal parameters.

> Second, sources are set to zero and small-signal model is
~ used.

...................................................................................................................................................................................................................................................................................................................

CHS5 Bipolar Amplifiers



NPN & NMOS Small-Signal T-Models (r,=«)

Dy
o
G r
1 | ‘é dm = kn—Vov = | 2k,—Ip
= lis T
gm |
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Formal PNP & PMOS Small-Signal T-Models
Sr = !

_VT_CIN].

e = -~
5o | I § Ig Om Om
| q _ IC
<+ o g | T v
Co o While these are the formal models, for both the PNP
and PMOS device you can use the exact same
S 9 model as the NPN and NMOS device
% —————— : » This is easier to remember
12 lis | - Obtained by flipping the current sources in the formal model
Im <
T wW wW
G O—l 0§ dm = kf)TVQV — J2kf)flo

—
w
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Input Output
i Port Port ;
X X
- = EE—
+ P P +
7 tan
Rin Rout
[ )
(a) V. (b)
R = .
- r

> The figure above shows the techniques of measuring input
~and output impedances.

» Small signal analysis is used

CHS5 Bipolar Amplifiers 18



BJT Node AC Resistances (r,=x)

Rpase = (B + 1)(re + REg)

e Using T-model, base AC resistance is the resistors
connected from base through the emitter to ground
multiplied by (B+1)

Rg Rcollector = o©

L <Re o Ifr, is oo, then collector AC resistance is o

R re + Re
emitter — le
LRemitter ‘3 + 1

e Using T-model, emitter AC resistance is r, plus the
- base resistor divided by (f+1) 19




BJT Amplifiers AC Gain (r,=x)

CE Amp w/ Rg

a9
Vo
—

vi@

L Re
Vo —aRc Vo Rge Vo aRc Vo —aRc
Vi Fe Vi re + Rg Vi Remitter Vi re + R

20



MOSFET Node AC Resistances (r =)

Rgate - Rgate = ©
Rs e Gate input impedance is capacitive, which is
- assumed to be infinite resistance at low frequencies
U{_ Rarain
Ra Rdrain = o©
L Rs . . . .
e Ifr,is o, then drain AC resistance is «
R —
D = 1
source — —
Re (;L Rsource 9m

- e Using T-model, source AC resistance is the 1/gm
resistor 51



MOSFET Amplifiers AC Gain (r,=x)

CS Amp CD Amp CG Amp CS Amp w/ Rg
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NPN Small-Signal = Model &
Introducing Finite r_

B a — -
L §
Mn Vbe 9Im Vbe I
fle
E

Early Effect — ro

- Ic o VA
m — Vo o — Ic
3 KT
dm q
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PNP Small-Signal = Model w/ Finite r,

E
iie e While this is the formal
| | model, you can use the
r : gV exact same model as
TS b Ay M ST the NPN device
B 04, l o C e This is easier to remember
b _|: « Obtained by flipping the small
signal v, and the current
source in the formal model
Early Effect — ro
. Ic - Va
m VT ° Ic
3 KT
Om q
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MOSFET — Impact of Body Voltage

o Before we go over the MOSFET n-model, lets consider the
impact of the 4t terminal, the Body, on the drain current I,

e The MOSFET V,, is a function of the Body-Source voltage Vg
- If the threshold voltage changes, then so does I,

D
& hi,
+
+1.2 v._||; 2V

My L -
é -
Vx VK1 0 Vx

c.wW
Ip= /un2 = 7 (Vs =V S (14 AV ) [Razavi]

Ve, =Vio +7/[\/2(DF +Vsp _\/E]:> VmO‘VSB:O 25



Body Transconductance, g,

e The small-signal drain current changes with Vs modulation
due to changes in V,,

[Razavi] ‘ ’D In Saturation (Neglecting A Effects)
aZ.D w oV, g
Emb =~ z/uc 7[V _Vn] * - = m
Tongy T Ly T, [8vbSQ 2267 + Vs
_l _________
QfF AR
i M S V__V__
| |
1 _'I_H._ -." VBS
| 4
| P
i
|< ]
| |
>
i
|
I A

-
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NMOS Small-Signal = Model w/ Finite r, &

Body Transconductance g,

Channel Length Modulation — No
Body Effect Vi, =V +7[\/2CDF +Vsp _\/2(1)F]:> thOVSB:o — Umb

, W 1
R ©= Mo
9mb = X9m K, = 1nCox
14 .
where y = ~
X=5 e+ Ves e Note, g, is generally a weak effect (~0.1g,,).

Thus, we often ignore it.

e In problems/assignments I'll make it clear when
we need to consider it 57



PMOS Small-Signal = Model w/ Finite r, &
Body Transconductance g,

> e While this is the formal
1 ) 1 ° model, you can use
Vg DOmvsg <o Poamve Vs the exact same
A Ja ~—8 model as the NMOS
| device
D « This is easier to remember

Channel Length Modulation — ro - Obtained by flipping the

Body Effect/V,, :th0+7/[\/2q)F +Vsp _\/2®F]:> tho‘VSB:O — Omb small signal Vsg and \_/Sb and
the current sources in the

o = |2k Wi Lo 1 formal model
m = <%p D O_ApID
9mb = X9m kf) = ppCox

* Note, g, is generally a weak effect (~0.1g,,).
Thus, we often ignore it.

e In problems/assignments I'll make it clear when
we need to consider it 58

/4
2.2¢F +Vp

where y =




Two-Port Modeling of Amplifiers

+ o— —o +
Two—-port i
V, Vo e Tt is often useful to
] Network | . ]
model transistor
" amplifiers with a Norton-

equivalent model

—o  consisting of a
T .+ transconductance
Vii Rnvi GmVi ZRout { Vo yrrent source and

.- parallel output resistance

29



Two-Port Modeling — Extracting G, and R

; ——
+ + >
Vi Rin Vi vai Rout Vo

lec e Short the output, apply an
Gm = . input voltage stimulus, and
Hye=0 measure output current
— LT ol
E Rin Vi val Rout E Vo
v, e Short the input, apply an output
Rout = A voltage stimulus, and measure
0ly;=0 current into output node 30




Two-Port Modeling — Multi-Stage Amplifiers

R A

+
_+—§




Two-Port Modeling — Multi-Stage Amplifiers

v. e
_ +

[
scl - Gmanl

ml—

e Note, Rn1 also includes the input resistance of Stage 2

32



Two-Port Modeling — Multi-Stage Amplifiers

—f—
_ -

l 2
=< - sz an

e Repeat procedure stage by stage

33



Two-Port Modeling — Multi-Stage Amplifiers

; v
LseN o _

|l
N
F4
L

G =
mN v
Un-1 N-1

e Repeat procedure stage by stage

e This procedure will be useful for analyzing multi-stage transistor
amplifiers 34



BJT Amplifiers AC Gain (r,=x)

CE Amp

CE Amp w/ Rg
Rec
‘] UO
Vi
| Re
Vo gmRc _ aRc
a
G = Im _ a
m 1 + ngE Te + RE
a

35



BJT Amplifiers AC Gain (r,=x)

CC Amp

C = 1
m — T
R, = Te”RE

CB Amp
Rc
™y Vo
Vi@
1 Re
Vo _ ngC _ aRC
(%1 1+ ngB Remitter
B
B a Im

G = — — _ — _

Te (,B + 1) + RB Remitter 1+ gn”LBRB
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MOSFET Amplifiers AC Gain (r,=x)

CS Amp CS Amp w/ Rg

37



MOSFET Amplifiers AC Gain (r,=x)

CD Amp

Vo _ ngS
v; 1+ gmRs
Gm = —9m
R, = 1 R
Im

CG Amp

Yo, p o Ko
v ™ Reource
1
™I T T Reouree
Rn = Rp




3-Stage BJT Amplifier Example

Isunpply
__+
T Ve (1-k)Re R2  Res  Re
) | Ve2 {3 Vb3 EQs
Vino ” ) E—— I)Q1 Rz r 1 Y
: 11 oVout

| 1 Rz 1
r ) o Rp4 | >
Rin kRB% RE %RG — lQﬁ-) iOUt; RL

e This multi-stage amplifier consists of common-emitter, common-base,
and common-collector amplifier

e The first two common-emitter and common-base stages are commonly
used together, and are called a “cascode amplifier”

e The cascode stage provides all the voltage gain of the circuit, while the
output common-collector circuit allows driving of a low-resistance load
39



3-Stage BJT Amplifier Example — 15t Stage Av

y ™" AN .
+
S1Vec  (1-kRs Re RS Re
VE2 i3 Vb3 -
) e V4 I\‘ 3
Vin°—| f ’—J r v
r |3 out
] %) §RB4
Rin kRg Rg IDO IQ? |out’ RL

e Using the common-emitter ampllﬁer
equations, the gain from the input to Vg, is

Ay = E = —Gm1 R
G . = Im1 _ a
m 1 + gml(RE”RG) Tel + RE”RG
a

Ry1 = Rip =T

aRiZ
Te1 + RE”RG

Ay = —

CE Amp w/ R,

40



3-Stage BJT Amplifier Example — 2"d Stage Av

AN CB Amp
BBé Rc%
)'SJZIS — L/AQS -
2 R
j Rik _|D<J Vout ©
Rgs4 00 .
§ IQ? Ioutl RL —‘h:ﬁ / 1".I"DI
L L L\ o, L Vi@
e Using the common-base amplifier equations,
. : L Rg
the gain from Vg, to Vg; is
Ub3 N
Ayy =—=—GmaRp> A ImRc aR.
UeZ — = =
Vi 1+ M Remitter
G = B L ’
m2 Te2(f + 1) Ry Jm2 G = — p % ___ 9m
Te (ﬁ + 1) + RB Remitter 1+ M
Rnz = RcllRiz = Rell[(B + 1) (es + R,)] B
Ry = Rc
a(Rc|[[(B + 1)(res + R
Ay = R.,
l

41



3-Stage BJT Amplifier Example — 3 Stage Av

lsupply _ . .
1+ A CC Amp
EVCC (1-k)Rg Ri2 Res Rc
I. VE2 {2 vils v
o0 o/ i A&
Vin°—| Q 1
r 1 Ril} _|Do Vout
R 1
R kRg > Rg § - IDO IQ? iout’ RL
\_2 L

e Using the common-collector amplifier
equations, the gain from Vg; to V, is

t
Ays = vobl; = —Gm3Ry3 v, Rg
1 V; B T, + Rg
G = ——
m3 Toa Gm _ _l
T,
Ry3 = reSHRL ©
R, = Te”RE
A, = —F
v3 ™ Te3 + RL

42



3-Stage BJT Amplifier Example — Total Av

Isupply

+
?‘fcc (1—k)RBé Ri2 Rgs Rc
h L Ve2 {3 Y3 1
1 3
In 11 —— l 11 oV
r g1 Ris 1) out

T d %

The total gain is equal to the product of the individual stage gains

:L_

v
— out __
Av,tot -

in
OR.»

- AleVZAv3

Vel

‘i)

a(Reo|R3)Y R,
Ry T3+ R

~
lad

[_ Rc|R;
r, + Rg|Rg

|G

43



C, acts as

an AC short
Vout
____ —
+ Rs
Vin(_)

» The keys in solving this problem are recognizing the AC
- ground between R, and R,, and Thevenin transformation of
the input network

» Then the common-emitter amplifer equations can be used

CHS5 Bipolar Amplifiers 44



e Find the input Thevenin equivalent

I.f': c

Rl
vin
R¢ + R,

VThey =

CHS5 Bipolar Amplifiers 45



e Use the common-emitter amplifier equations

Y Thev é

w—

Rthev

CE Amp w/ R¢

Rell R,

As there is a base resistance (Ry,.,), this
must be reflected into the emitter by dividing
by (B+1) to use the derived equation

@ (RCHRZ)

~ R|Rs
£ +1

CHS5 Bipolar Amplifiers

+7,+Rg R+ Ks




> Again, AC ground/short and Thevenin transformation are
~needed to transform the complex circuit into a simple stage
with emitter degeneration.

...................................................................................................................................................................................................................................................................................................................

CHS5 Bipolar Amplifiers 47



eq’

» The key for solving this problem is first identifying R
- which is the impedance seen at the emitter of Q, in parallel

~ with the infinite output impedance of an ideal current source
....... CHSBipO[arAmp“ﬁerS48



Next Time

e Differential amplifiers
« Razavi Chapter 10

49



