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 With 3 terminals there is a wide range of possibilities: Ic vs Ugg, Is vs Usgkg, Icvs Uceg, ...
Describe the behavior of the component: All that is needed for circuit design. .
lc vs Uce
- P OMMON EMITTER | 0.2 . b
< COMN | 03 In general: watch power limit:
£ Ta=25°C / 0-7' lc* Uce <P
o % | —056 oo ST
g / —  _—05
E €0 — 04 Minimal Uce (~ 0.2V) has to be exceeded so that
S — 03 - collector-emitter current Ic flows: “active region
{E_f 40 |-~ | — | | Below: saturation region - not enough electrons
P
8 / _ | . ; = from base to collector.
3
[_Jj-: 20 / [B=0.1 m/\; |
S / _TT_—~> | In active region:
QLbr 1
0 s ¢ [Xfcom ‘ Weak dependence of Ic on Uck:
Sobevafio~ 0~V > 3 4 . . .
- large differential resistor Rce
\‘(’.& @ en

COLLECTOR-EMITTER VOLT AGE VCF (V)
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IV Curves of Transistors

Transistor-Kennlinien
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 With 3 terminals there is a wide range of possibilities: Ic vs Ugg, Is vs Usgkg, Icvs Uceg, ...
Describe the behavior of the component: All that is needed for circuit design. .
lc vs Ugke
200 E
” COMMON EMITTER
) Vep=1V |
o 160 Use determines the collector current.
= Exponential dependence, just as for a diode:
E 120 Transistor as active component with amplification
= | UBE
~ 80 | o e Ic = plg (e 1 — 1)
;}_]) A {\Qz
- 40 s, Ut as for a diode (reverse bias
S saturation current, voltage due to thermal
¢ excitation durch therm. Anregung)
0 0.4 0.8 1.2 1.6

B: current amplification
BASE-EMITTER VOLTAGE Vgg (V)
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Current Amplification

- I

Stl’Om VeI’Stéil’kung Karlsruhe Institute of Technology
DC Current Transfer Ratio vs. dIC
Collector Current p = ‘UCE — const
350 dly
S00 * |c ~ B Iz over a wide range in current
5 250
§ ————————————————————— '25°C
5 200 typical values: 3 ~ 100 [(significantly) larger values also possible]
é _————— e 250C
= 150
& I T A => BJT as current-driven current source.
S
O 100
O
)
50
0
0.0 0.1 1 10 100

Collector Current Ic (mA)
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Transistor Equations

Behavior of Transistors
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 Normally most relevant. Dependence of base current Iz and collector current Ic
on the voltages Usge, Uce

Ol Ol 1

e (Upgp,. Ucgp) = —— dU - ——— dUcp = SdU | [U¢
dlc (Upe, Uck) o, VeE+ 5 - dUck WUpp + p—dUck
0lp Ol p 1

g (Upgp. Ucg) = = IWUBEg + - Ucp =~ lUpr .
( B( BE - (E) U pr UUBE U QUCE Rip AU BE (2. term neglegted)

P IUpr
with BE — Ol p differential base-emitter resistance

OU¢
Rop = 5 [C £ differential collector-emitter resistance
@
S = Ilc t duct “Steilheit”
D = U 12y ransconductance (“Steilheit”)

—— ——— = _—m — — ——
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Simple Transistor Model

Based on D/ode Behawor

e Considering the base-emitter diode

- UBE i UBE
Ip=1g |leVr — 1|~ Ige Ur
kT
in addition: Ur = (see Chapter 3)
de
results in: Lipg 07 I
Olc 2 Ic
S p— p— I = —_—
8UBE ¢ kT UT

with KT/ge = 25 mV at room temperature:

=> Transconductance independent of transistor details, depends on Ic, T

- KIT

Karlsruhe Institute of Technology

Shockley equation

and Ic =p1p

S[o] =40 Ic[A

Connection of transconductance and current amplification:

dlc

5= OUBE

5

8U e RBE

— — e ———
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und Rpgp =

kT Ur
geIp IB

Amplification of base current in collector
(see S 15)

_analog S 14
10
<
E
O
c
O
E 1
=)
O
5
g
O
O 0.1
75°C+ 25°C { -25°C
0.01 / / I

01 02 03 04 05 06 07 08 09 1
Base to Emitter Voltage Vst (V)
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Early Effect, Early Voltage
Early Effekt Early Spannung

ﬂ(IT

Karlsruhe Institute of Technology
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Emitter Ba5|s Kollektor
 |deal current source:
lc In actuve region independent of Ucg, only depends on Ig
* |n reality: Space charge region increases with increasing voltage,
: : e : IE 4 N tlc
which reduces the thickness of the base: Increase if amplification 3 - .
Slope of Ic-Uce curve -> Early Effect ’ &
. . . . JUck
Slope of IV curve in active region: 1/Rcg, with Rop = —
Olc Ic A
depends on Ig - steeper slope for larger Ig different
Extrapolated IV curves meet all meet in one point: B
Uea Early Voltag
. U .
with that: Rop = ——2 P f
Ico T
Typical values: 15 - 150 V - st e T .
Rce relatively large, ~ 100 kQ - Uga Uce

E—
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IV Curves of Transistors

- AT

Summary Karlsruhe Institute of Technology
A
Ic [mA] Is =50 puA
C
25 T
n Te
20
p
15 N Te Ic
10 + D
e l 11 Te
| E
} } } } } } >
Ip [MA] 60 40 20 5 10 15 Uck [V]
0.2
C
0.4
_ B
0.6 A Ig =10 MA
30 uA
0.8 50 1A E
Ugk | V]
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Basic Transistor Circuits

In: Chapter 5: Transistor Basics
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Transistors as Part of a Circuit

Concepts
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* Transistors as current- or voltage-driven current source:
lc depending on Is (or Ug)

Als current source /
current amplifier/
voltage buffer

As current drain /
voltage amplifier

The transistor current results
in a voltage drop: Ac Ic

U aLs

With that: dUaus = - Re Ic

Circuit behaves as
inverting voltage
amplifier.

Only for high load impedance

(otherwise a simple voltage divider)

Electronics for Physicists - WS523/24 Analog Chapter 5
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If load << RE: voltage
buffer, current through
load

('/(_I.IIS'

Uaus depends on Us
(minus diode drop)

Frank Slmon (frank S|mon@k|t edu)
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Basic Transistor Circuits ﬂ(IT

COmmOn Emltter Ampllfler Karlsruhe Institute of Technology
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* The "naming scheme”: The basic circuits are named after the terminal that is connected to ground or to the
supply voltage, and is neither input nor output.
o Uoe Components:

Here: Common Emitter | | |
Resistor (protection) Rv on input

— Collector resistor Rc

Rc¢
O U(IUS
R C
4 B
Uez'n o— |
E

Inverting voltage amplifier
Also: (moderate) current amplification

Emitter-Schaltung

—_—-— =——
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Basic Transistor Circuits ﬂ(IT

COmmOn CO”eCtor Ampllfler Karlsruhe Institute of Technology
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* The "naming scheme”: The basic circuits are named after the terminal that is connected to ground or to the
supply voltage, and is neither input nor output.

Components:
Here: Common Collector ¢ Ucc .p | |
Resistor (protection) Rv on input

Emitter resistor Re

C
Ry
B
Uezn O_I I I/
E
O Uaus
Ry Large current amplification (voltage buffer)
— No voltage amplification (< 1)
Kollektor Schaltung 1 in practice the most common circuit

N ri‘
W
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Basic Transistor Circuits ﬂ(IT

COmmOn Base Ampllfler Karlsruhe Institute of Technology
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* The "naming scheme”: The basic circuits are named after the terminal that is connected to ground or to the
supply voltage, and is neither input nor output.

o) Components:
Here: Common Base Ucc P

Resistor (protection) Rv on base
Re Resistor Rc on collector

Uein © = \_/ C—[ o Ugus

B
1 Voltage amplification
Ry No current amplification
Basis-Schaltung - in practice the rarest circuit.

—_—-— =——
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The Common Emitter

- KIT

UndeI’Standlng the CIrCUIt Karlsruhe Institute of Technology
Ucc e Consider the voltages:
from S 16
U aus — U CC — I/ C R C g olc 5 ol
- OUgg "0Upg R
fie Amplification: » o T
dU ., « dlc = - Re
O U aus ‘/[* — e — — R (! C — N Y = — A'f C
dU.in dU cin, - RpEg

Uein O

(Neglecting Rce and load)

= Qutput voltage inverted
= High voltage gain with large Rc
=~ High transconductance S = highgain: S=401Ic/V (S 17)

= = _—— — = — e —_— - —_—— —= — S -
—— ——————— = — —
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Circuit Analysis J(IT

Sma” Slgna/S Karlsruhe Institute of Technology
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* Analyzing circuits with non-linear components can be difficult - a solution for limited signal ranges is the
small-signal equivalent circuit (“Kleinsignal-Ersatzschaltbild”): Considering a small range of the physically
possible signals - typically with small perturbations around a stable condition - for example a DC current.

The recipe:

* \oltage and current sources are replaced with their internal resistance:
e Current source: open circuit (infinite resistance)
» Voltage source: short circuit (resistance 0)

* Non-linear components are replaced with their differential impedance at the working point

* Transistors are replaced with current- or voltage-driven current sources

N ﬂ'
o

Electronics for Physicists - WS523/24 Analog Chapter 5 Frank Slmon (frank S|mon@k|t edu) |P=ID o Proces

d Electro



mailto:frank.simon@kit.edu

Common Emitter ﬂ(IT

Sma”'Slgnal EqUIva/ent CIrCUIt Karlsruhe Institute of Technology
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Uein

—_— —— = — —
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Common Emitter - Equivalen Circuit

- KIT

An Example 7 7 ) o Karlsruhe InstltuteofTechnoIogy
RV IB B C aus .
o g I I — Typical values
B - IsY
Usi Rip Rer | |Ro U 5 =100, Icc = 1mA und Rcg = 100 k(2
v 1 L Re = 5kO
o B ‘o)

Resulting In:

IS 25 mV
Rein =Ry +Rpe  and Rpp — — 27— 25k0 (see S 17)
q. 1 10 A

Output impedance Raus= R || Rop = R = 5 k()

Usus = —31Ip R | Rop = —31Ip R and Uein = Ip (Ry + Rpp) = Ip Rpp

Gain of the circuit 1% Waus p Ke 200
i ircuit: — — ~ -
dl](."in R\ -+ RBE
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Common Collector ﬂ(IT

B&SIC FunCtIOnallty Karlsruhe Institute of Technology

e Behavior:

Ucc

Ue:in T UCI.’LLS — UB D UE — UBE ~ O, 7V

resulting In:
dUein = dUaus => voltage gain = 1

U eirn
U aLs

The output voltage “follows” the input voltage.
Thus also known as: “emitter follower'.

What'’s the point?

High current gain:
lc = Blg, and le = (B +1)Is

Electronlcs for Phys:c:sts W823/24 Analog Chapter 5 Frank Slmon (frank simon @kit.edu) |P=ID gt;t : 29
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Equivalent Circuits - Common Collector

- KIT

Large and Sma” Slgna/AnalySIS Karlsruhe Institute of Technology
¢ » In large signal analysis:
Uge (~0.7V)  BIgY External and internal voltage sourced not
vet replaced (includes the base-emitter
diode)

U ein GD RE

B RpE Iz E 1 us
L L L o { ® - o
G- Ig I
* Transformation into small-signal analysis: B
absorbs the “diode drop” - for the analysis Uein Rce B 1495 Uaus
of small changes
Y Y
O @ @ O
C
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Understanding the Common Collector

- KIT

InPUt Impedance Karlsruhe Institute of Technology
RBE I
]2 | Iy X ® ® ails o Input impedance: Effect of a
8- Iy small input current on the input
— —- voltage
Uein / RCE RE Uaus
T T 7. dUein
v v eEtn d[e,m
O @ @ @ O
C
AUein = RBg-dlein+ (6+ 1) dlein - Re||RcE (Input current results in amplified emitter current)
dUein : :
Lein = 17, = Rpg+(B+1)Rg = (B8+1)Rg (Neglecting Rce relative to Re)
€11l

= High input impedance (Typical values for Re 1002 - 1 kQ2)
(For high load impedance - For small values: Input impedance depends on load!)

E————— == —_— = — p——— — e ———— = e ——— e e —_——
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Understanding the Common Collector

- KIT

OUtpUt Impendance - 7 o Karlsruhe Institute of Technology
B RBE I
o | Is B S ® - o Output impedance: Effect of a change in
8- Iy output voltage on output current for
] ] constant Uein
Uein RCE RE Uaus r
__ u dU qus
Zaus —
Y Y dla.us
O @ L o O
C
. AU s dUgg  dU,
CU‘ s T CUB (,’3 -+ 1) = - dlg = - aus
- Rcg|| Re Rpg RBE
: ,B +1 dUaus dUaus RBE RBE
results in: dIf — dU 5 and Livus = — Rcel|lR ~
aus RBE aus RCE”RE a dIaus IB +1 ” CEH E ﬂ 1

=~ Low output impedance
Together with high input impedance: Well suited as impedance converter: Little impact on input signal, low-
impedance transmission.

B R — e T = ——_— = — — ——
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Common Base

Basic Functionality

- A<

Karlsruhe Institute of Technology

Ucc o
- In general: similar to T
common emitter: Rc
Voltage gain: Ry °Vaus
Uein O
U(g_["”_ U(I.U.-S' VU p— dUauS p— R C dIC p— S RC
dUein dUein

Current gain ~ 1 (small base current, Ig ~ Ic)

Output impedance Zays ~ Rc (as for common emitter)

but: small input impedance!

(smaller by 1/B compared to common emitter)

_ dUBpg dUBE 1 kT .
dIE dIC S (e IC ( ° ¢ m )

——— ——— = —_mm—

Electronlcs for Phys:c:sts W823/24 Analog Chapter 5 Frank Slmon (frank simon@kit.edu) |P=ID ItPt e 33

d Electro



mailto:frank.simon@kit.edu

— g ___ _ __ ___ __ e —— —_— = == = — e —

Couping: AC or DC

Short Excursion

- KIT

Karlsruhe Institute of Technology
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 How do | get the signal into the amplifier?

signal source pre-amplifier amplifier

(a)

signal source pre-amplifier amplifier

(b)

—— e — _— - —_— = - — —= EE—
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Working Point ﬂ(IT

AdeStlng Ampllflers Karlsruhe Institute of Technology

. . . _ I E—

* The circuit has to be designed such that a useful output is possible over the range of expected input
signals (as a minimum: transistor is conductive).
High freedom with AC coupling:

Here: common collector One strategy:
Set target values for Ic and Uce
. oUcc
5 Defines: Choice of Re: (Ucc-Uce) / Ic
1
Cein - Choice of Ry and Rz such that Us without
N U5 M input signal is set as
¢ o Us = Ucc - Uce +0.7V
Uein RZ
Rg Uaus Cein sufficiently large that all relevant input
Y l Y frequencies are passed.
O @ O

W ri‘
o1
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Feedback in Transistor Circuits

Common Em/tter W/th Current Feedback

e ——— N _ — — e — = =— ———— _

- KIT

Karlsruhe Institute of Technology

U * One additional resistor relative to the “normal” common emitter
amplifier: Re
How It works:
Uawws = Uc = Ucc — Ic Re just as for the
dU,,c = —dlo Re “normal” circuit
U(L"US
in addition:
Ue, mn dU E
dlp = R , AdUg =dUy, und Igp=I1c—1;+ I~ Ic
R R
RE RE
Gain:
Comparing to the “normal” circuit:
dUaus RC’
Vo = = — SR, —_pg o
Y AU cin Rp Yu Skho=-F RpEg

“Stromgegenkopplung’

—— ——— = —_mm— — — ——
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Feedback in Transistor Circuits

Common Em/tter W/th Voltage Feedback

— — e — = —_— e e — ——————— e S —
- TS = — — == — —

- KIT

Karlsruhe Institute of Technology

Ucc * The same principle as negative feedback in
_T_ the inverting amplifier with an OpAmp:
Rc¢
Ro
] o U, s Vi — Uaus _ Rs
Rl Uez’n Rl

Also here: Gain independent of gain of
= the transistor.

“Spannungsgegenkopplung’

—_ e = i — e — = e === = = = -—
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Basic Transistor Circuits

4]}

Summary Karlsruhe Institute of Technology
circuit Vu Vi Zein Zaus fur dUein =0 circuit Vu 1% Lein Zaus fUr AU, = 0
common emitter common collector
C
Rc B 1 , Rsignal
—SRc||Rce| B RBE Rc || Rek 1 B B RE Rg || (g + =g )
B Rg
E
c. emitter /w current feedback common base
Rc
B _%g B Rpg + B RE Rc || Rcr I-]I]RC S Rc 1 % Rc
T
Rg
B
c. emitter /w voltage feedback
R, H*C _Ry Ry Ry Rc| & (1 n &) .
R, = e AN Vu: voltage gain
1 V. current gain
- - . 7 - ™ W Institute for o
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Next Lectures:

Digital - Thursday, December 21
Analog 10 - Chapters 05, 06 - Tuesday, January 9, 2024

Merry Christmas and a Happy New Year!



Time Plan for Next Lectures

A feW Changes com/ng up/

- KIT

Karlsruhe Institute of Technology

= = —— ————————— ———— ——— — ——

Calender Week Tuesday Thursday
45 07.11. Analog 09.11. Digital
46 14.11. Analog 16.11. Digital
47 21.11. Digital 23.11. Analog
48 28.11. Digital 30.11. Digital
49 05.12. Digital 07.12. Analog
50 12.12. Digital 14.12. Analog
51 19.12. Analog 21.12. Digital
2 09.01. Analog 11.01. Digital
3 16.01. Digital 18.01. Digital
4 23.01. Analog 25.01. Digital
S 30.01. Analog 01.02. Digital
6 06.02. Analog 08.02. Analog
14 13.02. Analog 15.02. Digital

— - e —— —_— = R — — — ——— B _ _
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