Output Stages and Power Amplifiers

@ Output stages with a low output resistance can deliver
the output voltage to the load without loss of gain

e Large signal amplifier are used to drive a CRT, a loud
speaker, a servomotor, etc.

¢ Power amp = large signal amp

¢ Power amp can deliver large voltage or current or a
large amount of power

¢ Thermal considerations are important for power amp
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Large-Signal Amplifiers

I Is the quiescent collector current (DC signal)

1. Is the instantaneous variation from I, (Small signal)
1c IS the instantaneous collector current (1,+1)

I.and V, are the rms values of 1, and v,

L, is the amplitude of sinusoidal current swing

V . is the amplitude of sinusoidal voltage swing

Ve ]

R, liC Z

| in ve 0

_)1 l\A
N
Vi ®
— +
VBB
1 1
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Large-Signal Amplifiers (Cont.)

. Im . Imax = Imin
e

N2 22
Vc _ Vm _ Vmax o Vmin

V2 24/2

® Assuming perfect linearity, i.e. no nonlinear distortion)

I
Output power p:vclcz%
[,2R; V2
P=12R, =—— =
¢ L 2 2R,

(Vmax_vmin)(lmax _ Imin)
3

P =

Prof. Tai-Haur Kuo, EE, NCKU, Tainan City, Taiwan 11-3 3% % %, Electronics(3), 2025



Harmonic Distortion

® Nonlinear: transfer function is not a straight line

® Nonlinear issue occurs in both small and large signals
® 2"d harmonic distortion

¢ Nonlinear relationship between i, and I, Is assumed

& i. = G;ip, + G,iz where G1 & G2 are constant.

. | i
i, = Ipmcoswt N Enear
i. = Gylpmcoswt + GyIE, cos?wt  nonlinear
1.3 1.5

= GqIppcoswt + > Golgm + > G, I, COS2wt

= By + Bicoswt + B,cos2wt 0 > 1
ic = I¢ +1i. = [ + By + Bycoswt + B,cos2wt

DC level is changed 2"d harmonic distortion is introduced

Prof. Tai-Haur Kuo, EE, NCKU, Tainan City, Taiwan 11-4 3% % %, Electronics(3), 2025



Harmonic Distortion (Cont.)

@ 2"d harmonic distortion D, = EZ
1

® Inter-modulation

For 1, =1_ coso,t+ 1, coswm,t
i_contains ©;,®,, 20, 20, ®, + ®,, ©, — O,
2"d harmonic distortion Inter-modulation

® Higher order harmonic distortion

iC — Glib + Gzl% + G3113) + -

ic = Ic + By + B;coswt + B,cos2wt + B3cos3wt + -+
B, B,

B
1
where D, represents the n!" harmonic distortion HD,

D. =

2

, D, =

3

1
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Total Harmonic Distortion(THD)

® Power delivered at the fundamental frequency o is

2
B, BYR|,
= et = () 7=

® Total power output is

R
P=(Bf+B§+B§+---)x7L

=(1+D5+D5+-)XP,

THD=JD§+D§+D§+---
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Amplifier Classification

l Iout

\/h1
Vx

® Class A -
Vy>>Vy, g
| llom
\/h1 )
Vx
® Class B -
Vy=Vi §
|
J N
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Amplifier Classification (Cont.)
® Class AB T |

V>V, g
| l' /N\__/\ Vin
— — d == —— = >

Vin

Vx >

® Class C —g »
0<Vy<Vi,
I l Iout /\_/\_ \/in
Vin — =X -
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Power Conversion Efficiency

® Important under
1. limited source of power. (e.g. in a satellite)
2. maximum power-dissipating consideration.

@ Conversion efficiency
sighal power delivered to load

dc power supplied to output circuit

x 100%

']"' =
e Class-A amplifier with i, and v, output

iC = IC+iC
lc =lpSinot
Ve =VpsSino t

1
_lem

N =2 <1009 = 22¥mIm o
Veelce Veelce
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Power Conversion Efficiency (Cont.)

¢ Small signal, i.e.(\l/m ) are small
1.n—0 i
2. static power consumption V.l- even no excitation
¢ Maximum signal, i.e. | =1,V ,=0.5V ¢
nN=25%
@ Class-A operation is a poor choice for power amplification.
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Class-A Amplifier

® Example : 2"d stage of two-stage OPAMP

—e

M E‘“ Vbias |

¢ M, conducts for entire cycle of the input signal
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Class-B Push-Pull Amplifier

e Class-B amplifier | |

VCC .
A /Tl °
|——
N N
Y . RL \iL:iC 0)
T

< Excitation

I
t

Dynamic transfer
characteristic
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Class-B Push-Pull Amplifier (Cont.)

e Efficiency of Class-B push-pull +Vee
¢ Output power P = Vi Q,
2 Vv,

¢ DC power (supplied by V() T

I |
> Avg. ., =—" "
T

Idc

—javerage:«

» P, =2x—"xVc & Two transistors for push-pull

¢ Efficiency "

5 n:%xlOO%zE

i 4 VCC

Vi . 100% = N< Va

> For V. ®~ V.. =1, = %xmoo/o ~ 78.5%
¢ No static power consumption under zero excitation
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Class-B Push-Pull Amplifier (Cont.)

® Average power dissipated in the class-B stages.

2VmVee Vn®

¢ Pph=h-P=— R, 2R (A) (Two transistors push-pull)

¢ Differentiating Eq.(A) with respect to V., and equating the
derivative to zero gives the V,, that results in maximum P

2V, 2V¢
— Vm =—= — I:)D(max) — -
T 'R,
Vee
® For V, =V, =P, = n T Power output
L
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Distortion in the Class-B Push-Pull Stage

e Harmonic distortion
¢ For matched devices Q, & Q,

¢ i, and i, are identical except shifted in phase by 180
i,=1.+B,+B,cosot+B,cos2wt+B,cos3wmt+:-- +Vee
L(ot)=i,(ot+mr)
i,=1.+B,—-B,coswt+B,cos2mt—B,cos3mt+:
i, =i,—i,=2(B,cos o t+B,cos3mt+-) -

- Even-order harmonic distortions
have been eliminated

¢ If the |-Vs of Q; & Q, are not identical, then even-
order harmonic distortions are expected

¢ Crossover distortion (will be discussed later)
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Output Stages

® ldeal output stages
¢ Supply external load current
¢ Low output impedance
¢ Large output swing =~ V¢c — Veg(say (ideally)
® Commonly used complementary emitter follower
¢ Each transistor is on for only half the time
® Crossover distortion

V,4
Q, )
VCC'VCE(sat) VA Vi
I > V
-V Q2(cut off) ©
BE(on
Y >t
BE
. : (on) V.
Ql(cut off)
=== -VectVeegsay
Q2(sat)
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Output Stages (Cont.)

— Elimination of crossover distortion

+ Ve

4

Vcc - VBEl - VCE(sat

Vo

A

—

B VBE
(ON) / R
/ h
= === -Vec+ Vereay
Vo
S
Vee = Ve - VCE(sat)' - =
_ )
>\/.

1 - Vee + Versan
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Elimination of Crossover Distortion of 741-Type OPAMP

@ Output stage

,

+ Ve

13A

40kQ2
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Elimination of Crossover Distortion of 741-Type OPAMP (Cont.)
V =15V ,ﬁ‘

Ql}\i] 0 EQQ = 1 £Q14
til 138

Q15 R6 =
Qq N 19 270
Ry = Jae R; =
‘:E Rs = 40kQ Q. 27€2
139kQ o
=30pF : Iw 20
l T I\fzs
Qu Qo Q7
R Ro= tr _1000
4 s —
5KO 50kQ IJ
kg <2 Ry =
Ve =15V ! 50kQ

¢ Small R; and R, are included to guard against the possibility
of thermal runaway
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Classical CMOS Class-AB Output Stage

e Q. and Qp are source followers +VDD 1
® Q, and Q, are diode-connected  /sus () oveass) lIQ
— eliminate crossover distortion
o Qmescent current IQof Q1 and Q, % y
gk Vi °
B A 04, b
. v )
I, = lams = Ekp 6/\/%_)2 Ve _’th‘ I —QIGND 1

S5 Vge =V, Vg =V +V |+ Y2 T Uk W+ kW] j

similar for Q,, and Q,

= Vg =Viggy +Vagp = Vi + V| +/2 15 (\/k QNA Jk QNA j )
assumeKk,,’ 6/\%_)1 =K, 6/\%_)2 and k' 6/\/%_)” =k’ @%_)p = 1y = lgs W
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Restricted Output Swing of Classical Class-AB
Voo
+

Vomax = Voo — Vov(sias) — Vesn

= Vpp — Vovras) = Vin — Vovn lBias Vov(sias)

where

Vov(Bias): min. voltage across current source Q; pegl N Qn

vovn: Vov of Qn when it is supplying i ;ax Vg Y

- 0
similarly, Qs Qp %‘L !
Vomin = Yovn + [Vep| + lvovel TR'—
\'

where lo— _:LQI

Vov(ny: min. voltage across the input transistor = =
lvovel: [Vor| of Qpwhen sinking the max. i

= One drawback of classical CMOS class-AB output stage is
the restricted output swing range

. . . v
= Lower efficiency n with smaller v,y since n o« =22

Vbpp
where v,y IS the peak-to-peak v,
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Class-AB Utilizing Common-Source Transistors
VDD

'_TQP

® Allowable range of v,

-1
{VOmax =Vpp _‘VOVP‘
Vomin = Vown o ]%’ i,_vo
—> output swing range is increased 1 NTRL
® High output resistance R, =R ;,//[R .,
VDD
® Negative series-shunt feedback - Q-
& reduce the R, of the amplifier /i\ Vi
& Vo =~V if the loop gain is large Y
W N Viow| il
—0 R,
N L
ROUT
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Reading Assignment:
Reduction by Series-Shunt Feedback

out

® The top half circuit o
Voo ¢ the A CII‘CUIt ¢ the g circuit

VlT_[}H“T p=1

f R|_ \_/O

RT R ; T o

OU'[p o
AB=u-g,,-(r, /IR),R =r /IR and f=1 Ro
R, Moo //R

— Rof ! Rof — Routp // RL
1+ Ap 1+,u O (M, /TRL)

1 1
=R, (% ) =r Il ~
" /R %* 1Oy M gmp

:>R outp//Routn’V[ : Il :

lng mp /ng mn j /ng mp + /ng mn
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Reading Assignment:
Voltage Transfer Characteristic

e In the quiescent state Vi
v, =0 and v, =0 VS.GPf_T

Q
IDPZIQ:%kp'GNA)pVOVZ i
lon = lo :%kn'@V/L)nvovz

assume Q, and Q,, are matched Ty

: Ve +

.e. kp'éA%_)p - kn'é/\%_)n —k ss tVasn V;quN L
1

= |Q:§kvov2 =

VDD _VSGP
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Reading Assignment:
Voltage Transfer Characteristic (Cont.)

e When v, is applied

2 2
. 1 1 V. —V V. —V
'Dp=Zk[vov_ﬂ(Vo—V|)]2=2kVOZV[1—u O l] =|Q'(1—,U 0 |j

oV VOV

.. i Vo —V,
similarly, iy, =l -| 1+ 4 ]
ov

Vo =1 -R. =(Ipp —Ipy) R, VSGPJVDD
= Vi ~ _ V& (Vb —Vscp) - 0
—> Vo = V ~V, |1 (v V) ° 5
1+ oV 4ul R HVo 7V i
4ul R y l, DP ]
|
= Gainerror=v, -V, __LVI —_— n Ci,o
IR, J Ton L
21 R
since g9, =0, = V—Q ('VSS(+VGS;I ) o [ Qx L
+u(V, —V =
. oV 1 lu 0 | VGSH
= Galn error =— Ve
Z,UngL
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Reading Assignment: Design Trade-Offs

e® Error amplifiers’ gain
¢ larger u
— Smaller gain error and R
¢ smaller u
— |5 Is more Insensitive to the input offset voltages
of the error amplifiers
® Quiescent current |,
¢ larger I
— Smaller crossover distortion, gain error, and R,
¢ smaller |
— Less power dissipation
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Power Dissipation

e Static dissipation due to
¢ Leakage current
¢ Bias current
@ Dynamic dissipation due to

¢ Short-circuit shoot-through current

¢ Charging and discharging of load capacitances
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Static Power Dissipation

® | eakage current

¢ Junction leakage current
» pn-junction reverse-bias leakage (l,)

» Subthreshold leakage (I,)

» Channel punch through leakage (l,)

¢ Gate leakage current
» Tunneling into and through gate oxide leakage (I,)

Source
h

Gate

Drain
I_;T_I =

P-Sub

w
l1

Source
h

*Leakage current maybe
non-negligible in advanced
process < 28nm

Gate

Drain
|4 I —O
I 4

P-Sub

l n+f— /v¥—\: n'

® Bias current (e.g. for analog circuits including OPAMPS)

® Total static power dissipation

n
P, = z leakage /bias current X supply voltage, where n = number of devices

1
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Dynamic Power Dissipation of CMOS Inverter

a. Current is required to charée and discharge the output
capacitive load (I, , I, ,)

b. Short-circuit shoot-through current (I5.)
¢ During transition from either “0” to “1” or “1” to “0”, both

n- and p-transistors are ON for a short period of time.
This results in a short current pulse from Vy to GND.

*Note: a. Is the dominant term in general circuits
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Capacitive-Load Charging/Discharging Dissipation
of CMOS Inverter

t=0
® For step-input example —t—>

Vin() etsfet,
¢ Energy flow during t, , i.e. V51 .(- *q_
Vo (t) = Vpp(1 — e™/R%) [N

Total energy supplied by Vyp:
“Vpp — Vo (V) dt = Vbp?

ty bt
J VDD X l(t)dt — VDD J f [1 - (1 — € RCL)] dt== CLVDDZ
0 0

0 R R
Energy dissipated in R: Energy stored in C;:
4 [Vpp — Vo (D]? 1 1 1
j Voo = oOF 4 - 7 CLVbp® CLVpp® — 5 CLVpp® = 5 CLVpp*
0
¢ Energy flow during t,, i.e. Vg | ,
Energy stored in C, is exhaustively dissipated = ECLVDDZ
1
¢ During a period t,, power dissipated Pq = C,Vpp?f,, where fp = .
p
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Short-Circuit Dissipation of CMOS Inverter

e \Without considering C,

Psc = Imean VDD

1 (' E 4 (28
Imean = 2+ — [J (D) dt + f [(Ddt] = — =~[Vin () — Vip]2dt
th t, t, th t, 2

where Vi, = =V, Brh =Bp =B = ,uCOXr are assumed

V Vin t Input 4
If Vip(t) = —=t, t;= ——t,, and t, = — -
tI‘ VDD 2 Vbp
5 Voo - [Vl |-
_ P _ 3.t .. :
then Psc = = (Vpp — 2Vin)® - tye - fp s
0
where t, = tf =ty and f, = - are assumed |
p Iax
> short-circuit dissipation is dependenton |
the input waveform rise and fall times 0
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Power Economy of CMOS Inverter

Total power dissipation Piota1 = Ps + Pgq + Psc
¢ where P4 = activity —percentage - (Ciota)Vop“fp)
¢ P, is also multiplied by an activity—percentage

Power dissipation constraint must be met in a design because of
low-power and thermal-dissipation concerns

Methods to minimize power dissipation
1. Reduce supply voltage

2. Operate circuitry at the lowest possible speed
3. Use dynamic voltage and frequency scaling (DVFS)

4. Use smaller devices to reduce dynamic power
a. use layout techniques to reduce diffusion and routing capacitance
b. small load capacitance if possible

5. Many other clever methods of manipulating architecture, circuit, and
layout to achieve low-power goals.
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Class-D Amplifier

@ Class A, B and AB amplifiers = Linear amplifier
e® Class-D amplifier = Switching amplifier

¢ Block diagram ¢ Common PWM Generator
Pulse Width Modulation (PWM)

ula Vin 7\ o—>\’_pvg ﬂﬂﬂ_
/ Mp Vu VAL

< 1
S
V, i 3
" PWM Voum Gate Low-pass Vln > 0
AV ; . LoV S
Generator Driver filter out Vtri S
r J-I- —Ll | | 01 02 03 04 05 06 07 08 09 1
V.. Time (ms)
tri Mn S 1 . : : : . : ; ; .
/N — o
- V 205} J
GND pwm % o
e Characteristics 0102 03 04 05 00 07 08 03

¢ Low power dissipation = High efficiency
¢ Small heat sink - Small size

¢ Distortion problem due to switching scheme
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Spectrum of Class-D Output

® Verification condition:
¢ Input sine wave: V _sin2mft, f=1kHz
¢ Triangular wave: Vpp:ZV, freq.=12kHz

® Square wave when V =0V e PWM when V_#0V

€ 0 . ! ‘ ‘ € 0

£ 10| 12kH 8 10| 2

Py z o ¥ 12kHz

S -20 36kHz 60KkHz i S -20 | 24kHz

€ 30 g € 30! 36kHz

(®)] (®)]

S 40t S 40t

g 50 ¢ g -50 | | I

& -60 ' ' ' ‘ ‘ & -60 '

0 10 20 30 40 50 60 0 10 20 o

Frequency (kHz) Frequency (kHz

AAAAAAAAAAAR
FALANANAANANATEES
TSR _:HHIIHHHHHHJ

Voltage (V)
Voltage (V)
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Shoot-through Current of Class-D Amplifier

® Must be reduced due to large Mp and Mn

e Without dead time - large shoot-through current
2P VDD

Mghoot-through Vs

e nt
curren GND

High-side gate driver
o e

Vpwm O—g—o .[>o..[>o. l/'.*s_l

Low-side gate driver

D Dol T

e With dead time > small shoot-throfjgh current

¢ Non-overlapped clock ¢, oin / \
¢in Delay cell (|)1 __/_\

Delay cell ¢2 —\ /_\-
A )

¢2 Dead time

load VDD
IO ) Vi
GND
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Shoot-through Current of Class-D Amplifier (cont.)

¢ Avoid Mp, Mn turn ON at the same time

VDD
High-side gate driver
I> I> VHSI*
m v
Vowm O=— Non-overlapped clock ouT
Low-side gate driver
: >
Gate drive voltage
oo p—H 4 = =
Vis _/ Apr
GND—! s R Y Both Mp, Mn turn OFF during dead time
VDD 1A R At —> Output waveform distortion
ie O\
GND [ ] (] [ ] (]

Nty it /

Dead time
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Efficiency of Class-D Amplifier

® Resistor load instead of capacitor load as in inverter
® Power loss source

VDD
T

Vpwm O—

Gate
Driver

VDD

¢ Switching loss (P

sw)-

Io(R MS)
Low-pass| ——>

filter +
RL Vo(R MS)
Cdp+cdn -

sw‘(Cgp+Cdp+an+Cdn)><VDD2><fsw

& Conduction 10ss (P,): Peor=[DXRn(M;)+(1-D) xRon(M)] Xlorus)2

e Efficiency estimation

Output Where D is the duty of PMOS on

A Dsz (1 D)xTS

P Io(RMS)2 xR |
N =—2x100% = 2 x100%
F)i Io(RMS) xR L + Psw + Pcon
Tlme(s)
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Thermal Design Considerations

® IC power amplifier
¢ Capable of delivering large power to external load
¢ Example: a 5-W audio amplifier

speaker
802

— The maximum possible power conversion efficiency is
about 75% (Class-B or AB) I.e. for every 3-W output,
1W is dissipated within the amplifier.
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Thermal Design Considerations (Cont.)

o P, >T/
T > Tymax 2 Irreversible failure occurs

where T, IS the maximum operating junction
temperature of semiconductor device.

¢ Thermal resistance 0,- (between junction and case)
Ty =Tc =ATyc =PpYyc

unit: P, :Watt 0:9C/Watt
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Dissipation Derating Curve

e Example : 2N5671 power transistor

P max ’W
¢ Maximum allowable dissipation Di(4o )\
125
Pbmax = 140W 100 \1\
# Dissipation derating curve gg ANl
N
20025 2> N

=1.25"C/W 0 50 100 150 200
Case temperature T

Thermal resistance: 6, =

1
Power derating factor =— =0.8W/°C heat sink
c Chip _ '
(junction) [N
e Example 11-7 and 11-8 (8th ed. textbook)

case ]

T, =AT  + AT + AT, + T,
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Dissipation Derating Curve (Cont.)

T
J: semiconductor device junction 0 SAT
Ic JC
C: case To
S: heat sink PDC/D 0. 3AT,,
A: ambient Ts
TJ = PD (OJC +9CS ‘|‘eSA) +TA OaSAT,,
I
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The BJT Safe Operating Area (SOA)

® SOA sketches

Icin 4 Thermal dissipation Icogyt . Therma:_di_ssipation
1 limit imit
ICmax log ICmax 2
2 / Second-breakdown
limit

Z
//////// 3 /

7)
N7 4

>
0 BVeeo vk log BVcgo log veg

® Boundary on the sketches
1. Maximum allowable current |-,

2. Vepic = Ppmax (at TCO)
3.“Current crowding” increases localized power dissipation

and hence temperature (hot spots)
4. Instantaneous value of v never allowed to exceed BV o
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Power FET

® Example: DMOS (Double-diffused MOS)

¢ Asymmetric source and drain
S and D may not be interchanged

— Conventional — Currently popular
Gate
SOUcfce Source Drain

L
Substrate

p-substrate

Current flow  prain
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Variation on Class AB Configuration

® Use of input emitter followers
¢ High input resistance
¢ Quiescent current in Q; and Q, is equal to that
In Q, and Q,, If R, =4, and Q,~Q, are identical

+Vee #
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e Darlington configuration

Compound Devices

1. Increase current gain

2. Reduce base current drive

3. Equivalent Vggoq) = 2Vge

4. Can be used for both NPN and PNP transistors
e Compound PNP configuration

1. Used to improve PNP configuration

2. Q, is usually a lateral PNP having low 3 (= 5-10)
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Ve Multiplier

® Circuit
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® Elimination of crossover distortion using Vge multiplier
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Class AB utilizing a Darlington NPN and a Compound

® Bias is obtained using a Vgg multiplier
® Vg multiplier is required to provide 3Vge

+ Ve I
NO),
| v

W

R, Lo,

— R, ]

Rl Q5 <>Vo
R, J_°_ R,
Vio I Q; T

\_£Q4
—Vee ¥

Prof. Tai-Haur Kuo, EE, NCKU, Tainan City, Taiwan 11-47 §% % %, Electronics(3), 2025



Class AB utilizing a Darlington NPN and a Compound (Cont.)

® Short-circuit protection
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Class AB utilizing a Darlington NPN and a Compound (Cont.)

® Thermal shutdown
TP == V,TVed = V,T = 1,1

— Q, absorbs bias current of OPAMP
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