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Output Stages

 Power amplifier classification

ass A amplifier circuits

ass A Power conversion efficiency
ass B amplifier circuits

ass B Power conversion efficiency
ass AB amplifier circuits

ass AB Power conversion efficiency
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Output Stage Functions

+ Provide amplifier with low output resistance

+ Handle large signals with low THD

+ Deliver power to the load efficiently

+ Output stages are classified according to
the i, waveform due to input v, waveform

2008 Kenneth R. Laker updated 17Nov11 2



Pe[] []_ ESE319 Introduction to Microelectronics

Amplifier Classifications

Class A amplifier — amplifier BJT
Ve conducts for entire v, cycle. Forall v, s.r.

i v,+Vz=07V where V >max(v,)+0.7V
ViR
R, ic A
"A— [, = amplitude of the signal
v, @ , Vo current due to V.
= ;RE I = dc current
T /3 o

Transistor cut off (i .= 0) if:

v,+V,<0.7V
NOTE: when v, =, iC = IC
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Amplifier Classifications - cont.
Class B — Amplifier BJT conducts positive-half

¥
. of v, cycle.
i I Amp BJT conducts for all v, s.t.
R .

vk 4 Vy=0V=v,207V

R, o

AA/ .

v, @ — Vo

Transistor cut off (i . = 0) if:

NOTE: 1. whenv <0.7V,i =0
v+ V<07V ! ¢

2. A 2" class B BJT (PNP) is needed to
conduct for the negative v, cycle.
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Amplifier Classifications - cont.
Class AB — Amplifier BJT conducts for positive

—jf v, swing + part of negative v, swing s.t.:
i
Cl:;RC v,V 207V where 0<V ,<max(v,)+0.7V
K Conducts for: v,>0.7—V,
Fa,

ATATAY
" ?_ §R T Cut-off for rest of
Vg— z ; negative v, swing:
L i N B— ﬁ}__ S
— 0 711' Zln- 3T wl

NOTE: 1. whenv =0,i =1
1 C C

2. A 2" class AB BJT (PNP) is needed
v,+V,<0.7V to conduct for interval slightly larger
than the negative v,cycle.

Transistor cut-off (i .= 0) if:
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Quick Review

.~ dB
20log |4 ( jf ) j Vee
20 dB /dec A

100] . \ 20log I'T" =85 dB
80 | c $
sot -40 dB /dec _”_ B
| 20log 1T, =45 dB
40|
‘ -60 dB /dec ~=3
20
. 0 | . peed - . =
10° 10° 10° \i¢ "~/ (H
. 10°
A(jf )=

(14 j£110°)(1+ jf110°)(1+ jf/107)

What is the purpose of capacitor “C”?
What does it do the pole locations and its impact on stability?
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Quick Review

20l0g|4(jf)| % Ver
2010g Acomp(.]f)|
" 40 dB /d C=Coamp 3
- ec :
60 | .
| 20log /T, = 45 dB _”—
40'| -20 dB /dec _
‘ -60 dB /dec ——“;i‘g
20
L 0;_ 1 | N h‘f(HZ) s=—=:
10? 10* 10°
-40 dB /dec
B 10’
A jf )= . 5 - 6 - 7
(1+J{ff10 )(1+Jgf1’10 }1‘1+J{fi’10 )
Acomp(]f)m 3 105 8 7
(14 jf/10°)(1+ jf/10°)(1+ jf/10")
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Quick Review
1. What is the BJT basic output stage circuit?

2. Class A amplifier:
What is its characteristic performance?
Advantage?
Disadvantage?

3. Class B amplifier:
What is its characteristic performance?
Advantage?
Disadvantage?

4. Class AB amplifier:
What is its characteristic performance?
Advantage?
Disadvantage?

2008 Kenneth R. Laker updated 17Nov11



Penn ESE319 Introduction to Microelectronics

UNIVERSITY of PENNSYLVANIA

Quick Review
1. What is the BJT basic output stage circuit? Emitter follower.

2. Class A amplifier:
What is its characteristic performance? Conducts over entire v cycle.

Advantage? Low THD except when signal amplitude is large.
Disadvantage? Conducts current and dissipates power when v.=0.

3. Class B amplifier:
What is its characteristic performance? Conducts over 1/2 v cycle.

Advantage? High THD even when signal amplitude is small.
Disadvantage? No power dissipated when v.=0.

4. Class AB amplifier:
What is its characteristic performance? Conducts over >1/2 v cycle.

Advantage”? Reduced THD over Class B.
Disadvantage? Increased power dissipation over Class A.
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Class A Power Amplifier Design

Used as op amp output stage and some audio output power amps.

Basic considerations for low (audio) frequency operation.
1. Power usually delivered to a low impedance load.
2. Signal usually has little, preferably no dc content.
3. May have low frequency content, as low as 20 Hz.

Emitter follower circuit has best power transfer efficiency, since its
output impedance is low. As a bonus, its input impedance is
relatively high.

Principal advantage — lower distortion than Class B & AB.
Principal disadvantage — lower power efficiency than Class B & AB.
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Current Biased Class A Emitter Follower

jode
connected

Q@ e A current mirror establishes the
d 1 bias current “/".
Uy 0,

transistor ae l I 71— I E] 1
Rgi[ ] R, To operate reliably,
| e 1. 0, and O, must be forward active.
%y j - 2. Current Mirror Q. and Q, need to be
'V+cc V.. matched as well as possible and be at

current mirror the same ambient temperature.
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Class A Amplifier Analysis

e iRV =0TY To operate reliably,
" =il | 1. 0 and Q_ must be forward active, i.e.
Uy Qi1 Veer VO=V1_O°7 V=i, R, ! 2
k1] Vep =V ce—V =>
= _CE] e Q] # sat. Vers ~ VCElsat
T
__ | —
f R, Qz # sat. Ve = VCEZsat
% Ve
: = off=>; >
0 b=y AV Q #cut-off =>i >0
VCC VCC
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Class A Amplifier Analysis

Consider the case when v, > v, =07V (pos. swing of v):
Thee VIZVBE]=O'7 V |f 1% <V => Q Sat.

. X CEl CEl-sat 1
[, =ig—1
+ "
v,_lél e Vo=v,—0.7V=i R, For O1 #sat: veg >V cer—su
o -l‘ vCE1= VCC_ VO VCE] — VCC_ V0> VCE]—SCII
2 _l‘r L _VO > VCC+ VCE]—sat
Ry
0, V0<VCC_ VCE]—sat:VO—max_ Vcc_ VCE]—sat
Qs =
Ve =Vot Ve

Fee Ve Max values: 0, # sat.

\ Vo<Vo_max=V eV e su
Vi<V =V ee=Vep st 0.7V
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Class A Amplifier Analysis - cont.
Consider the case where v, < 0.7 V (neg. swing of V)

if v, <V, =>Q sat. and/or if i =0=>Q off

Veer=V ee= Vo

i, =ip—1
" vo=v,—0.7V=i,R,

Verr = Vo epr—su

Ve =Vot Vo>V oo su

l
I
. l l R =2Vo>—Vee ™V cpr—sui

+
0: VcE2
Q3 - — VI>—VCC‘|‘ VCEZ—sat+O’7
! ' Min values: O, forward-active
v <0.7V Vo> Vo min=""VeetV cprsu

Ve =Vot Viee=v,—0.7+V
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Class A Amplifier Analysis - cont.

Consider the case where v, < 0.7 V (neg. swing of v):

Veer=V ee= Vo

i, =iy
0, vo=v,—0.7V =i, R,

Uy

l Vers=VotV ee

From previous slide

Vo> VitV gy

if i, =0=>0 off
ig=i;,+1>0
. _ VYo

lL—R—>—]
L

vo>—I R,

0 - V>V etV cprogut0.7 v,>—IR,+0.7V
Ve Ve Min values: O and Q, forward-active
v,<0.7V Vo> Vo ym=max{—IR,, =V cc+V cpr_]
vo=v,—0.7 & V=i R, v,>v,_ . =max|{—IR,+0.7V , =V cc+V cpr_ut 0.7V}

Ve =Vot Viee=v,—0.7+V

NOTE: max means least negative

2008 Kenneth R. Laker updated 17Nov11
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Class A Amplifier VTC — Plot

v

A0
Q saturated
A VCC' VCEJ-sat* — = —
max v swing iff
RL Z VCC_ ?CEQ—SCII /VO=VI_ VBE]
slope = 1
or P R
v
7> Vcc_ VCEZ—sat /V I
- R, BEI Vo oy
R < cc CE2 —sat
Q, cutoff 2 -IRL/ L
- K 1 V + VCEZ sat

Q, satu rated

Bias current 1 & RL set limits

on negativev_=v_  swing

Iff _IRL>_<VCC_ VCE2—sat)
V0>VO min IR =

Vcc o

V CE2—sat

1
If _IRL<_<VCC_ VCEZ—sat)

R, <

Vo> Vo min=""V etV cprsu™
VeV
cc CE2—
R, > 4
J

vo=v,—0.7 where max{_]RL’_<VCC_VCEZ—sat)}<vO<VCC_VCEI—sat

2008 Kenneth R. Laker updated 17Nov11
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I1=120mA

Class A Stage VTC Simulation

IR,=V ..=12V=R,=1000

X5C1

- +
T @
! 9
0
’J Rsi
L 500

2
3
a1
2ZNZ2222 8
1 RL
ideal w00 | serEE
11 =
current | i
source A
I.e. no

9,

R

| wir|add|efa am| ac| o o

Q1 forward active => no clipping
V0<V0—max_ Ve

VO > vO min "~

— IR, =

Ve =11.87V Q1 not Sat
Q1 not Cut-off (there is no Q2)

—12V

2008 Kenneth R. Laker updated 17Nov11

17

Q1 Cutoff ----- " i 12\, --------
T E‘E‘ Channel_B Channel_a e
T2 4]
T2-T1 Save Ext. Trigger
I o
|- Timebase Channel & Channel B Trigger
Scale Scale |5 VIDiv Scale |5 WDiv Edge £ ﬂl—_
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Class A Stage VTC Simulation - cont.

I=120mA R,=75Q

IR, =9V <V, . .—V
L cc CEIl—sat o
IFi1 % ErITnE_
LT, I WRIE VN %_
s . A B
$ ¢ e ot
I 9 [
0 0
J Rsi
= 1
¥ 500 . 5 L
. = chc
Eag
01 0
IN2222A
1 Tl
0 VEE
. a0 _l_ =12V
@12&11!\
| 4

4
T1 4|+ Channel_B& Channel_g
T2 g

Reverse

T2-T1 Save Exk. Trigger

: r
Timebase Channel A Channel B Trigger 1
Srale | Srale |5 ¥/Div scale |5 W/Div Edge F % |__

¥ position Y position | 1] ¥ position |0 Level | ] | W

w1 |add|efa aie| | ac| o Joo

i+ ﬂ 0 IDC J % Twpe Sing. | Mor, | Auto ||Mone :
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—
s
diode

connected| vro- 2

transistor ! l

Quick Review

1'I|-'-;|= 1"11 - D.? I"- = {JI_ RJI_
Ve =Vot Ve

Ve =V ce= Vo

i

}

¥
!

e

\.._-I",;'-

¥y

current mirror

Class AAmp VTC
4’0 1. Q], Qz?
Vo-1 b — — — —
Vo=V, Im.
slope = 1
* v,
2. O, Cutoff, V..
Qz Fwd. Act,
: — —Vo-2
- — — TVo-3
3. Q], Qz?

4. Max swing v_ occurs iff

2008 Kenneth R. Laker updated 17Nov11
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Quick Review

ﬂ:-- Ve  L=ig—1
*-'J_‘_ vp=v,—0.7V=i, R,
' diode i
connected| o= & Vepr=Vat Ve
transistor l Ver =V ce— Vo
I ! .
F:‘* l l ' R,

}

oy
'

e

\.._-IH;\

¥y

current mirror

Class AAmp VTC
V
Vo o O saturated
ce” Yerlsm— — — — o~
max v swing i.f.f.
Vf_V _ Vo=V, gy
[Z cC R CE2—sat Slnpé — 1“
- L v,
vﬁﬂf v v
cc ¥ CE2-sat
Q. cutoff - _‘,RL‘/-]< -
— — — + Vet Ve

(). saturated

vo=v,—0.7 where max{_[RL’_<VCC_VCE2—sat)}<v0<VCC_VCEI—sat

2008 Kenneth R. Laker updated 17Nov11
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+V_ _=+I5V
cC

Example
) 0 Let V =V =02V, V.=V = 0.7 V and

Py .- CEl-sat CE2-sat
= i _ B,=B,=large

' I/ l 1. Determine the value for resistor R that will set the
Ri=1k€ pias current I sufficiently large to allow the largest
possible output voltage v swing.

O

B 2. Determine the resulting output voltage swing and
Vee=-12V the maximum and minimum Q, emitter currents.

() saturated

&

V.-V

CI f

max y swing i.f.f.
rrl- I E]

R, =
{

or
= E'E'I.I_E:E'.'.': Sexd

R,

Q.- cutoff

Q. saturated
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bl% Example cont.

oY)

T [ SOLUTION:
T
R,=1kQ _ _
0, 1. For maximum output voltage swing:
0 = IR, =V cc—V cgrye Where R =1 kQ
Ve o The Vee—V 15V -02V
. 0, saturated [=—= = == o= 148md
1 s L
max}\-;swingi.f.f. O-(V _y ) 15V —07V
J Voo BE CcC — V.
R = = =0.97k
o 7 I 14.8 mA
I's o " CE2—sal

R,
@.- cutoff

() saturated

2008 Kenneth R. Laker updated 17Nov11 22
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Example - cont.

+V =+I5V
CC

From Part 1:
[=14.8mA

SOLUTION:

2. Output voltage swing:
V =IR, =148V =>—-14.8V <v,<14.8V

o — peak

—14.8V <v, <48V =>—-1<i, <]

Max and min 0, emitter currents:

i =1+i,>0mAd<i,<21=29.6 mA

2008 Kenneth R. Laker updated 17Nov11
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Instantaneous and Average Power
The source of power to the amplifier load, R , comes from the supplies, V. &

- V... The supplies deliver power, & the load and the transistors absorb it.

a
Instantaneous power absorbed by resistor R :

pL( ) ab(t)iab(t)=iib<t)RL=V§b<t)/RL — iabi RL
b
Instantaneous power delivered by battery V_:

pD<t)=Vab( )lba =Veel lba_]

Average power [y =1 gy peSIN (1) for period T 2 — V.
V b
ab eak ab — peak S
PLav flab R dt— ab— rmSRL= 2p RL= 2RpL
PDav_VCC]
Power dISSIpatIOH PDisp(Vab—peak>=PDav_PLav
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Emitter Follower Power Relationships
|. Average power delivered by the batteries:
For the current mirror transistor side:

P_yec=Veel

For the amplifier transistor side:

R

T
1 . A
P+VCC=?f VCCZCIdt Whel’e iC]=[+]CSIH<(Ut>
0 Qs

A

T
1 I, .
P+VCC=VCC]?I (1+781n(wt))dt= Vel Vee Vee
0

Total delivered power: |P,,=pp(t)=P_ycct+P.yec=2V 01

Il. Average power to the load:

2 2 2
V0= Vo—peak Sin (wt) P — Vo—rms — ( Vo—peak/\/§> — Vo—peak
e R, R, 2R,

2008 Kenneth R. Laker updated 17Nov11 25
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Class A Power Conversion Efficiency

Using the power delivered to transistors from the batteries P,
and the power delivered to the load P

ay

ay
2
Vo — peak

P =
Lav 2RL

P, =2V.I and

Note:
1. Average currents and P, from the power supply do not change with

ay

the signal level V

o-peak

2. P, increases with the square of the signal level V

0-pea

power conversmn efﬂ(:lency

_ PLav _ 0 peak/ZR 1 Vo peak _l Vo—peak Vo—peak
1=, T 2Vl  AVIR, 4 IR, Ve

2008 Kenneth R. Laker updated 17Nov11 26
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Power Conversion Efficiency

1 V l Vo—peak Vo—peak
4IRLVCC 4 IR, Vi,

o—peak _

n=

Since V, <V and V <IR,;:

o— peak

Maximum power conversion efficiency is realized when

vV _ peak_Vcc I R, ignoring the VCE]_S and VC _
. 1 V.-V 1
HenCe nmax=_ cc CC=_ or 25 %
4 Viee Ve 4
and

PDiSp(Vo—peak=O)=PDav_P =2VCCI

Lav

2008 Kenneth R. Laker updated 17Nov11 27



Pe[] []_ ESE319 Introduction to Microelectronics

Class A Power Analysis Summary

Power from sources: Py,=2V 1
max V =V
0-peak ccC
1 2
Power output to load: P, =——2&
- 2 R,
max V =V
0-peak cc
. 1 y? .
Power Conversion n= 0—pea
Efficiency: 41R, Ve
1V,
: : : _ 0 — peak
Power dissipation P, =2V 1—E RP

P =

2008 Kenneth R. Laker updated 17Nov11
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=V, —0.7

Vo peak —

%

i— peak

Waveforms

e peak—IZ 0.7=113V <V —

= Function Generator-XF.. §|

Slgnal Opkions -

VCE—sat =

R2

+ . 3
500

Class A Power Efficiency Slmulatlon

|||—

Frequency | 1 .lkHz
Duky Cycle |
Amplitude | 12| i“ vp
Offset o [ v
|
b COMmTian it
= -+ 0

P, =69236 mW

Lav

P, =133W+144W=27TW

Power Fackar;

Waoltage

(s

ST

Current

—+
=

P

Lo 0.69W

r’:

P, 27TW

=0.249~0.25

Power Factor: |

Volkage
2 + = + =
= {= = o
1 W1
=12V

Power Factor: _

Yoltage Current
+ = + =
{a {s (s {s

2008 Kenneth R. Laker updated 17Nov11
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Class A Power Simulation - cont.

V, u=V,

o—peak — " i— peak —0.7

Veoopea =0=0.7=53V <V c=Vip_u=1R,

+ 5
300

|||—

Waveforms | FECL
[ e | | En-
|~ Signal Cpkions [ $ ¢
Frequency ] 1 |kH2 ! |l]
Duky Cycle I | _Tl_
Arnplitude ]5 ] P
Cffset 1'3 | i
|
+ Zormmaon = Pawer Fackar:
~ ik £
Yoltage
+ il
= (=

P, =182.28mW

P, =133W+144W=27TW

P, 0.18W
P, 27TW

rl:

Power Factar:

Voltage Current
2 + = + =
{+ (s = s
1w
=2V
0

Power Factor:

=0.065<0.25

Voltage

+ -
(= =

T

Currenk

+ o
(= Lo
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Conclusions

1. The class A amplifier provides the most “nearly linear”
amplification of its input, but this comes at a price:

The best power conversion efficiency that can be obtained
IS 25%.

2. That is 75% of the power supplied by the sources is dissipated
In the transistors. This is a waste of power, and it leads to

a potentially serious heating problems with the transistors.

All of this constant battery power is dissipated in the transistors
even when no signal is applied — zero percent efficiency!

Next we will consider a much more efficient amplifier configuration
— the class B amplifier.
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