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Agenda

e Some Small-Signal-Model Examples
e [ he Early Voltage in the AC Model

e [ransistor Amplifier
— Graphical Solution

— Computational Solution
e Amplifier Design Issues
e Biasing Arrangements

e Four Amplifier Circuits
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An Example: 4.9
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Os 2.5ms 5.0ms
@ V(R2:1) ¢ V(Vin:+)
Time
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Example 4.9: DC Analysis

\* . VC:V.?_iCRC
402368 sch . =3.1V
6 ) Active Mode OK
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Example 4.9: AC Parameters

RC L.
2.3mA !
R 9 1o\l b
AAN K — r, =— =1.09kQ
Vin 100k Q2N2222 - I
@ Base Current Depends
A v Mostly on V1 and R1,
V= so Collector Current is
' a Strong Function of
402368 sch p.
d b Thus, sois g ,andr,.
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Example 4.9: AC Pi Model

402367 sch

RC

r
(ac) __(ac) a =0.011V1(AC)

Vbe _Vin
R+,
(ac) _ (Ac) _
Voat =" gmvbe RC -

- 92mA/V x0.011v? x3kQ

ovi—}
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-4.0V
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@ V(R2:1) < V(R1:1)
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Example 4.9: AC Signal Model

SPICE Analysis AC Model
4.0V TR\ ANT T T 7T T

TSR | U T L T O | AR

u-nE- swnasl ?-u-.n-u senel ..--“uu“.i- wwann Euuuuué ------

0V_.f.ﬁ|f.._.|-4,ov

Os 2.5ms 5.0ms Os 2.5ms 5.0ms
o V(R2:1) * V(Vin:+) aV(R2:1) = V(R1:1)

Time Time
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Example 4.9: Conclusion

* Amplifier Voltage Gain
—g,=-3.04

(V(RMS ))2

50€2 X0.001W

‘V(RMS)‘
dBm =10log

=201log

° Power Gain 50€2 X0.001W

— 10 log(3.04°)=9.7 dB
* Example

— Input =7 mV RMS = 10 mV Peak = -30 dBm
— Qutput = -30 dBm + 9.7 dB = -20.3 dBm
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An Example: 4.10

* The AC Base Voltage Should Not Exceed
About 10 mV
— [ (DO) pVhe ' /Va
C

lC
2
i PO 1+V.1_E£C) 4 1 vi2 A 55 3
V. 2! Vo

P s TDO)
. ~1. 1

25mN 21 25mV

10mVv 1 [10mV ]2 }
+ + SO

i ~IP1+0.4+0.08+---]

distortion =0.08/0.4 =20%
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An Example: 4.11

R1 éwk
f L 1ovLY?
"10u y 2
Q2N2907A
1 :I_,L £ |
~ Q1
C2 »100Meg
- { AN ——t
402368 5ch . 10 VE
R2 ?-5;(- 5
Oct 2024
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-200mV
Os
o \V(C2:2)

5.0ms
*V(V1:+)*100
Time

2.5ms
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10\@’2
Q2N2907A _
:|—,|r i
C2 /#100Meg
% o
Y RL |3
10V

Oct

2024

Chuck DiMarzio, Northeastern University

Example: 4.11: DC Analysis

(10-0.7)/R,
Lo

ICRZ

Active Mode OK
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Example: 4.11: AC Tee Model

re :17% :27Q
R1 é 10k :
Pl
ic(AC) Zai:AC)
& =0.99v% /270
(ac) _ (A p 1 A0
Error in R2 vf’ff —le ; RC -RcaleAC
Sign of F; =5000 %0.99v ) / 27Q
Fix Later
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Example: 4.11: SPICE
Comparison

200mV

.......... 200mV

oV

200myr—————
Os 2.5ms 5.0ms -200m\a

0 V(C2:2) °V(V1:+)*100 Os 2.5ms >.0ms
(C2:2) < ¥(V1) V(RL:2) © V(V1:+)*100

Time

Spice AC Model

Error in sign: Fix Later
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Early Voltage Again

-2.0mA———
OV 4V 8V 12V
V_VCE
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AC Model for Early Voltage

Additional Current (AC)
Beyond I

That in Simple 9n Ve
Model is r R,
Proportional to v

Voltage, and thus
Can Be Modeled
with a Resistor ‘ \ i
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Transistor Amplifier:
Common Emitter

20V :

RC

W S

10V

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

VCC| |- U T - AN T N -
Q2N2222 ¢, :;_ o — . -
5 0 Os 2.5ms 5.0ms
O ¢ vV & ¢ + > V(Q].C)
g vl I - Time
T V,.:=[0.6:0.05:0.9]Volts
402361.sch 1 N n1 NN

& B S

V,,=0.75V

Bias Choice is Critical

Os 2.5ms 5.0ms

LT R
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Transistor Amplifier

w Va© =0.7v
199 =, - 0.7V)/R,
Q2N2222 15\/:;_\/CC
g T V(DC)
IéDC) :[ﬂg)c) 1+ —C
V= Va
I
402361.sch L L.oad Line

(pc) _
Ic - Rc _Vcc B VCE
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Operating Point

2.0mA

10 A
8 UA
6 UA

4 uA
2 UA
1,=0 uA

oV 4V 8V 12V
V VCE

Oct 2024 Chuck DiMarzio, Northeastern University 12521..slides9—-17



AC Analysis

RC

k)

1k ?
%‘3 Q2N2222 :___VCC
402361.sch -
Oct 2024

Chuck DiMarzio, Northeastern University
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Transistor Amplifier: AC Model

40mVf
BT N R e
oV
| D o 10mV —
2500 Os 2.5ms 5.0ms
o V(RC:1) °V(V3:+)*10
Time
| | () V(AC)
 40236asch 'l" | yAc :(R || R )[3’ n
. . Aankbaiia L . out C 0
. . RB +r

RC ||Ro
R, +r,

g, ="
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Amplifier Concepts

m

gV,

Oct 2024

Amplifier

L.oad
MWW
@ R R,
Vll’
L.oad

Chuck DiMarzio, Northeastern University
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Amplifier Goals

* Gain (or Transconductance, Transresistance)
— Specified Value, Usually Large
— Well Known
— Stable against Supply/Temperature Changes
— Stable Against Component Variations

* Input Impedance

— High for Voltage Source, Low for Current
— Matched?

* QOutput Impedance

— Low for Voltage Output, High for Current
— Matched?

* Dynamic Range
* Others
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A Note About Gain

* Gain is usually quoted with the “appropriate” load attached.
* The gain in this circuit must be larger.
* The ratio is a factor of two for a matched load.

* You won’t measure the “right” gain unless you have the
right load.

Source T Amplifier = | Load
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Common Amplifier Circuits

* Common Emitter
— Voltage Amplifier
* Common Emitter with Emitter Resistor
— Lower Gain, Higher Input Levels
 Common Base
— Current Buffer: Low input impedance

* Common Collector
— Voltage Buffer: High input impedance
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Amplifier Design Approach

* Basic Configuration
Biasing (DC Model)

— One or Two Supplies

— Component Values
* AC Parameters of the Transistor
Small-Signal Circuit Model

* Amplifier Parameters
— Gain (Voltage and Current)
— Impedance (Input and Output)
— Dynamic Range
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Bias with One Power Supply

Actual Circuit Equivalent Circuit
I RC
' 8k
R1 RC 10k
14.25k
‘ + vCe
i QIN2222 e T
C1 = {5V j
\'2 10u ' JvBs RE 2100
&, 0.752—
R2 2750 o =
: 402369.sch =
*  40236b.sch V. = R, V(DC)
B R +R ¢
1 2 _
RB _Rl ” Rz
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Calculating the Current

Base Loop
Vg - IJgDC)RB B VB(EC)' IEDC)RE =0

RC
%

But... I(DC)

I(DC) _1g

So... LB+

(pc)
IE (pc) (pc) RE S
Veg- ——R, -V '-1.7"R, =0 075" VBB 2100
f+1
Solve for Emitter Current P e
(pc)
70 :VBB - Vi
E R,

L +1

+| VCC
Q2N2222 15v L

|

R+
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Choosing Components

(pc)
I(Dc) _VBB - VBE
B R

B

p+1

Pick Base Bias Resistors for...

R, +

V.. >>VB(§C) And R, >>

Note: Because R, =R || R, This means choose R, and R,

Small enough so there is
more current in them than in
the emitter resistor
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Equivalent Circuit Comparison

:

R1
14.25k

|

22— 4
SEFRETIN | Q2N2222 15VEVCC

vee
15V

—

40236a.sch 4'

Ml 993 87UA
- 40236b .5ch

Norton Equivalent on BE Circuit
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AC Parmeters

(bc R
Vg >>Vo, ) R, >>—F
[3’ +1 i
10K
)
Vyp - N
I D) = B BE Q2N2222 +| vce

E 15V ==
R+ :
E
ﬁ+ 0.7 Hea/ 180

— I_c _aI E I_E VBB
VT VT VT VTRE
. P _PRV;

" g m VBB

40236q.sch *

9
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Bias with Two Power Supplies

)
I(DC) _VEE - kﬂn{

) R, +/§$\

L Jvee
RC 210k yov T

L

Q1 £

Q2N2222

R1 <1k

+1 VEE
RE 2 5k 10V=

40236c.sch ﬁ 3 [))REVT

Signal Input on Emitter I
or Base gm VEE
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Bias Point with 2 Supplies

. | J_vcc'
RC §10k o
' | B 952 16uA

| a1+

Q2N2222

- R1 2 700k

- +|VEE
R_E_ 5k : 10v=

o

40236c.sch
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Another Common Bias Circuit

Bad Component
\vce Choices
RC 210k

10V T

5.928uA

RB 100k 1.235V

Q1
642.12m Q2N2222

40236d sch
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Same Circuit, Better Choices

j_ Better Component
4 +] VG Choices
RC 210k v
g Do
RB 800k 3.932V ... N S 8 uUA
1 ' P | 6uA
CRRBGEI ] Q2N2222 erdeieended 4 A
T, L - 2 MA
40236d.sch i =0 uA
B~ Y I
£ oV 4\ 8v 12V
V_VCE
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Bias Analysis

)
I(DC) :Vcc B >&

E
o . o 1 C
RC LMK 1ov" p +i
4.125uA | o B 606.81uA

RB B :'g _IC_aIE ,...,IE_VCC
& BN "’ VT VT VT VTRC

Q2N2222
amdgosen | [ - :ﬁ :ﬁRCVT
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Common Emitter Amplifier

RC Voltage Amplifier
]f 10k
lvee| R, is part of source?
Rs Q1 V= R, is the Load (not shown
1K Q2N2222 | in original circuit).
Vin _ -.L— _
) |1 Pi Model Below
1mA Q) | VEE
IDC - - : ; 7

* 402366 5ch . -k ' m% i g Fﬁ

+ 402360
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CE Amp: AC Model

Os 1.0ms 2.0ms 3.0ms 4.0ms 5.0ms
o V(RL:2) ¢ V(Rs:1)*100
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CA Amp: AC Characteristics

Rpi

2500

J 100K 10k 1Meg

+ 4023Ef.sT

Input Resistance

Output Resistance

Voltage Gain

Oct 2024

/5 ﬁVT (
r. =r. = — = 1)
in T gm I}gDC) ﬁ I(DC)
rur :RC ”RO
(ac)
\% T
= b =" gy RNRIIR)

Chuck DiMarzio, Northeastern University
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CE Amp: Voltage Gain

(AC)
A =t = gu R IR | R,)
A = rdnR AR IR _ SRR, |R)
R +r1, R +r1.
( +1)V
But ﬁ/gm ﬁ (bC)
IE
BRRR)_ RR|R,)
A= e, TR, Y,
K, 1 B+1 [P

Oct 2024 Chuck DiMarzio, Northeastern University
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CE Amp: Gain Approximations

Low Source Impedance: High L.oad Impedance

A =- BR_|IR, IR _ (R IR, MR) _ R IR
(5 +1N, V, V.

R_+
s I}gDC) /J)\Kl I(DC)
Matched Impedances

?
BR.IRIR)_ BRRI2 B (R, M)ng;)
B+, — BV, T (D 4y,

RS
(bC) (bc)
IE IE

A =
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CE Amp: Current Gain

Rs : c/@

Tk |
; Rpi $ ROE RC RL
| Vin 2500 | 100k 10k 1Meg

¥ 40236{511
{(AC)
Current Gain A _I(Eu: ye - B (R R, | f;o
AC
c | RyJ+ R,
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BJT Amplifier Parameters

Voltage Current

Gai Gai Input
dln dln .
C{E ﬁ(Rc IR, | RL) iy R.|IR, Resistance
R 4 BV, (R. |R)+R, (5+1) ‘é“c)
s (DC) I
I, E
R
R RN - p——=F
- R-+R,
VT
_R./2 _ 100 2500
25Q 2
CER
CB
CC
Oct 2024 Chuck DiMarzio, Northeastern University

Output
Resistance

Rc || R,
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CE Amp with Emitter Resistor

Circuit o — VT AC Tee Model with Load
e r(DC)
RC IE /9
B :
F=-0.99
1Vl || R F1i RL & 1E6
: 50
6kl RC
Q2N2222 ,[_ o k}’
TS @ ]
@ &1 R_e 25
10 el
u —_—
- 1mA k& § - RE <1k
40236h.5ch 40236].sch
;
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CE/R: Circuit Analysis (1)

Input Impedance e
F
(ac) __.(ac) F=-0.99
v, =l (re +RE) ?RS :B:‘H L J E6
;(ac) 50 ‘
i;AC) :(1_ a)i(AC) —Le o Sk% RC
e !
[J) +1 @ Re< T
V(AC) = 25
By = .?Ac) :(/J) +1xre T RE) - RE 21k
lb 40236j.sch
Gain V?AL)
(ac) _ .(ac) —  (ac) —
Vo ==1c O Re || R == ad R | R ) =-a———(R || R, )
E
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CE/R: Circuit Analysis (2)

Gain
(Ac) §
Vv F=-0.99
V(()iC) =-q— (Rc | RL) S ﬁ et s
r,+R; 50
Vin Ve
Av — /3 RC “ RL R e -
p+lr +R, .
Alternative (We will use it here): bk e
P RoR,

Use this if R_is part of the amplifier,
[)’ +1 RS + r, + R E rather than of the source.

A =

Why not R_||(r,+R,)?
What about R,?

NA~xr 2NN Thuck NMiMarzin Nartheactarn T Inivercity

Output Impedance: T,, =R

AND2 £ AR
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BJT Amplifier Parameters

Voltage Current
CE Gain Gain
“BRR R 5. RelIR,
R 4 BV, (R ||R)+R,
s I(DC)

CER E R
/3 Rc || RL B /3 R CR

= +
/3+1RS+IV(DT o T Ry - ’

CB
CC

(/3 +1)

(/3+1{ v

Output
Resistance Resistance
Z{ : R. || R,
I
Ifgc) + RE RC
E
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Common Base Amplifier

Circuit Diagram

AC Tee Model
RC é 6k | 10 ,+;IE CC RC é 6k
}_3 RL T g RL
' | | £ 1e6
Q1 € e B L
- Q2N2222 = +|VEE - '
| 1oVl
V3 1K G 10U | _--
1mA 1 3 1
@
40236k sch IDC 402361 sch
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CB Amp: Simplified AC Model
(1)

RS 25 /9

RC é 6k vin - 1k Re F
5 RL @ F=-0.99 ﬁ 196 RL
o 2 ﬂ|:__1eﬁ I F1 RC £ gk
F1 .
l 40236m sch l

Input Impedance

. =T 27—va
40236 sch mn e I D
E

3 1

Low: Not a good voltage amplifier
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CB Amp: Simplified AC Model

(2)

Voltage Gain
Vo ==, "R¢ | R,)
iac) V(AC) (R )
o |
v —=-qa| - —=& R
out re + RS & ” L
RC ” RL
= —————
& r,+ R,
AV — [)’ RC ” RL
p+1 R Vs
S + I(ch
E
Oct 2024

Chuck DiMarzio, Northeastern University

RS 25 /9
vin 1k Re =
@ fpaii= | = 1661 RL
El RC 2 gk
40236m.sch l
Current Gain Output
A = b R, Impedance
p+1R +R.
A — 520 51 Rout :RC
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BJT Amplifier Parameters

voltage
Gain
ﬁ(R IR, IR,)
R+ DL
I,
CE
_ /51 cllR
ﬁ+1RS "'7D—TIVTC + R,
B E
b R.|R,
+1 V.
ﬁ R T I(DC)
E
L
Oct 2024

— urrent mput uurpur
(GGain Resistance Resistance
Rc ” Ro ( V;
- +1) L
P (R.||R)+R, b ) Re [ Ry
R
- = (g+1)—~= +r,| R
RC + RL p IéDC) C
ﬁ RC V R
B +1R, +R e ) C

Chuck DiMarzio, Northeastern University 12521..slides9—49



Common Collector Amplifier

Circuit Diagram AC Tee Model

oV Eq |
— RO
: - :@: 100k
f—:Rs |:Q1 L— RS Lf
| EE 1K

Q2N2222 .
C2 10Vae - Re 825 -
in — . in
C’% 1A LI1 10U RL 1e6% | es
1 J WA
40236n.5ch _IDC 402360.sch o
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CC Amp: Simplified AC Model

RS
WV
i = 1k [ _E1
o 100k F=099 B
F .
RS F In F
1k Re 225
- Re 225
in
T ﬂeﬁ - RO RL
402360 5ch RL ¥ e | 1 0‘1‘ 1e6
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CC Amp: Input Impedance

(Ac)
—_ vin

r;'n — .(ac0)

lin

Base Loop:

0 :vi(nAC) -(AC)R

B lin

" Re

G + R IR,
.402.36.p.sch . %_RO . RL
r, =R +(B+1r + @R | R)) o '0‘1‘  1e6

v
r. =R, +(/5 +1%_T1‘"C)+(R0 ||RL)
E

r ~0+(g+1)o+(o| R, ) =(8+DR,
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CC Amp: Voltage Gain (1)

V(AC) _,,(a0) I,

b Vin | B
I+ R, |_
" R |IR F=099
V C) :ngc) L
out
re + RO || RL S o
Re 225
V(AC)
AV — outc — . o . RO
vian ) 40236p.sch. 100k I 196_

rin ROHRL . l
r;'n+Rs re+R0||RL

Oct 2024 Chuck DiMarzio, Northeastern University 12521..slides9—53



CC Amp: Voltage Gain (2)

r R, ||RL V
A =—7F r =(8+1 —T+(R0 R)
r;'n+Rs re+R0||RL " /3 #IEDC) ” ’

( 1)M
_ P qeet R, IR,

AV_

v
(ﬁ +1{?§—CT+(RO ”RL) +12S IEDC ”RL
E
_ R, || R,
a _7‘%+(R0 ||RL)+ R,
I (B+1)
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CC Amp: Voltage Gain (3)

| R
A’ — VT +(RR0|| R L)+ RS
1< CNTET (B +1)
R, || R, _

A S0+ ®, I RIT0

Typical Application is a Unity Voltage Gain Buffer Amplifier

Recall that...
r. ~0+(8+1)0+(o| R, =(8 +DR,

Oct 2024 Chuck DiMarzio, Northeastern University 12521..slides9—55



CC Amp: Output Impedance

R
rout :RU || re + > | -
p+1 L
Use Resistance Reflection F=-0.99 |
Rule (or trust me!)
VT R | .R | 25 |
ro.= +—3 <
out RU || I:DC) ﬁ +1
.402.36. h %RO . .
p.SC )
o] 0+ | =5 T 1100k y1es
B+1] B+1 l_
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CC Amp: Summary

Current Gain:

40 = 4B 4+1)

F=-0.99
Results from Earlier
Pages | - o
r, ~(B + R, R %RO
R 40236p.sch . 100k I 196_

rout ~ > . l
p+1

Voltage Buffer Amplifier
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BJT Amplifier Parameters

Voltage
Gain
{j(R IR,||R,)
(ﬁ+1)V
s I(DC)
CE
CEF O RrIR
B+l +—m—51V +R,
CB
£ R.R,
ﬁ+lR T E/DC]
CC I
R, ||IR,
V,

F—F+(R | R, M+ ——

Oct 2024

(,E:’ +1)

Chuck DiMarzio, Northeastern University

Current ~ Input Output
Gain Resistance Resistance
|| R, V,
(Rr||R) R, (ﬁ”)w R.|IR
RC
Prrr @ +]{7%+RE Re
; \ IE
cre o .
: DC C
p+1R, +R_ I

R
p+1 (ﬁ+1)|F"’j—L;+(RD||RL) Rgll[ ooy T 51]

[+
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Approximations

Voltage = Current - Input Output
CE Gain Gain Resistance Resistance
(bc) B
B RRIY (g R (g Y 5 R R
G+D V. R.+R, I
CER
fp R-.R, 8 R- v, R mpmm
3+1 V; - p -
f R +R, R.+R, (/3 +l{ Ié y + Rg C RO e
CB (DC)
I R HEHHR R
/3 1 EV - ﬁ 7‘% RC RL -—}O
CC p+ T p+1 IE
R B .0
+1 s ks
: g s f+1 R,
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Some Rough Numbers

Voltage =~ Current’ Input  Qutput
CE Gain Gain Resistance Resistance
4 10°Q
- (Lo Q”RL) " 100+ R 2.5kQ 104Q
25Q L
CER (1 )
0°Q|| R, 10°Q
i - + 4
0+ R QR (2500Q +100R,) 10*Q
CB
R, 4
107 Q2
T 1 250
CC
100 100R R,
1 L
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Typical Applications

CE
High Gain

CER

Lower Gain, Higher Inputs

CB
Current Buffer: Input looks like a short, output like a current source

CC
Voltage Buffer: Input looks like R, S, Output like R/
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