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" | BJT - a milestone in IC history

Bipolar Junction Transistor = BJT
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" | BJT - a milestone in IC history

Bipolar Junction Transistor = BJT

é / vacuum tube

AN

transistor \ . l

.
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" | Outline

= Introduction to BJT
o WHAT does it look like
o HOW does it work

» The characteristic curves

= Circuit analysis techniques with BJT
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2 | Structure of BJT

o

o
E

Circuit symbol

10/19/20

C B E
Emitter region
n — type /
p — type Base region
n —type Collector region

Cross section of an npn BJT
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2 | Structure of BJT

Circuit

symbol
= Emitter-base junction (EBJ)

B O—|< = Collector-base junction (CBJ)
& EBJ B  CBJ
c [ \ [ |

n—type p—type n — type

There are 2 pn junctions

, , . E
C B E
l l l Emitter Base Collector
= region region region
p
Cross section of an npn BJT Simplified structure of an npn BJT
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| BJIT modes of operations

EBJ B  CBI
| | l | |

c n—type p— type n — type
Emitter Base Collector
region region region

Mode EBJ CBJ
Cutoff Reverse Reverse
Active Forward Reverse
Saturation Forward Forward
Reverse Active Reverse Forward
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" | How does a BJT work?

Recall: depletion in pn junction

p type doped 5|I|conntype doped silicon
06 o 57878 weon Carrier-depletion region
h“\i o 0 © o %0 . .
o O o L ©p %0 4 =  Exist in both sides
"""""""""""" = Uncovered charges
Oe [ == o Oe . .
O | o | 4 |0.° " nis more positive than p
(@) le) ©o . e
o == = Electronic field generated
(@)
o o =™ |4 o 0©

Depletion region
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" | How does a BJT work?

E depletion region
+ =+
N
T+ + + 3 _*

= There are two pn junctions
= Depletion regions are generated in both sides of
both EBJ and CBJ
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" | How does a BJT work?

10/19/20

depletion region

A forward-bias applied to EBJ
width of depletion region of EBJ |

The base region is very thin. But there are too
much electrons ...

Milin Zhang, Dept of EE, Tsinghua University
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" | How does a BJT work?

depletion region

= Electrons enter the collector region
= Emitter current is dominated by the electrons

10/19/20 Milin Zhang, Dept of EE, Tsinghua University
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" | How does a BJT work?

/ “inject” electrons

. =T+

+ ,; “collect”
electrons

= A reversed-bias applied to CBJ

= Current generated in collector region
= The BJT is biased in ACTIVE mode

10/19/20 Milin Zhang, Dept of EE, Tsinghua University 12



" | Currents of BJT in active mode

Cross-sectional area

YBE Electron diffusivity in base
= collector current i, = [¢e VT / ¥

Carrier densit
a / y

Agq Dnni2

N, W
\ Base width

" ic is NOT dependent on v \

ic

Saturation current I =

Doping concentration in the base

C A
o

i <€ Active mode
C

B
|: VUcn
vBEk o
E
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" | Currents of BJT in active mode

YBE ApqDpn?
= collector current j,. = JgeVr Jo = E17n
C S S NAW
. I
= base current ip =—
B
2
. _AgqDpni tEE | ApqWni tes
B
NDLP TbNA
Only related to the
physical structure \
of the BJT DpNAW w2 VBE

= + lce VT
DyNpLp = 2Dyt ) °

I
[ — common-emitter current gain

typical value of £ is 50 — 200
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= | Summary: BJT in active mode

C

CBJ - reverse biased / ? Lic
B

—

EBJ — forward biased\ o Vi

E

UBE
= collector current i, = JgeVr

= basecurrent ip=

Lc
= emitter current ip=iptic=—+—lic=—lIc
a
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= | A model for active mode

il

(

) E v
lg

o

’tt sfNg |

10/19/20
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= | A model for active mode

= Since
VBE VBE _ Ic
lc = Ise Vr lp = ISEe Vr lg = —
Is
u ThUS - ISE = —
a

10/19/20

Milin Zhang, Dept of EE, Tsinghua University

bi,

alg

Dg
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" | Outline

= Introduction to BJT

o Device structure

o How does it work? Active mode

e Active mode

10/19/20 Milin Zhang, Dept of EE, Tsinghua University 18



" | Recall: BJT modes of operations

EBJ B CBJ
—= 98—

n—type p—type n — type

E
Emitter Base Collector
region region region
Mode EBJ CBJ
Cutoff Reverse Reverse
Active Forward Reverse
Saturation Forward Forward
Reverse Active Reverse Forward
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2| BJTin reverse mode

10/19/20

" ap is much lower than a in active mode
= Typical value of ap is 0.01 —0.05

Milin Zhang, Dept of EE, Tsinghua University

C
Tic
D
B 'B_, ¢
o
Qgpic
4
1t
E
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lp = lp = aRlC
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= | EM model for BJT

= Active mode

= Reverse mode

10/19/20

Milin Zhang, Dept of EE, Tsinghua University
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= | EM model for BJT

= According to KCL
iC — _iDC + aFiDE

" According to i — v characteristics of Dy and D,

vBC I [ VEC
ip, = e Vr — 1) = a—s(e vr —1)
R

YBE I VBE o
iDE = ISE(e VB’IF — 1) :a_s(e VB’IF — 1)
F

" Takeip.andip, toic

v
ic = —I—S(eVLTC — 1) + 15(61%5— 1)
aR

10/19/20 Milin Zhang, Dept of EE, Tsinghua University
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= | EM model for BJT

. : _Is(
lg = lpg — Qrlpc = ——\€

VBE

14
) — Is(eﬁ

Vr — 1 Vvt — 1
ap
I VBC VBE
iC = _iDC + (XFiDE= —é(e fTC — 1) ~+ IS(B VBf -1
v v
Ic = —Ii(eVLTC — 1) 1 IS(eVLT:E— 1)
QAR
1% v
+aFIS(eVLTF — 1) — aFIS(eVLTC — 1)

(e

(04~

10/19/20

Aplg

)

)

[
o > @
\/ De
T @
J e
| e

(o)
E

Milin Zhang, Dept of EE, Tsinghua University
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" | Recall: Currents of BJT in Active Mode

UBE
= collector current j. = IgeVr

. _ AEanniz CBJ-
Saturation current I = TNW reverse C
A biased o .
/ l lc
" j.is NOT dependent on v p

B :
ic i
1 EBJ - \ d ¢
E

P Active mode forward
biased

> Ve

10/19/20 Milin Zhang, Dept of EE, Tsinghua University 24



B | BIT in Saturation Mode

1 ( YBC )
iC == (C(F - a_) IS eVT - 1 + aFiE
R

When vg isincreasing — i, decreases

Saturation A

mode
> € Active mode

( Aplg

> Ve

10/19/20 Milin Zhang, Dept of EE, Tsinghua University

CBJ -
forward

C
biased o
/e
B
[
EBJ - \olE
E

forward
biased
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2| Outline

= Introduction to BJT
o Device structure

o How does it work?
e Active mode
* Reverse mode

e Saturation mode

o MPN V.S. pNp

Active mode reverse mode

Saturation

mode

ic
4

Active mode

f

aiE

> Uep

10/19/20 Milin Zhang, Dept of EE, Tsinghua University 26



8| npnv.s. pnp

npn type BJT pnp type BJT
EBJ B CBJ EBJ B CBJ
E n—type p—type n — type c E p—type n—type p — type
Emitter Base Collector Emitter Base Collector
region region region region region region
Mode EBJ CBJ
Cutoff Reverse Reverse
Active Forward Reverse
Saturation Forward Forward
Reverse Active Reverse Forward
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" | Outline

= Introduction to BJT

o Device structure

|_,g

o How does it work? Active mode reverse mode
aturation “ic r = 1 B = |
d ACtIVE mOde ) mode>< Active mode f,_l n— type p—%ype n — type
P R eV e rs e m O d e alg region region region
npn type BJT
* Saturation mode A

(4
cB ; p—type n—type p-—typ
Emitter Base Collect
region region region
o NPN V.S. pnp

pnp type BJT

= Characteristics curves

10/19/20 Milin Zhang, Dept of EE, Tsinghua University 28



ll From dev. structure to circuit model

QC B O E
O B .
» e
Na
+
— E
Vel -
SEE KT
ic=IgeVr whereVT:?
. _Ilc_Is ZEE
lp=——-=—/e'T
p B
. iC IS VBE
ip=—=—elr where a = £
a « 1+p

10/19/20 Milin Zhang, Dept of EE, Tsinghua University 29



2| i — v characteristics

As we already knew, in active mode

+
=
(_e;.

ic = Pip ip=0+p)ip

C
Ve | - °—> B 7
Ny

Mathematically i =1lg +ic

+ VBK E Image the transistor is a super big node

ve T - b

According to KCL g =lg +ic

KCL/KVL works for transistor circuit anaylsis

10/19/20 Milin Zhang, Dept of EE, Tsinghua University
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2| i; — vgE characteristics

10/19/20 Milin Zhang, Dept of EE, Tsinghua University
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= | Example 1

QUESTION: The transistor has f§ = 100 and exhibits a vgg of 0.7V at i, = 1mA. Find
the resistance of R and R when the transistor is biased in active region at i, = 2mA
and vcg = 5V with Ve, = Vg = 15V

L
i C
V
cC* T _ is_, 8 |/
N
i vB& E
Ve | -
Vm‘
Rg

10/19/20

= According to KVL

VC = iCRC + VcB - RC = 5kQ)
llc VBE
» According to i¢ — vgg characteristics i, = [ce VT

Since i = 1mA @ vgg = 0.7V

2mA
; = 0.7+ VI (—) = 0.717V
i ‘E VBE ic=2mA +Yrin 1mA

= According to KVL

VE = iERE + Vg - iERE = 15.717V

Milin Zhang, Dept of EE, Tsinghua University 32



= | Example 1

QUESTION: The transistor has f§ = 100 and exhibits a vgg of 0.7V at i, = 1mA. Find
the resistance of R and R when the transistor is biased in active region at i, = 2mA
and vcg = 5V with Ve, = Vg = 15V

= Since f =100

A
) B
a=——=0.99
+ C llc ﬁ + 1
Vemr= is_, B % » According to i — ig characteristics
|\ .
[
RN ip = = = 2.02mA
. BE E _ a
Ve | - Ve o .
=  According to i — v characteristics of resistor
W
Rg

Ry = 7.07kQ

10/19/20 Milin Zhang, Dept of EE, Tsinghua University 33



" | Recall: BJT in Saturation Mode

1 ( YBC )
iC == (C(F - a_) IS eVT - 1 + aFiE
R

When vg isincreasing — i, decreases

, i
Saturation A C

mode
> € Active mode

r aig

10/19/20 Milin Zhang, Dept of EE, Tsinghua University

CBJ -
forward

C
biased o
/e
B
[
EBJ - \olE
E

forward
biased
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8| i — vcp Characteristics

Lc

N breakdown
S aplp S
l iC y
B S
BE . v ip !l
> Ucp
) 7 - 1)
ic = (aF — a_> I\eVt — 1)+ agpig ic = arig whenvcg =0
R
10/19/20 Milin Zhang, Dept of EE, Tsinghua University 35



8| i — vcp Characteristics

Saturation lc breakdown
mode 4

>€ Active mode '

Apig /
lic ‘\/
B NS
. e
VBE v igd -

E

C

€«

- )1V — 1) + gy \
LC=<aF—a)IS eVt — 1) + apig 0.4 — 05V

Apparent threshold

10/19/20 Milin Zhang, Dept of EE, Tsinghua University 36



" | Outline

" Introduction to BJT

o Device structure

o How does it work?
e Active mode
e Reverse mode

e Saturation mode

o MPN V.S. pnp

= The characteristic curves

o [ — v characteristics

o_(Tlic |
)

(4
E P

iC Saturation

W

Active mode
ic breakdown
mode p .
Active mode |
apiE \
NS
ip
. VcB
lc — VUcs

10/19/20 Milin Zhang, Dept of EE, Tsinghua University

reverse mode

37



lc — Vg Characteristics

Aic

Saturation

/mode breakdown
>¢ \

Active mode ‘\/

€

i

m Z'{Un
I

<

CE

-
_ -
-
-
-
-
e
7
/
/

0.4 — 0.5V

10/19/20 Milin Zhang, Dept of EE, Tsinghua University 38



o ic

-
-
-
-
-

-

-
-
-
-
-

Aic

Saturation \

— v g Characteristics

breakdown

€

/mode
> €

Active m

L v ipl
AT
-V
4 0.4— 0.5V
Early
Voltage 1o Ve|(1 4 YeE
e = Is€ *v,.)| ® THE EARLY EFFECT
10/19/20 Milin Zhang, Dept of EE, Tsinghua University 39



= | Recall: A Model for Active Mode

?C B ) E

B

—Q0 _

i
B

C
v
/ alE

e 0

S A NI
e? L‘j/i/: ——— \:;J'f

©

10/19/20 Milin Zhang, Dept of EE, Tsinghua University

Dg

E
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= | WHY the Early Effect

VcE T . VcB T . wi . IS T . iC T

10/19/20 Milin Zhang, Dept of EE, Tsinghua University 41



8| i — v Characteristics

Ideal case

Consider
Early Effect

10/19/20

4 ic
Saturation
/ mode breakdown
| Active mode J
v iE l
k— > Ucp
0.4 — 0.5V
breakdown

0.4 — 0.5V

Milin Zhang, Dept of EE, Tsinghua University
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lc — Vg Characteristics

Vcg
iot -
C + ¢ : r
B — -1 i S o
<t . 505
T, =
+ T ° 0V g ’
E BE
T_ CE DE
VBE i
Vot Veg Va E
I z

E

The nonzero slop of the i — v characteristics
straight lines indicates that the output resistance
looking into the collector is NOT infinite.

10/19/20 Milin Zhang, Dept of EE, Tsinghua University 43



Fem————————— ~
iCT( Saturation mode [IRN

> 1 S

DEEPER | N : !
) | N t , breakdown '
saturatio N Saturation \
€ N /mode
I N\
> €

€

\

1
1
\

Active m

> VcE
N4 — 05V
Ic
» We already have 3, for large signal, defined as fpc = T
B
o Ai,
= Define incremental fac as Pac = AL
lp
VCE

B ac is smaller in saturation mode than in active mode

10/19/20 Milin Zhang, Dept of EE, Tsinghua University 44



——————————— VBE
r -~ ] VcE
iCT( Saturation mode S lc = ISe vVt (1 + —
N Va

s ic , brea kdown/'-/
Saturation \

/ mode '

> € \

Active m

€

v igl ™
> VcE
04— 0KV

" The saturation voltage V¢gsat = Vcgorf + IcsatReEsat

I:Typical value 0.1 - 0.3V
: : 0vcE
Where R gsq: is defined as Regsgr = =

alc ip=Ig
lc=Icsat

10/19/20 Milin Zhang, Dept of EE, Tsinghua University 45



2| Outline

= Introduction to BJT
o Device structure

o How does it work?

e Active mode

+

H =+
- Tl
+ + + ¥ ¥ ¥ =+ 3 *

Active mode reverse mode
* Reverse mode Mode - cBI
* Saturation mode Cutoff Reverse Reverse
o npnv.s. pnp Active Forward Reverse
.. Saturation Forward Forward
= The characteristic curves .
Reverse Active Reverse Forward

o [ — v characteristics

ic ) breakdown/"/
Saturation \

/mode '

C Saturation ic breakdown
N mode .
l - Active mode :
. Aplp \
ic I :
B @ /
(¢ v gl e
E 1)) > VpE veg
i . —V,
— VBE lc VUcp

o The transfer characteristic

10/19/20 Milin Zhang, Dept of EE, Tsinghua University

—> . VcE

04— 05V ',C - vCE
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" | The Transfer Characteristic

UcE
A . .
Cutoff Active Saturation
mode mode mode
> € g3
C
vCEK o
B ;
Vg Ek (@) VBEon
E \\
Mode EBJ CBJ
Cutoff Reverse Reverse @ Cutoff mode
Acti F d R .
ctive orwar everse EBJ is off . Vpp < VBEon
Saturation Forward Forward
Reverse Active Reverse Forward Typlcal value of VBEon IS 0.5V

10/19/20

Milin Zhang, Dept of EE, Tsinghua University

> UBE
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" | The Transfer Characteristic

UcE
A . .
Cutoff Active Saturation
mode mode mode
> € g3
C
vCEK o
B
: vCEsat
Vg Ek (@) VBEon
E \\
7

Mode EBJ CBJ
Cutoff Reverse Reverse @ Saturation mode
Active Forward Reverse .

EBJis on . UpE > VBEon
Saturation Forward Forward
Reverse Active Reverse Forward CBJis on . Vpc = Ve — Vck > VBcon

Typical value of vgcpy, is 0.4V

10/19/20 Milin Zhang, Dept of EE, Tsinghua University 48



" | The Transfer Characteristic

UcE
A ) .
Cutoff Active Saturation
mode mode mode
> € g3
C
vCEK o
B
: vCEsat
Vg Ek (@) VBEon
E \\
7
Mode EBJ CBJ
Cutoff Reverse Reverse @ Active mode
Active Forward Reverse .
EBJis on . UpE > VBEon
Saturation Forward Forward
Reverse Active Reverse Forward CBJ is off . Vpc = Ve — Vck < VBcon
10/19/20 Milin Zhang, Dept of EE, Tsinghua University 49



" | The Transfer Characteristic

AvCE (vo)

Cutoff mode | Active mode | Saturation mode
> € g3

e

> Vpr (Vi)

10/19/20 Milin Zhang, Dept of EE, Tsinghua University 50



" | The Transfer Characteristic

AvCE (vo)

Cutoff mode | Active mode | Saturation mode
> € g3

Vo = Vga

> Vpr (Vi)

Vin > VBEon
VBE
lC = ISe Vr
Vo = Vaga — icR¢
Vin

== Vdd - RclSeVT

10/19/20 Milin Zhang, Dept of EE, Tsinghua University 51



" | The Transfer Characteristic

Vce (V
ez (v,)
Cutoff mode | Active mode | Saturation mode
> € g3
— Vin
Vo = Vaa Vo = Vaa — RclseVT
> Vpr (Vi)

Vo < Vin — VUBcon

Vee = VeEsat

I . Vaa — Vcesat
Csat — R
C

10/19/20 Milin Zhang, Dept of EE, Tsinghua University 52



" | Outline

. C
» Introduction to BJT L . — e
B C
!

o Device structure

Active Forward Reverse

Saturation Forward Forward

o How does it work?

Reverse Active Reverse Forward

e Active mode

ic Saturation “ic breakdown
* Reverse mode . o L e
e Saturation mode — //
o MPn V.S. pnp —
_—é VgE - v ves
» The characteristic curves lc — VBE lc = Ucp

o [ — v characteristics

o The transfer characteristic
= Circuit analysis
techniques with BJT

o DC analysis techniques

10/19/20 Milin Zhang, Dept of EE, Tsinghua University 53
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2 | Recall: Cutoff/Saturation

AUCE (vo)

Cutoff mode | Active mode

Mode

Saturation mode

> € >

e ——

€

Vin < VBEon

ic =

Vo = Vigga — icRe = Vg

10/19/20 Milin Zhang, Dept of EE, Tsinghua University

> vBE

Vo < Vin — VUBcon

Vee = VeEsat

I . Vaa — Veesat
Csat — R
C
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W | Transistor in Cutoff/Saturation Mode

10/19/20

= Cutoff mode

i'"""""""""'l
' Vaa !
: %Rc :
: Ry R
: + O—MV— 1
: vin Vo :
m  Saturation mode I
. Vaa i
i o
i Rp el Lo -
T O—MW— '
1 Vin v, :

Milin Zhang, Dept of EE, Tsinghua University

I Sctrl
—_0 O—
Vin Vo
Vo = Vin

When SCtTl = VH
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" | Outline

= Introduction to BJT

o Device structure
o How does it work?

* Cutoff / Active / Reverse / Saturation mode

0 PN V.S. pnp

= The characteristic curves
o [ — v characteristics
o The transfer characteristic

= Circuit analysis techniques with BJT
o DC analysis techniques

* Transistor in cutoff/saturation mode
* Transistor in active mode

10/19/20 Milin Zhang, Dept of EE, Tsinghua University
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¥ | Recall: Example 1

QUESTION: The transistor has f§ = 100 and exhibits a vgg of 0.7V at i, = 1mA. Find

the resistance of R and R when the transistor is biased in active region at i, = 2mA
and vcg = 5V with Ve, = Vg = 15V

RC VC = iCRC —+ VcB - RC = 5k()
VW=
l; Since i = 1mA @ vgg = 0.7V
+ C Lc
e— B 2mAy
VC N lB—) B |/ UBE ic=2ma = 0.7+ VTITl (17?1—14) = 0.717V
i VB& El Vg = igRg + vpg - igRp =15.717V
Ve | - . ic B
=—==202mA Wwhere a =——=10.99
vy, 'ET m B+1
Rg
Ry = 7.07kQ

10/19/20 Milin Zhang, Dept of EE, Tsinghua University 57



= | Example 2

QUESTION: Find out the voltage of Vg and Vg with Rg = 100k(}, R, = 2k, V;4,=10V,

VBB == SV, and ﬁ = 100.

LI

R 3V ic

_ +

lp

__)_M}LK -
_l_

VcE

10/19/20

Milin Zhang, Dept of EE, Tsinghua University

According to KVL

Vg = igRp + vpg

VBE
According to i¢ — Vg characteristics . = [ce VT
Ic UYBE
VE = Ee VT RB + VBE

1 unknown in 1 equation

BUT WE CANNOT FIND AN ANALYTICAL SOLUTION
NUMERICAL SOLUTION AVAILABLE IN 20230253

58



= | Example 2

QUESTION: Find out the voltage of Vg and Vg with Rg = 100k(}, R, = 2k, V;4,=10V,
VBB == SV, and ﬁ = 100.

. iB —
EIPR '
RSV ic
+

VcE Load line

r— Vpp — v
v . Vpp —vpg
VBB _ BE lp = R
B

=i = _s > Vg

u According to KVL VBB = iBRB + VUpE

10/19/20 Milin Zhang, Dept of EE, Tsinghua University 59



= | Example 2

QUESTION: Find out the voltage of Vg and Vg with Rg = 100k(}, R, = 2k, V;4,=10V,
VBB == SV, and ﬁ = 100.

Lot
RSV ic
+

i Vee Load line
—— —
Veg | - VBE i = Vaa — VcE
_ _ ¢ R¢
= =3 > VcE

. . = Find the load line according to KVL
The graphical analysis 8

tech is NOT quantitative. Vig = icRe + veg

10/19/20 Milin Zhang, Dept of EE, Tsinghua University 60



2| Example 2

QUESTION: Find out the voltage of Vg and Vg with Rg = 100k(}, R, = 2k, V;4,=10V,
Vgg = 5V, and B = 100. Assume |Vgg| = 0.7V in active mode.

Let’s ASSUME the transistor is biased in active mode

Vaa .
I& . = According to characteristics of the transistor
RC >Vl
. + VBE ~ 0.7V
lB_) RB . ' o
= According to KVL & transistor characteristics
N * VcE _ _
VBB_— Vg VBB = iBRB + VBE iB = 0.043mA
A } - q Vag=icRc+Veg B qi.=43mA
_ ic = Pig =4.3mA | Veg = 1.4V

= Check ASSUMPTION

Vec = —0.7V. <Vgcon [ Active mode
10/19/20 Milin Zhang, Dept of EE, Tsinghua University 61



= | Summary: DC analysis for BJT

= Method 1 — quantitative analysis

IS VBE
— 2,V i i
Vg Vg = s TRg +Vpr  ® No analytical solution
;i . = Method 2 — graphical analysis
RC >V lc
lp R
— B
—W{ Load line Load line
+ + ig= VBER; VBE i = Vaa R—E VcE
V. _ UBE ©
BB Easy to operate
- ® not a quantitative result

» Method 3 - |Vgg| = Vi, = 0.7V in active mode

o Step 1: assume the transistor is in active region
o Step 2: solve the circuit
o Step 3: check assumption

10/19/20 Milin Zhang, Dept of EE, Tsinghua University 62



" | Example 3

QUESTION: Find out the voltage of Vg and Vg with Rg; = 100k(}, Rg, = 50kQ, R, =
5kQ, Ry = 3kQ, V43 = Vgg = 15V, and f = 100. Assume |Vgg| = 0.7V in active mode.

Vb Vg = Assume the transistor is biased in active region

? I ic = Bip Vgg = Vi, = 0.7V
Rp1 T Re

. v ic = According to KVL & KCL
v AK—JB -

? Vob = Ve Vg ny

Rp, R n Rpq Rp, F
L Vg =Vgg + (B + 1)igRg

2 unknown in 2 equations

ANY better way?

10/19/20 Milin Zhang, Dept of EE, Tsinghua University 63



2 | Recall: Circuit equivalent

Thévenin’s theorem

LINEAR two-terminal circuit can be replaced <+> 3 R,
by an equivalent circuit composed of a Ve >
voltage source and a series resistor

(o]

source load

(o]

Norton’s theorem

LINEAR two-terminal circuit can be replaced . S e

. . . L
by an equivalent circuit composed of a i ! 2
current source and a parallel resistor

o

source load
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" | Example 3

QUESTION: Find out the voltage of Vg and Vg with Rg; = 100k(}, Rg, = 50kQ, R, =
5kQ, R = 3kQ, V43 = Vgg = 15V, and f = 100. Assume |Vgg| = 0.7V in active mode.

Vbb Vaa === I C T T T T
| Vob 1 : |
| I : Rp tH :

Rp1 Rc I R I e\ e
1 Tii | B1 : : . :
is ¢ ' ' » |
LK I I | — VB TH I
I Rp, | | T
' ' L I
Rp; R | = I | = :
< < I o e e e - d m em mm omm == _—

= — =  According to Thévenin’s theorem
R tn = Rp1||Rp2 = 33.3k(}

Rp,
Rg; + Rp,

VB_TH = Vaa = 5V
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" | Example 3

QUESTION: Find out the voltage of Vg and Vg with Rg; = 100k(}, Rg, = 50kQ, R, =
5kQ, R = 3kQ, V43 = Vgg = 15V, and f = 100. Assume |Vgg| = 0.7V in active mode.

Vaa = Assume the transistor is biased in active region
R ic = Pigp Vpg = Vip = 0.7V
¢
i ic = According to KVL & KCL
Rprn B ~
— I< Ve.ry = ipRp ty + Vpg + igRE
+ I
_—_ RE - VC == Vdd - lCRC
- VerH <
- i ip=ig+ic=(B+1)ig
ip =0.0128mA

R = 33.3k()
e » 4 v, =86V
VB_TH — SV

VE = iERE == 388V

-
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" | Example 3

QUESTION: Find out the voltage of Vg and Vg with Rg; = 100k(}, Rg, = 50kQ, R, =
5kQ, R = 3kQ, V43 = Vgg = 15V, and f = 100. Assume |Vgg| = 0.7V in active mode.

Via = The voltage of Vg and V- can be calculated as
VBE == VB TH — iBRBTH - VE == 0694V
RC r -
. | Vi Veg = Vyg — icRe — Vg = —3.664V
BTH _,!B |/
—_AAA
j N = Check ASSUMPTION

Ty Rg Vg = 0.694V > Vggon
B_TH <

e i Vec = —3.664V < Vicon

I Active mode
RB_TH — 333k.Q.
Ve rn = SV
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" | Example 3

QUESTION: Find out the voltage of Vg and Vg with Rg; = 100k(}, Rg, = 50kQ, R, =
5kQ, R = 3kQ, V43 = Vgg = 15V, and f = 100. Assume |Vgg| = 0.7V in active mode.

Vaa The ASSUMPTION DC analysis results
ReS ic = Pig Ver = 0.694V
Vi Vgg = Vi = 0.7V Vge = —3.664V

WHY the voltage of V5 is different?

— Vg ry 4 = A more precise method

_— i IS VBE IS vB;E

Ve ry = EQWRB_TH + Vpg + e VT Rg

p

Rp rn = 33.3kQ 1 unknown in 1 equation

V.ru = SV BUT WE CANNOT FIND AN ANALYTICAL SOLUTION
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" | Outline

. C Mode EBJ CBJ
" Introduction to BJT O_KT L " — —
o Device structure B Active Forward Reverse
o How does it work? l Saturation Forward Forward
e Cutoff / Active / E Reverse Active Reverse Forward

Reverse / Saturation i mion | e bresidown

m Od e TT «— — T e s Active mode l".‘
o MPN V.S. pNp jj @

= The characteristic curves

o | — v characteristics

o The transfer
characteristic

=L i T
lc — VcE Vpr — VcE

= Circuit analysis
techniques with BJT

Method 1 — quantitative analysis

o DC analysis techniques = Method 2 — graphical analysis

Method 3 - |Vgg| = V{;, = 0.7V in active mode

-
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" | Outline

= Introduction to BJT
o Device structure

o How does it work?

* Cutoff / Active / Reverse / Saturation mode

0 NPN V.S. pnp

» The characteristic curves

o [ — v characteristics

o The transfer characteristic

= Circuit analysis techniques with BJT
o DC analysis techniques

o AC analysis techniques

10/19/20 Milin Zhang, Dept of EE, Tsinghua University
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I | Recall: the Transfer Characteristic

Vce (V
ez (v,)
Cutoff mode | Active mode | Saturation mode
> € g3
— Vin
Vo = Vaa Vo = Vaa — RclseVT
Vo = VeEsat

> Vpr (Vi)
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" | Signal Amplification

Vce (D
es (v,)
Cutoff mode | Active mode | Saturation mode
> € > €
Vce n | 4 .
signal

A — | ? swing

e

A 4

> Vpr (Vi)

= Step 1 find a proper bias point / quiescent point
= Step 2 characterized by DC voltages Vgg and Vg <,
VBE Yyt

Vee = Vaa — Relse VT

= Step 3 a sufficiently small voltage vgg VBE
superimposed on Vzg
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" | Signal Amplification

) < VBpg
Vce (D, [
A
A q
~a .
Cutoff mode N Saturation mode
> <: <
’D
1 I A
-7 | I n n
7 - | I
1 1 > L~
-7 l I t AvaE
-’
g I \ [ U
P 7’ S —l=\=d v
/’ VCEsat
/
* > Vgp (Vin)
7/
/7
7/ _ de 1 R I VV_B'IF ICRC
% v = = ——R,|Ise = —
// dvm Vin=VBE VT VT
’ I¢
/7
7/ —
_ Vaa — Vce Vaa — Veesar
= — > —
Vr Vr

A, is denoted as the small-signal voltage gain
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" | Locating the Bias Point

AvCE (vo)
Cutoff mode | Active mode | Saturation mode
> >«
‘\\\ FF—> ¢
better
choice
for Q
= > vpg (Vin)
CASE 1 )
= BIJTis biased @ relative low bias point Q :> AN IMPROPER BIAS POINT
= A sufficiently small AC amplitude is applied |f| MAY CAUSE A TOO LOW
"' SMALL SIGNAL VOLTAGE
GAIN
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" | Locating the Bias Point

AvCE (vo)

Cutoff mode | Active mode | Saturation mode
> € > €

e ——

pion T
for 0 X /cllpped
S /
- > Vpp (Vin)
fAT3Iszis biased @ a fine quiescent point A NOT SMALL ENOUGH
AC INPUT MAY CAUSE A

=  Alarger AC amplitude is applied
= The peak of the output is clipped

JAWA

DISASTER TO LINEARITY
{ | PERFORMANCE
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" | Locating the Bias Point

) < VUBpg
Vee (D [
A CE o t
Cutoff mode ‘<:, Saturation mode
> <: <
‘\ ’b
i n | + signal
better swing
choice i > @ v
o
for \ \1 U J L 4 ~AyVBE
B . VCEsat
> Vgg (Vin)
* The bias point Q is determined by Vg Ve

= The GAIN A, is determined by the location of Q
= The allowable SIGNAL SWING at the output must be considered

LOCATING THE BIAS POINT IS IMPORTANT IN SMALL SIGNAL AMPLIFICATION

? How to locate the bias point
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" | Outline

" Introduction to BJT

o Device structure
o How does it work?

* Cutoff / Active / Reverse / Saturation mode

o MPN V.S. pnp

= The characteristic curves
o [ — v characteristics
o The transfer characteristic

= Circuit analysis techniques with BJT

o DC analysis techniques
o AC analysis techniques

* Locating the bias point is important
* HOW to locate the bias point

10/19/20 Milin Zhang, Dept of EE, Tsinghua University
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¥ | Recall: Example 2

QUESTION: Find out the voltage of Vg and Vg with Rg = 100k(}, R, = 2k, V;4,=10V,

Vgg = 5V, and B = 100. Assume |Vgg| = 0.7V in active mode.
Let’s ASSUME the transistor is biased in active mode

Vaa .
Ii . = According to characteristics of the transistor
RC >Vl
. + VBE =~ 0.7V
lB_) RB - ' o
= According to KVL & transistor characteristics
N * VcE _ _
Vag | - UBg Vep = igRp + Vpg ig = 0.043mA
A } - q Vag=icRc+Veg B qi.=43mA
_ ic = Pig =4.3mA | Veg = 1.4V

= Check ASSUMPTION

Vec = —0.7V. <Vgcon [ Active mode
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= | HOW to Locate the Bias Point

= Method 1 - Locate the bias point by fixing Vg @

Vaa ic
Iy 1 T1 «— — T
RC >V ic
ip
J_M}LK
+ +
Vag | - Ve
_ = ; > VBE
- 1 ic —vpg

I is too sensitive to the change of Vg
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= | HOW to Locate the Bias Point

= Method 2 - Locate the bias point by fixing I' @

RCIJ Ic = According transistor characteristics,
in active mode

Ic = plg

The large variations of 8 results in
large variationin I
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= | HOW to Locate the Bias Point

= Method 3 — Using Constant-Current Source @

Vaa

? = [pisindependent of § and Rg

= How to realize a current source?

Rp
—_
YW —l:i B Current mirror explained in next chapter

10/19/20 Milin Zhang, Dept of EE, Tsinghua University 81



¥ | Recall: Example 3

QUESTION: Find out the voltage of Vg and Vg with Rg; = 100k(}, Rg, = 50kQ, R, =
5kQ, R = 3kQ, V43 = Vgg = 15V, and f = 100. Assume |Vgg| = 0.7V in active mode.

Vb Vaa , el
? ; * According to Thévenin’s theorem ="~ "7} " :

: ad : : Rpru 1

Rp1 T R¢ rl R tn = Rp1||Rpz = 33.3k(} ER’“ i » ! |+ :
iC RBZ : E - Vo

[ V. = V — SV ERBZ
i( b_TH RBl + RBZ ad : o

Assume the transistor is biased in active region

The voltage of Vg and Vg can be calculated as
VBE == VB_TH - iBRBTH - VE == O694‘V
VCE - Vdd - iCRC - VE == _3664V

Check assumption
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= | HOW to Locate the Bias Point

= Method 4 — Classical Discrete-Circuit Arrangement @

10/19/20

=  According to KVL & Thévenin’s theorem

VB TH — VBE R
I = = — B2
E R +Rz/(B+ 1) where Vg 1y

V
Rp1+RpB2 ad

_ R
= Since Vg 7y > Vg, Rg > ﬁ_fl

A better tolerance to the variation of Iz
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= | HOW to Locate the Bias Point

= Method 4 — Classical Discrete-Circuit Arrangement @

Vbb Vaa _
Z I " Whatis R used for?
Rp1 § Rc§ L o If there is a decrease @ i,
big

_)iB a 2 v 1 o The voltage drop on R, decreases
vge T I:\ o [ and vg decrease correspondingly

O Vgg increases, causing an increasing of i

< (7R
i NEGATIVE FEEDBACK is observed

R stabilizes the bias current

10/19/20 Milin Zhang, Dept of EE, Tsinghua University
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= | HOW to Locate the Bias Point

= Method 5 - Two-Power-Supply Version @

Vaa

I = According to KVL & transistor characteristics
i

VSS = IBRB + VBE + IERE

g Ry
—_)—W—K Iz = (B + 1)Iz if the transistor is in active mode

R . Vss — Vg

‘i = R T R/BED
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= | HOW to Locate the Bias Point

= Method 6 — Collector-to-Base Feedback Resistor @

% = According to KVL & transistor characteristics
RC >lic Vdd == ICRC + IBRB —+ VBE
_, B Ir = (B + 1)Ig if the transistor is in active mode
ip
. Vaa — Vae
» lg =
Rc+Rg/(B+1)
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= | HOW to Locate the Bias Point

= Method 6 — Collector-to-Base Feedback Resistor @

Vaa = Whatis Rz used for?
Rc 3 ic o If there is a decrease @ i, ic
2vc T 1!
R, o The voltage drop on R decreases, v increases
—
i 4 o Ig decrease correspondingly

O Vgg increases, causing an increasing of i ic?T

NEGATIVE FEEDBACK is observed

R stabilizes the bias point
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" | Summary: Locate the Bias Point

WHY?

Key to small signal amplification

= () isdetermined by Vg
" () determines the GAIN 4,
" () has effects on the OUTPUT SIGNAL SWING
o <« VBE IIJCE (170) %
AVCE (v‘)) A . Cutoff mode 2 Saturation mode
Cutoff mode '<:: Saturation mode ~ ————— g
> a —
> better
\\ choice
- for Q
\ signal
bﬁtt-er swing ~ > vgg (Vin)
choice @v, vee (V,) 4
for Q AV A P
vYBE Cutoff mode '>t Saturation mode
- vCEsat —\'
> Vg (Vin)
- e
for Q X clipped
© e
> Vg (Vin)
10/19/20 Milin Zhang, Dept of EE, Tsinghua University
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" | Summary: Locate the Bias Point

WHY?

" (@ isdetermined by Vg
" () determines the GAIN 4,

" () has effects on the OUTPUT SIGNAL SWING

HOW?

fixing Vpg fixing I fixing I
10/19/20

Key to small signal amplification ::;::;[

Ve (Vo) % vee (V)
Cutoffmode | |YE Saturation mode ® Cutoff mode t
| "
t

for Q

vgg (Vin)

Saturation mode ®

e
bett'er Peak
choice clipped
for Q

-
vgg (Win)

—> | <« Vg

better
choice
for Q \

i
LS

~ VCEsat

;UCE (Vo)
Cutoff mode $ Saturation mode @
S ——]
\

signal
swing
@v,

~A,Vpg

> vgg (Vin)

RBZ

_VSS

Two-Power-
Supply Version

© ©

Classical Discrete-
Circuit Arrangement

Milin Zhang, Dept of EE, Tsinghua University

Collector-to-Base
Feedback Resistor
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" | Outline

" Introduction to BJT

o Device structure
o How does it work?

* Cutoff / Active / Reverse / Saturation mode

o MPN V.S. pnp

= The characteristic curves

o [ — v characteristics

o The transfer characteristic o Vg
e (Vo) 2t
= Circuit analysis techniques with BJT | owrme| £ |susionmo

o DC analysis techniques ~/ -

o AC analysis techniques cholee WURTIE
* Locate the bias point ore VV V b~
* Small-signal operation & model — > VsE (Vin)

Vis
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" | Small-Signal Operation

Vce (D
es (v,)
Cutoff mode | Active mode | Saturation mode
> € > €
Vce n n 4 i
signal

A —— | ? swing

Bias//\ \1 U \l tv e

point Q
> vpg (Vin)
. <<>\ Vg

Vi, = Vg + vpesin(wt + @) B>

4\\.

-~

= The transistor is biased @ vy, = Vg vt
= A small ACsignal is applied to input —> | [

VBE
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" | Small-Signal Operation

Vin = Vgg + VpeSin(wt + @) = Vgg + Vin ac

=  According to the transistor characteristic

. VI}S;E VBE*Vin AC VBE YinAC
lc = ISe T = ISe Vr = ISe VT e VT
I
Vin,AC ¢
= Ice Vr

l If vin,AC K VT

Vin,Ac
=~ IC (1 + - )
Vr
. C
» lc =1I¢ + V_Tvin,AC = I¢c + 9mVinac
L L Define

(c@DC ic@AC  TRANSCONDUCTANCE g,, = ¢

T
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2 | Transconductance g,,

ic
A
Bias
point \, | ﬁ
IC l, \I\\\\ I
\\ ) \\\
=N
< Ve
Vin = Vpg + VinAc <" \
- De—
ic = Ic + GmVinac
di,
TRANSCONDUCTANCE 9m = v
BEljc=1c

10/19/20 Milin Zhang, Dept of EE, Tsinghua University
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¥ | Voltage Gain A,

10/19/20

According to KVL

Vo = Vaa —icRc =Vyq — (ic|

= Vaa — IcR¢ — ic| R

AC
Ve ImVac
Define voltage gain
Volac  —9mVacRc
A, = =
Vinlac Vac

Milin Zhang, Dept of EE, Tsinghua University
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DC AC

= —gmR¢
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2 | Input Resistance @ Base

Vaa
; = According to the definition of R;,
Rc
Tl R = Avy,  Avgg
icd —o Al A
n B
+ >y
_ N V, =V = According to the transistor characteristic in active mode
Uin = VBE ° CE
B~ 5, =5 T, Vac
Rin b B BVr
Vin = Vpg + Vac . 11 1
D Aip= EV_UAC = Egvac
ic =I¢c + gmVac !
= Thus,
_ _AvBE_vAC _ﬁ or _£
A Aig g Im
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= | Summary: Small-Signal Operation

Vaa
Vin = Vgg + VpeSin(wt + @) = Vg + vy
IRC
] 1_0 Voltage gain _ YVolac _
< 8c 8 4, = = —gmRc
+ O > |/ + vinlAC
Vin = VBE I\ Vo = VcE 5 ,
C C
- = == - Transconductance g, = 3 =
R; a vBE l =IC T
. Vr B
Input resistance @ Base R;,, = - — g_
B m
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¥ | Small-Signal Model

Vaa
SIMPLIFIED HYBRID-t MODEL
R¢
B o C
. l n
lc
> + T VUpe
+ O " ImVbe
— DV, = vCE —
Vin = Vg | 0
_ = o
R - Definer, = £
in Im E
Vin = Vg + Vpesin(wt + @) = Vgg + vg¢ Bo —_— ib C
Voltage gain 4, = Volac = —gmRec
Vinlac T
Biy
Transconductance g, = Fr =7
VBE|; .=y, T l
| . _ VT _ B
nput resistance @ Base R;,, = —=—
IB Im E
97

10/19/20 Milin Zhang, Dept of EE, Tsinghua University



= | Small-Signal Model

Vaa
SIMPLIFIED T MODEL
Rc C
ic
)C ImVbe
_l_
+ O
v, =V
Vin = Vg | o TCE B o o
1 —
— = —_— Te VUbpe
Rin .
SIMPLIFIED HYBRID-7r MODEL E
B c %
’ I, Definer, = = = £
Ty be o Im = V_T E Im
B
Ty = —
Im
- E -
10/19/20

Milin Zhang, Dept of EE, Tsinghua University
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= | Small-Signal Model

SIMPLIFIED HYBRID-t MODEL SIMPLIFIED T MODEL
C
B O N C
ImVpe
Tt Upe
ImVUpe
— B O
J) + Define
. B V
Define r; = 1 RE e o lT_ @
E _ IE Im
. . . VUpe
=  According to hybrid-m model lp = o E
T
= According to T model
. Upe Upe Upe Upe Vpe
iy =——0mVpe =— 1 —g,1n) =—0—a) = =
DTy T Imthe T I T, A+Br T

HYBRID-t MODEL and T MODEL are equivalent
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= | Example 4

QUESTION: Find out the voltage of v, with v;,, = 3V + 0.1sin(wt + @), Ry = 100kQ,
R, = 3kQ, V4, = 10V, and f = 100. The threshold voltage V;;, = 0.7V.

= Step 1: perform DC analysis

m  Let’s ASSUME the transistor is biased in active mode

= According to KVL & transistor characteristics

-

My — BB T Tth iy = 0.023mA
1 Ve =Vaa — icRc <
_ e = Big =
= Check ASSUMPTION
Vpg = 0.7V >V
pon I Active mode

Vge = —2.4V < Vpcon

Milin Zhang, Dept of EE, Tsinghua University 100
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= | Example 4

QUESTION: Find out the voltage of v, with v;;, = 3V + 0.1sin(wt + ¢), Rg = 100k,
R, = 3kQ, V4, = 10V, and f = 100. The threshold voltage V;;, = 0.7V.

Vaa
? = Step 2: perform AC analysis
R, ,l ic o Step 2.1: replace the transistor
with the small-signal model
—0
0 +
ImVpe Vo
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= | Example 4

QUESTION: Find out the voltage of v, with v;;, = 3V + 0.1sin(wt + ¢), Rg = 100k,
R, = 3kQ, V4, = 10V, and f = 100. The threshold voltage V;;, = 0.7V.

T ==
- = Step 2: perform AC analysis
Rcf,l ic o Step 2.1: replace the transistor
with the small-signal model
—0 o Step 2.2: turn off DC sources
n a SHORT all voltage sources
v OPEN all t
o v, 0 all current sources

o Step 2.3: Calculate small-signal
model parameters

L L L
_Ic _2.3mA_92 A
Im == J5my — 0emA/
= P 1086k
Im
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= | Example 4

QUESTION: Find out the voltage of v, with v;,, = 3V + 0.1sin(wt + @), Ry = 100kQ,
R, = 3kQ, V4, = 10V, and f = 100. The threshold voltage V;;, = 0.7V.

- ==
- = Step 2: perform AC analysis
chl ic o Step 2.4: Analyze resulting circuit
—0 Vo = —gmVpeRc
+
/ Tn
- — R—mmv;
ImVbe v, Imhc RB + T n
- - The voltage gain
—— —_— ——
vO TTL'
A, = = —gmnR
v vin gmiic RB + (403
= —3.04
10/19/20 Milin Zhang, Dept of EE, Tsinghua University 103



¥ | Recall: the Early Effect

4 ic

Saturation
/ mode breakdown
Ideal CaSE ‘ ::Active mode J
g C
vigl + 4:
> . < ro
I(_) VcB B iB al E >
04— 0.5V e

v D

breakdown l":.

Saturation

Consider
Early Effect

0.4 — 0.5V

10/19/20 Milin Zhang, Dept of EE, Tsinghua University 104



" | Small-Signal Model

SIMPLIFIED HYBRID-t MODEL

B o N O C
+ O— _ " Upe EF Ty
Vin = VBg Vo = VcE B ImVpe
_ =4 J)
Rin
E Take Early
effect into
VA 4+ VCE VA account
r, = =
? Ic I¢
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= | Example 4

QUESTION: Find out the voltage of v, with v;,, = 3V + 0.1sin(wt + @), Ry = 100kQ,
R, = 3kQ,V;;, = 10V, and f = 100, V4 = 100V. The threshold voltage V;;, = 0.7V

==
- = Step 2: perform AC analysis
Rc$l L o Step 2.4: Analyze resulting circuit
0 Vo = —ImVpe(Rc|7)
To +
¥ 2 _ T
ImVbe ‘r v, - gm(RC”To) RB + T Vin
B B The voltage gain
— — —
vO 7"7'[
A, = —=—gm(RclIT
1% Vin gm( C” o) RB +T'n
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" | Outline

" Introduction to BJT

o Device structure

o How does it work?

* Cutoff / Active / Reverse / Saturation mode

o MPN V.S. pnp

= The characteristic curves

o [ — v characteristics

o The transfer characteristic

= Circuit analysis techniques with BJT

o DC analysis techniques

o AC analysis techniques

10/19/20

* Locate the bias point
* Small-signal operation & model

* Characterizing Amplifiers

—> | < VUgpg

SIMPLIFIED HYBRID-r MODEL

B '
+
Tn :: Ube
ImVpe

Definer, = gi
"™ E

Milin Zhang, Dept of EE, Tsinghua University

vce (Vo) Al
A
Cutoff mode \; Saturation mode
> < —
‘\ 1
1 signal
better swing
choice : — ¢ @v
o
for
Q | ~Ayvge
r V(CEsat
> Vgg (Vin)
Vg

SIMPLIFIED T MODEL
(4

9mVpe

i Define

1z Vbe Vr a

r,=—=
¢ 'E Im

E
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¥ | Recall: Example 4

QUESTION: Find out the voltage of v, with v;,, = 3V + 0.1sin(wt + @), Ry = 100kQ,
R, = 3kQ, V4, = 10V, and f = 100. The threshold voltage V;;, = 0.7V.

= Step 1: perform DC analysis

Vep = 0.7V > VBEon

Active mode
Vge = —2.4V < VBcon »

= Step 2: perform AC analysis

Tt
- — R = — R ,
Vo ImVpelic ImnAic RB + T VUin
Vo Tn
A, =—=—0g.,R = —3.04

The AC amplitude of v;,, is amplified
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" | How to Describe an Amplifier

resistance

Rsig 1™ Lin \ o €—
—> —>

(o, VWA
. ~

Internal / Amplifier

O
+ / +
Usig Vin R, v,
4 4 4 1 4
Signal Input Output Load
source resistance resistance resistance
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" | How to Describe an Amplifier

Rsig —> lip \ lp €—
—> —>

+ + +
v
Usig Vin R, v,
——— — —— — ———

Define OPEN-CIRCUIT VOLTAGEGAIN 4,, = —

v.
Define INPUT RESISTANCE  R;, = —=

lin

How to calculate OUTPUT RESISTANCE R,,,;;

10/19/20 Milin Zhang, Dept of EE, Tsinghua University
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" | How to Describe an Amplifier

Rsig Lin \ ltest €—
o Y —> / < o
/

+ + +

vslg vln vtest

— — — —
Rout

How to calculate OUTPUT RESISTANCE R, ;¢

= Step 1: remove load and apply a testing voltage
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" | How to Describe an Amplifier

Lin \ ltest €=
—> /////' <— o
+ / +
Vin Vtest
Rout
How to calculate OUTPUT RESISTANCE R, ;¢
= Step 1: remove load and apply a testing voltage
= Step 2: turn off the input source
o SHORT all voltage sources
o OPEN all current sources
Vtest

= Step 3: calculate the output resistance R,,; = -

ltest
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" | How to Describe an Amplifier

Rsig Ro
(o] WA W\ O
+ + % +
Usig Vin 3, Rin ¢> R, v,
Avovin
o - = i .
. Ry,
= According to KVL v, = R +R, AyoVin
Define the voltage gain of the amplifier A, = —2 R,
= Define the voltage gain of the amplifier = — =
g g p v vln RL _I_ RO Vo
. . v R; R
* Define the overall voltage gain ¢, = —2 = n L Ay,
Vsig  Rin + Rsig R + R,
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" | Outline

= |ntroduction to BJT
o Device structure
o How does it work?

e Cutoff / Active / Reverse / Saturation mode

o NPnv.s. pnp

= The characteristic curves

SIMPLIFIED HYBRID-r MODEL SIMPLIFIED T MODEL

o [ — v characteristics c

9mVpe

o The transfer characteristic

i Define

= Circuit analysis techniques with BJT niw o

o DC analysis techniques £
o AC analysis techniques R > i l\ i) <
. . o v — — o)
* Locate the bias point + + +
* Small-signal operation & model Vsig Vin R v
* Characterizing Amplifiers - - o = =

» Basic BJT Amplifier Configurations Rin Rou:
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| Basic BJT Amplifier Configurations

Vaa
RCI» i ve
v : 0O = Assume the transistor is biased in active mode
S T
N .
| .
: There are three ports: Base, Collector and Emitter
Y g = An amplifier requires two voltages: v;,, and v,
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| Basic BJT Amplifier Configurations

Common-Emitter (CE) Amplifier

" The Emitter is “shared” by v;,, and v,

Vout
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| Basic BJT Amplifier Configurations

Common-Base (CB) Amplifier

" The Base is “shared” by v;,, and v,

Vout
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| Basic BJT Amplifier Configurations

Common-Collector (CC) Amplifier

" The Collector is “shared” by v;,, and v,

Vout
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| Basic BJT Amplifier Configurations

Vaa
RCI» Vi ve
” O
D by
N
S

= Assume the transistor is biased
in active mode

= There are three ports: Base,
Collector and Emitter

= An amplifier requires two

voltages: v;,, and v, -

10/19/20 Milin Zhang, Dept of EE, Tsinghua University

Common-Emitter (CE)
Amplifier

Common-Base (CB)
Amplifier

Common-Collector (CC)
Amplifier

119



| Example 5: CE Amplifier

QUESTION: Find out the voltage gain, the input and output resistances with given v;,,,
Rsig' RB' RC' Cl, Cz,CE, Vddl Vss, and ,8

Vaa = Step 1: perform DC analysis
R > ¥ ic o Step 1.1: ASSUME the transistor is

ey o —C“ B biased in active mode

—MA——” i |< ’ % a Step 1.2: calculate all the DC

l R, currents and voltages according to
C—%Sig R, ﬁ? 1 [ KVL/KCL

Cg = o Step 1.3: Check ASSUMPTION
== = L
R Ry Rout
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| Example 5: CE Amplifier

QUESTION: Find out the voltage gain, the input and output resistances with given v;,,,
Rsig' RB' RC' Cl, Cz,CE, Vddl Vss, and ﬁ

coupling =L = Step 2: perform AC analysis
capacitor Re $¥ic a Step 2.1: turn off DC sources
v
; \C .y —“ - o SHORT all voltage sources
ilvg\'\‘——lll =" o OPEN all current sources
| N 1
O : % =3¢,
Usig Ry = |- :
Ce - The bypass capacitor Cr provides a
—r — —_— .
= o= = = . very LOW impedance to ground at all
" e sighal frequencies of interest
Bypass capacitor The coupling capacitor C; and C, act

as perfect short circuit at all signal

frequencies of interest
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| Example 5: CE Amplifier

QUESTION: Find out the voltage gain, the input and output resistances with given v;,,,
Rsig' RB' RC' Cl, Cz,CE, Vddl Vss, and ,8

- = Step 2: perform AC analysis
R; i o Step 2.1: turn off DC sources
< < o SHORT all voltage sources
Rsig —> [ © g
A —'5 |7 o OPEN all current sources
N
- R, The capacitors can APPROXIMATELY
(-) be as short circuit @ AC
vsig RB —L—
L = = L
Rin - Rout

10/19/20 Milin Zhang, Dept of EE, Tsinghua University 122



| Example 5: CE Amplifier

QUESTION: Find out the voltage gain, the input and output resistances with given v;,,,
Rsig' RB' RC' Cl, Cz,CE, Vddl Vss, and :8

= Step 2: perform AC analysis

1 | o Step 2.1: turn off DC sources
l _—
— : T o SHORT all voltage sources
— M —O—t—2 o % o OPEN all current sources

Vin i 9ImVbe o Step 2.2: Calculate small-signal

<t> Ube
Rp
— —

model parameters, f and 7;;

o Step 2.3: replace the transistor with

the small-signal model
o Step 2.4: Analyze the resulting
circuit

10/19/20 Milin Zhang, Dept of EE, Tsinghua University 123



| Example 5: CE Amplifier

QUESTION: Find out the voltage gain, the input and output resistances with given v;,,,
Rsig' RB' RC' Cl, Cz,CE, Vddl Vss, and :8

= According to KVL

et = ey = Rl
< in — Ybe — sig
Rgig _s iB R, ’ Rsig + RB”TTL'
VVV c o (0]
Vi T ImV Vo = —ImVpe (Rc|IRLII|T,)
mVYVbe
® |
i . .
Deie R, be < 4 r, R, The overall voltage gain
v
B (0]
| G, =
= = = = T Vg
Rin Rout

Rpl|rye
— 2 g (Rel IR, IT,)
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| Example 5: CE Amplifier

QUESTION: Find out the voltage gain, the input and output resistances with given v;,,,
Rsig' RB' RC' Cl, Cz,CE, Vddl Vss, and :8

ig

Rsig
—W—0
Vin
O
vsig

10/19/20

Rin

—
——

Calculate the open-circuit voltage

gain @ R, = oo
[ l‘ —— - Vo _
¢ _6 Avo - - _gm(RCHTo)
R; Vin
vO
SinceRe LK1, B Ay = —gmRc
ImUbe
. . .
- - R, The input resistance
R;, = Rypl|r, = 17
L _I n B” T \\TL'
- R,y Since Rg > 75,
= The output resistance
Roue = Rellrp = R,
Since 1, > R
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| Example 5: CE Amplifier

QUESTION: Find out the voltage gain, the input and output resistances with given v;,,,
Rsig' RB' RC' Cl, Cz,CE, Vddl Vss, and ,8

V.
dd " The VOLTAGE GAIN is relative high
Re Shic Vo ___ Rplln
G, = = — (RellR17)
|| < go v Vsig Rsig + Rpllr JmielifL o
Rsig Cy | __>)lB |/ C2| 1%
(0]
-M,s__ll R Ayp = a = —9gm(Rcl|7)
Q i
- iR " The INPUT RESISTANCE is relative low

Usig Rp ﬁz CE==
- Rin = Rpl|ry = 1

The OUTPUT RESISTANCE is relative high

Roue = Rellre = R¢
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" | Example 6: CE Amp. w/ emitter res.

QUESTION: Find out the voltage gain, the input and output resistances with given v;,,,
Rgiy, R, R¢, RE, C1, C5,C5, Va4, Vs, and B. Ignore the Early effect.

" Whatis R used for?

v, o If thereis a decrease @ i¢ icl
O
Rsig 61| o vV increases due to R,
R o I and vy decrease correspondingly
T L
C‘% , O Vgg increases, and i increases ict
sig —
L NEGATIVE FEEDBACK is observed
Rout
10/19/20
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" | Example 6: CE Amp. w/ emitter res.

QUESTION: Find out the voltage gain, the input and output resistances with given v;,,,
Rgiy, R, R¢, RE, C1, C5,C5, Va4, Vs, and B. Ignore the Early effect.

v
dd = Step 1: perform DC analysis (SKIP)

Re $¥ic = Step 2: perform AC analysis

o Step 2.1: turn off DC sources (SKIP)
o Step 2.2: Calculate small-signal

model parameters, f and 7;; (SKIP)
o Step 2.3: replace the transistor with

the small-signal model (SKIP)

, —> .
sig | _)lB
o |I
Rp
_
n

o Step 2.4: Analyze the resulting

circuit
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" | Example 6: CE Amp. w/ emitter res.

QUESTION: Find out the voltage gain, the input and output resistances with given v;,,,
Rgiy, R, R¢, RE, C1, C5,C5, Va4, Vs, and B. Ignore the Early effect.

= According to KVL

icl' = Vin = (iB + gmrniB)RE + 1;ip

—> R, —
Vo Vout = —PBip(Rc||RL)

O
gmVbe * The input resistance
Ry
Rg =

Vtest
Rin = Rp | |

ltest

I‘VVV

Rout

— RBH((l + gmrn)RE + Tn)

Since Rgp > 1,

~ (1+ gmrn)RE + 7
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" | Example 6: CE Amp. w/ emitter res.

QUESTION: Find out the voltage gain, the input and output resistances with given v;,,,
Rgiy, R, R¢, RE, C1, C5,C5, Va4, Vs, and B. Ignore the Early effect.

= The overall voltage gain

icl' — G — Vout _ Vb Vout
R —> . R €< v
c

vsig vsig Up

_ Rin Imz(RclIRL)
Rsig + Rin (1 + gmr)Rg + 11

l SinceR;,, ~ 1+ gyur)Rg + 15

- Imiz(Rcl|RL)
Rsig + (1 + gmrn)RE + 7

10/19/20 Milin Zhang, Dept of EE, Tsinghua University 130



" | Example 6: CE Amp. w/ emitter res.

CE w/o emitter res. CE w/ emitter res.
R;, T 1+ gn)Rg+1, 1
Rpllrn ImTz(Rc||RL)
_ R-IIR _
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| Example 7: CB Amplifier

QUESTION: Find out the voltage gain, the input and output resistances with given v;,,,
Rgi4, Rp, Re, C1, C5,C5, Va4, Vs, and B. Ignore the Early effect.

14
dd = Step 1: perform DC analysis (SKIP)
i
1b RC;J Ic
——
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| Example 7: CB Amplifier

QUESTION: Find out the voltage gain, the input and output resistances with given v;,,,
Rgi4, Rp, Re, C1, C5,C5, Va4, Vs, and B. Ignore the Early effect.

. | = Step 1: perform DC analysis (SKIP)

C —
lp -

e —_ R¢ < o » Step 2: perform AC analysis
+ 9mVpe o Step 2.1: turn off DC sources (SKIP)
i”e T R, o Step 2.2: Calculate small-signal

model parameters, f and 7;; (SKIP)
= = o Step 2.3: replace the transistor with

Rout

the small-signal model (SKIP)

o Step 2.4: Analyze the resulting
circuit
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| Example 7: CB Amplifier

QUESTION: Find out the voltage gain, the input and output resistances with given v;,,,
Rgi4, Rp, Re, C1, C5,C5, Va4, Vs, and B. Ignore the Early effect.

- = According to KVL

— RC <
—i % —
= o ° Vout = _gmvbe(RC”RL)
+ ImVpe Rin
Up Vin = —Vpe = VUsi
Y R, Rsig + Rin g
. . .
e 1 The input resistance
R. — Utest . Vin
in — . - .
Ltest Lin
Rout
_ibrn Tn

_ib _gmibrn 1 +.B
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| Example 7: CB Amplifier

QUESTION: Find out the voltage gain, the input and output resistances with given v;,,,
Rgi4, Rp, Re, C1, C5,C5, Va4, Vs, and B. Ignore the Early effect.

= The overall voltage gain

— R, <€ G = Vout _ Vin Vout
v
= O Yo Usig Usig Vin
+ ImVpe R
in
Upe = R R
. 1% RL RSlg-I_Rlngm( C” L)
<4 —
SO F T g

Rout

1
N (Rc||RL)
Rt ¥ g
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2| Example 8: CC Amplifier

QUESTION: Find out the voltage gain, the input and output resistances with given v;,,,
Rsig' RB' RC' Cl, Cz,CE, Vddl Vss, and ,8

= Step 1: perform DC analysis (SKIP)

Yaa

Rsig Cll —_>> s <«
o | T
+
_vsig RB ? Cz

Ry
—L L ==
B Rin a _VSS Rout -

10/19/20
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2| Example 8: CC Amplifier

QUESTION: Find out the voltage gain, the input and output resistances with given v;,,,
Rsig' RB' RC' Cl, Cz,CE, Vddl Vss, and ,8

== = Step 1: perform DC analysis (SKIP)
— <« .
Rsig s = Step 2: perform AC analysis
—\W—O0
Vin +

C) gmVbe o Step 2.1: turn off DC sources (SKIP)

_vSig R, Vbe & . Q 7, v, @ Step 2.2: Calculate small-signal

- O model parameters, f and 7;; (SKIP)
e
= = = o Step 2.3: replace the transistor with
Rin Rout RL

the small-signal model (SKIP)
o Step 2.4: Analyze the resulting
circuit
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2| Example 8: CC Amplifier

QUESTION: Find out the voltage gain, the input and output resistances with given v;,,,
Rsig' RB' RC' Cl, Cz,CE, Vddl Vss, and ,8

=== =5 T
, R |
L Ny .
— I sig |
R — <« |C> :
sig —_ lp I R
— AN =—O | Usig B I
. ; |
vln + gmvbe I Rln I
+> | = —
(‘ Upe * |
Usig Ry i Q o v == _i _____
- O
- ———— o — —
el —_ — i l
Ry, Ry I —AAA 1
|
=" Rp_ry : Rp i = Rgigl|Rp
1) !
1 v ___Rs
B TH | vB_TH =
I ) I RSlg
I—_— Rin I ,
= I Rin = Riyl|RB
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2| Example 8: CC Amplifier

QUESTION: Find out the voltage gain, the input and output resistances with given v;,,,
Rsig' RB' RC' Cl, Cz,CE, Vddl Vss, and :8

=
Rp ru > s <7 = The input resistance
—\W—O0
v
Vin + _ __ Ybe

© St Rin = Riyl|Rp = ?”RB

- Upe *

rTL' rO . . .
VB.TH _ Q go . IpTn + (lB + gmlBrrt)(To”RL) ||R
— : 5

— —1 'p

= . =L

m Roue TR, — [TTL' + (1 + .B)(TOHRL)]”RB

Rpg ry = Rsig ||Rp

Rg
v = Vei
B TH Rey + Rp 19
Ry, = Rgn |Rp
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2| Example 8: CC Amplifier

QUESTION: Find out the voltage gain, the input and output resistances with given v;,,,
Rsig' RB' RC' Cl, Cz,CE, Vddl Vss, and :8

—1_
= = The output resistance
R — i €
B_TH —3 B
_W_C ‘VWA
Vin + ImUpe | Rg ry + 1
)
(— VUpe *
Vg TH Tn <? To Vo
— O
— _ =
Rin - Rou: SR,
Rpg g = Rsig”RB Rout = 1l
Rp
Vg TH = Usig
_ !/
Rin = Rinl|Rp
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2| Example 8: CC Amplifier

QUESTION: Find out the voltage gain, the input and output resistances with given v;,,,
Rsig' RB' RC' Cl, Cz,CE, Vddl Vss, and ,8

= " The output voltage
> VBry /
R : — e = R: —
—B_;;fﬁ_c = Vo B (Rm Tn) RBTH + Rl{n( in TTL')
Vin + ImVpe
O w3, < __ R (+P®IR)
VBTH _ Tn ° go Rsig + Rp Rsig”RB + Rl{n o
- R, = A%e = The overall gain
L
- G = v Ry (1 +ﬁ)(7”o||RL)v |
T " Vgy Rsig + Rp Rygl|Rp + Rl 9
The CC amplifier is also sig  Tisig T 7B TsigllTB T Tin
If Rg > Rg;,, Ri, > Rgigl|R
called EMITTER FOLLOWER l B > Rsig: Rin > Rsig||Rp
~ 1
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" | Summary: 3 BJT Amp. Configurations

R in

—_— X

Rsig C; |— — B
Usig RB c
—_l
Ruut

Vaa

chl ic
=

—Vss

CE Amplifier

CC Amplifier

10/19/20
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~ 1

142



" | Outline

= |ntroduction to BJT
o Device structure
o How does it work?

e Cutoff / Active / Reverse / Saturation mode

o NPnv.s. pnp

= The characteristic curves
o [ — v characteristics
o The transfer characteristic

= Circuit analysis techniques with BJT
o DC analysis techniques

o AC analysis techniques
* Locate the bias point
* Small-signal operation & model
* Characterizing Amplifiers

* Basic BJT Amplifier Configurations

o The frequency response

10/19/20

SIMPLIFIED HYBRID-r MODEL

- - vBE
UcE (vo) A L
A
=
Cutoff mode e Saturation mode
> < —
\ 1
1 signal
swing
) Tt @v,
J  ~AyVpE
Y — V(CEsat
> Vpg (Vin)
Ve

SIMPLIFIED T MODEL
(4

9mVpe

B
i Define
Te Vbe r :ﬁ:i
— ¢ 'E Im
E
Ry > lin l\ o €
o — — o)
+ + +
Vsig Vin RL Vo
=k . — — .
Rin Rout
143
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8| The Frequency Response

G,/dB = 20log(|G,])

A
Low High
freq. freq.
band Midband band
> € >l€
J
T\\ N
3dB
>
fL fH f/HZ
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= | Small-Signal Model

Vaa

Rc

ic
=
+ O
Vin = VBE
Rin
10/19/20

_l_
j Vo = VcE

Bo

B o

rx
A

SIMPLIFIED HYBRID-t MODEL

ImVbe

THE HIGH FREQUENCY MODEL

[ Ce

Cr

|

Milin Zhang, Dept of EE, Tsinghua University
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" | Recall: Example 5: CE Amplifier

QUESTION: Find out the voltage gain, the input and output resistances with given v;,,,
Rsig' RB' RC' Cl, Cz,CE, Vddl Vss, and ,8

—>
—_— lp
T ImVUpe
1%
RB be T T, RL
— L =
in Rout
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| CE Amplifier w/ High Freq. Model

QUESTION: Find out the voltage gain, the input and output resistances with given v;,,,
Rsig' RB' RC' Cl, Cz,CE, Vddl Vss, and ,8

| L
RC
Rsi C i C C
. ! = % Tz = v
A o
~wW—{}—o A —l | °
vm
+
_ — V. <
C% R C 2 [ Iz | 1 3
sig B z L v R,
— = —‘L—C -
= — . =
Rm — Rout

We will go through frequency response in
details for MOS transistor circuits
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" | Outline

= Introduction to BJT
o Device structure
o How does it work? —4 modes
o NPN V.S. pnp

= The characteristic curves

o [ — v characteristics

o The transfer characteristic

= Circuit analysis techniques with BJT

- | vBE
t

. B
Definer, = =

SIMPLIFIED HYBRID-t MODEL

Boﬁ- e

>
<
T <

" E

VcE (vo) Al
A
=
Cutoff mode NN Saturation mode
|
> < e
\ 1
1 signal
swing
) Tt @v,
~A,Vpg
el VCEsat
> Vpg (Vin)
Ve

SIMPLIFIED T MODEL
(4

YmVbe

w Define

To 2 Vbe r :ﬁ: a
¢ IE Im

o DC analysis techniques
o AC analysis techniques -

o The frequency response

10/19/20 Milin Zhang, Dept of EE, Tsinghua University
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" | Reading tasks & learning goals

= Reading tasks
o Microelectronic Circuits, 6™ edition
e Chapter 6
= Learning goals
o Know the structure of a BJT and how it works

o Well understand the characteristic of BJT

o Well understand how to locate the bias point of a BJT in circuit
o Understand how to describe the performance of an amplifier
o Well understand how to analyze a circuit with BJT in active mode

o Know the BJT amplification circuit configuration and analysis
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