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AMPLIFIERS vs. ARCHITECTURES
CLASS-A PA LINEAR ARCHITECTURE
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INSTANTANEOUS EFFICIENCY

LINEAR-AMPLIFIER INSTANTANEOUS
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AVERAGE EFFICIENCY
ENVELOPE PDF

* Low amplitudes more likely  * Low average efficiency

P oAVG

IMave =

' P IAVG
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DYNAMIC POWER RANGE

MOBILE-BASE PDF OF PEP
GEOMETRY OUTPUT
MED TUM l@ﬂ M SUBLRBAN
FOWER
i
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POWER 0.00 F———7— .
MOBILE STATIONS BASE STATION R
* Use minimum power * Wide range of

PEP output
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RF-POWER AMPLIFIERS

CONVENTIONAL HIGH EFFICIENCY
« CLASS A « CLASS D
« CLASS B « CLASS E
« CLASS C « CLASS F
EFFICIENCY UTILIZATION FACTOR
'Domax
n = PO/P,- ’Dmax =

VDmax / Dmax
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CLASS-A POWER AMPLIFIER

CIRCUIT
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* I >0 (360° conduction)
* No harmonics
 Output filter optional
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CLASS A POWER AND EFFICIENCY
POWER EFFICIENCY

1.0

U'U_l 1 T T T I T T T
0.0 0.5 1.0

Vum

* |deal transistors « Efficiency ~ output power
*Vpp=1,R=1 * Negp = 1/2=0.5

P = 0.125

' max
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CLASS-B POWER AMPLIFIER
CIRCUIT WAVEFORMS
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* Rg = (min)* R, 0 ]

* Q1 and Q2 conduct alternately
« = 180° conduction angle

Jy 'y

GMRR VGO08-7



CLASS B POWER AND EFFICIENCY

POWER EFFICIENCY
1.0 1.0
F P, K
0.5- 0.5-
U.U-. — U.U-...,....
0.0 0.5 1.0 0.0 0.5 1.0
Vum. Vum
* |deal transistors « Efficiency ~ output voltage
*Vpp=1, R=1 * Npgp = W4 = 0.785
P = 0.25

' max
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CLASS-C POWER AMPLIFIER

CIRCUIT
Yop 9
Y dc Z=Roat g
£ =0, octherwise
RFC gH R
DCB :
» H t
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DRIVE + R§
U
D L1

 Drain current < 180°
* Increased efficiency

WAVEFORMS

* Inherent harmonics and nonlinearity
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BIAS - CLASSES A, B, AND C

EFFICIENCY POWER CAPABILITY
1.0- 0.2
- c
ﬂmux 7 Pmﬂx
_ B
0.5 AB 0.1
_ A

- IDEAL TRANSISTORS

U-U 1 1 I 1 1 U-U 1 | 1 1
0 90 180 0 90 180

Y, ° Yy, °

Gate bias controls conduction angle

360°: Class A - linear 180°: Class B - linear
| 245°: Class AB - maximum power <180°. Class C
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CLASS-D POWER AMPLIFIER

CIRCUIT WAVEFORMS
ip, 3.0 - -
D, D,
Q1 1
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*Rp = (min)? R, 0 . 2%
« Q1 and Q2 on/off alternately
» = 180° conduction angle n=1 P = 0.318

| max
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CLASS D - CURRENT SWITCHING

CIRCUIT WAVEFORMS
1.5
1.D1 1,D2
- Q2 ON Q1 ON
f “D, “D,

¢ RD — (m/n)2 RO -2 ' I ' I ' I
* Q1 and Q2 on/off alternately ’ 9 "
» = 180° conduction angle

n =1 P = 0.318

. max
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CLASS D - CHARACTERISTICS

LOSSES TYPICAL USES
» On-state resistance * Voltage switching: LF/MF/HF PAs
« Switching time  Current switching: 1 GHz

 Drain capacitance

ADVANTAGES DISADVANTAGES

» Maximum power for FET ratings + Capacitive loss increases with frequency
« Easy to tune  Timing errors create short circuit
 Soft drive usually needed
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CLASSC

HF

VMOS FETs

1.8 - 30 MHz

300 - 400 W
70 - 80%

Jy 'y

- PROTOTYPES
VHF/UHF

GaN HEMTs
25 - 400 MHz
70-100 W
60 - 70%
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CLASS-E POWER AMPLIFIER

CIRCUIT

 Transistor = switch
* Dynamics - waveform
* Discharge Cpg

aha 7

WAVEFORMS
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CLASS E - CHARACTERISTICS

LOSSES

* On-state resistance
« Switching time

ADVANTAGES

* No loss from drain capacitance
* No short from timing error

Jy 'y

TYPICAL USES

* VHF/UHF PAs (true transient class E)
* HF PAs using "low-cost" MOSFETs
* Microwave PAs

(transmission-line approximations)

DISADVANTAGES

» Lower output than class D
* Higher loss from R,

GMRR VGO08-7
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CLASS E - PROTOTYPES

HF/VHF

VMOS FET
1.8 - 128 MHz
200 W
70 - 90%

Jy 'y

VHF/UHF

LDMOS FET
25 - 400 MHz
60-/7/8 W
60 - 80%

GMRR VGO08-7
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CLASS-F POWER AMPLIFIER

CIRCUIT WAVEFORMS
Z=Ratf 3
Z == at 3f i
4 =0, otherwise “p _/~_\
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 Voltage = square wave 0 om

 Current = half sine wave
* Power and efficiency increased
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CLASS-F - ALL HARMONICS

CIRCUIT WAVEFORMS
*¥p 3
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= = = v, U.U—:/\
« Quarter-wavelength T line asr=
- Voltage = square wave 0 ) &
 Current = half sine wave
« Half of class-D PA n = 1 P = (0.159

l max
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CLASS-F - CHARACTERISTICS

EFFICIENCY POWER OUTPUT

1.0 0.2
d ] PFI'ICI}{ |

0.0 _ ‘ 0.0

1 2 3 4 5 o0 1 2 3 4 5 o
T T

« Efficiency and output increase with number of controlled harmonics
* Progressively smaller increases « Can (must) tune-out drain capacitance
* Evens and odds affect efficiency * Transmission-line resonators
» Odds affect output » Good for UHF, microwave
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CLASS-F - MICROWAVE

Ryp at f ;
0 at 2f
» at 3
“Lﬁlf RF
Q1 | ouT
] &
DCB
—Cp W4 e
A/4 A4
- = at 3f at 2f gy =
IDEAL  PACKAGE HARMONIC TUNING FUNDAMENTAL—FREQUENCY
FET TUNING

» Virtual drain of ideal FET sees ideal impedances
« 3fand 2f shorts by A/4 lines
« 3f short transforms through W1 and package to virtual drain
« Circuit to right does not affect 3f
« 2f short transforms through W3, W2, W1, package to virtual drain
» Circuit to right does not affect 2f
m- Remaining components match fundamental
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CLASS F - PROTOTYPES

500 MHz

GaN HEMT
54 W
1%

Jy 'y

1.2 GHz

GaN HEMT
55 W
74%
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MICROWAVE CLASS E vs. CLASS F

CLASS E CLASS F
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CLASS C, E, AND F - FINITE HARMONICS

1.0 0.2

| P 1
Ma =
DBJ_I_I_II | {HJ_I_'jj I
0.0 - 0.0 -

Depends upon n Highest for F
Independent of class Class C: Decreases with n
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REAL UHF/MICROWAVE HEPAS

REALITY

* FET not ideal switch

 FET not ideal current source
 Varactor drain capacitance

* Harmonics happen

TRANSMISSION-LINE CLASS E
 Finite-harmonic approximation

* T-line network like class F

f. R+ X (=45°)

 2f. = ideal

* Both v, and ij have fand 2f

Jy 'y

CLASS EF

 T-line network like class F

» Resonators control 2f and 3f
 Drain capacitance for higher f
* Soft switching

« Small inductive reactance at f
* Power output of class F

« Efficiency of class E

CLASS J

* Cripps terminology

* Vo 2 harmonics

* ip: Half sine wave

f. R+ X (=45°)

 nf. Drain capacitance
n=0.785

P .. =0.0858

GMRR VGO08-7
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ARCHITECTURES - TWO CATEGORIES

1. HIGH EFFICIENCY OVER
MODULATION ENVELOPE

2. HIGH EFFICIENCY
OVER DYNAMIC RANGE




PREDISTORTION

F(t
E{t) ENY p{ )
PD
VOICE
INPUT p (1) p (1)
PHASE | 'P c
w{t)
1.0 . .
Nonlinearity
AMPLIFLER )]
_ * Backoff
0,5-
1 PREDISTORTED * Reduced ,7
DRIVE
ﬂ.ﬂ- = — T T Y . .
0.0 0.5 1.0 Predistortion
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RF
RE pa OUT

1.0

0.0 0.5 1.0

 Eliminates nonlinearity
* PEP efficiency
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KAHN TECHNIQUE

E(t) DC SUPPLY 1.0

op l -
MODULATED SUPPLY | KAHN WITH IDEAL CLASS-B RF PA

ATh m 100-W HF/VHF, MEAS
{ﬁ;ﬂ# CLASS-S v _ | 4 IO T
T e WODULATOR 20-W L-BAND, MEAS

cus[uﬂt + p(t)]

DRIVER

0.5 1.0

H E / Epgp
* High-efficiency « Saturated RF PA
inear transmitter * High-level AM
* RF signal: * Average efficiency
Simultaneous AM, ®M 3 to 5 times class B
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MODULATORS FOR KAHN TECHNIQUE

CLASS S

a1 -—||—_|:
a—>| PW |l DRIVER —@} - //\//\\
Bt

T @ L=

* Q1-D1 = SPDT switch
« Efficiency > 90%

» Wide dynamic range

« f, > 6-7 Bre

Jy 'y
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MIPLIFIER J|I|| I."rl’ I'I|||'II|.1||'

LF COMPONENTS

» Most of power

« Amplify efficiently — class S
HF COMPONENTS

« Amplify linearly — class B

U.S. patent 6,252,634
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PROTOTYPE KAHN TRANSMITTERS

HF-VHF

MRI
10 - 128 MHz
500-kHz bandwidth

Predistortion
200 W PEP

L BAND

Radar
1.2 GHz
500-kHz bandwidth
Predistortion
50 W PEP
60%
2x average efficiency

GMRR VGO08-7
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DOHERTY TRANSMITTER

AS4 1;‘5
'—E!%— UU?EUT
o | = e Ll
ﬂﬂﬁw: 'ul"lf'l.-"*- DET CTRL 1 PEP
LOW AMPLITUDES HIGH AMPLITUDES
* PA #1 linear  PA #2 active
e PA #2 off  PA #1 saturated

variable load

Jy 'y
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THREE-STAGE DOHERTY

i

a =025, a =0.5
1 2

a = 0.0625, a4 =0.25
1 2
I

0.0 0.5 1.0
£

PRINCIPLES AVERAGE EFFICIENCY 10-dB P/A
PA1+PA2 = 2-S Doherty at low power Class B 28.0 %

PA1+PA2 = carrier amp at high power 2-S Doherty 60.0 %
Good efficiency over wide range 3-S Doherty 70.0 %

Jy 'y
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CHIREIX OUTPHASING

O AFCE N

. 1.0
E/ Epgp

PA #1 » Vary phases in opposite directions
* PAs saturated
»  *Sum -> desired amplitude
QUTPUT .
» Tune-out load reactance mid range
PA 2  Wide bandwidth - limited by phase modulator

Jy 'y
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LOAD MODULATION

1 S WAk | VAR
7 FLECTRONTCALLY
bp TUNED FILTER 1 EXP CLASS D
MMMV =L = EXP CLASS €
RF RF ]
DRIVE OUTPUT
Vi e
BIAS = AMPLITUDE MODULATION 0.0 |
W |
0.0 0.5 1

PEP

 Vary bias(es) of electronically tuned filter

 Variable load impedance to power amplifier
 Variable output power and amplitude

* Phase information in drive signal

« Wide bandwidth — limited only by bias feed/modulator

| . | U.S. patent 7,202,734
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PROTOTYPE LOAD-MODULATED PA

_ LOAD
MODULATION

CLASS-B
LINEAR

{ 10 20 30 40 20
|
30 MHz o
19 W PEP 1 variable element
Varactor = HV MOSFETs 10-dB peak/average ratio
41-dB dynamic range Average efficiency x2.1

Jy 'y
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RF PULSE-WILC

DELTA-SIGMA RF PWM

g, S
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ARCHITECTURES - TWO CATEGORIES

1. HIGH EFFICIENCY OVER
MODULATION ENVELOPE

2. HIGH EFFICIENCY
OVER DYNAMIC RANGE




EFFICIENCY OVER DYNAMIC RANGE

CHARACTERISTICS PEP EFFICIENCY
(TYPICAL)

0.5- / /
* Mostly switched :
-/NOTSWITCHED

* Follows PEP, 0. 04— s
not envelope B :

Fu' dBW
Y 'y
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SWITCHED
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STAGE BYPASSING

DRIVER FINAL

RF ©—sue| RF
INPUT T T OUTPUT

e LOW OUTPUT: Use driver
e HIGH OUTPUT: Use final

Jy 'y
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ENVELOPE TRACKING - DISCRETE

?HD/4 PbDIZ Vhﬂ DC SUPPLIES

T

Eoax VDDRF

PEAK — /\E(D)
RF - -

DET

INPUT DC SUPPLY

SUPPLY-YOLTAGE FOR RF PA
SWITCH YDDRF

DRIVER

IR A ‘“’W‘“’\,W\” FINAL

« RF PA: Linear
« Select minimum supply voltage for linear operation
* May cause detuning (mismatch)

Jy 'y
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ENVELOPE TRACKING - CONTINUOUS

RF
INPUT

* RF PA: Linear

e R DC SUPPLY
Emux(t) VDD VDDRF
PEAK /%E(t)
DET
DC SUPPLY
AMPLITUDE FOR RF PA
MODULATOR DDRF

DRIVER

— AN, —‘\/\/\/"J\/V\]\/‘ FINAL

« Supply voltage = minimum + headroom
« May cause detuning (mismatch)
AL Often minimum voltage (boost converter)

GMRR VGO08-7
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LOAD-IMPEDANCE SWITCHING

Z MATCHING
1 NETWORKS

RF O—= o . —o—o0RF
INPUT OUTPUT

Z
2

* High impedance - low power
* Low impedance - high power
» Matched both cases

A
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MULTIPLE SWITCHED PAs

/
Vop © !
PA%1 + }—
A/4 -
1 OUTPUT
RF o )
INPUT R,
PA#2 r ) L
A/4

1

* Number of PAs active ~ P _pep

» Short PA output — Decouple from output

Jy 'y
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CONCLUSIONS

Variety of techniques available.
Significant improvements in average efficiency.
Each has advantages and disadvantages.

Combinations possible.
Interesting research to be done.
What is old is sometimes new again.
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