Class E/F Amplifiers

Ali M Niknejad
Excerpts from the Ph.D. dissertation of Dr. Scott Kee
The Class E/F Family of Harmonic-Tuned
Switching Power Amplifiers



Normalized Output Power

= [t’s easy to show that for Class A/B/C amplifiers, the
efficiency and output power are given by:

_1 L=V ./ Vir I: o — s :l
2 2 1+Vk/ka 2sm(o/2)—ocos(o/2)

P _ 1 [ _o—smao 1 ﬁ~V 7
out 3T 1 — coso./2 - ka bk ‘max

= It’s useful to normalize the output power versus the
productof Vi, and I (I,
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Class A/B/C
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= As efficiency improves, the normalized output power drops
from ~10% down to 0%
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Class A/B/C Properties

= Keep voltage waveform sinusoidal -> amplitude is limited
to Vy4/2

= Only way to improve efficiency is to control current

= Require very large “on” current to deliver power

EECS 242 Prof. Ali M. Niknejad (C) 2009



Class F
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Class-F circuit conceptual implementation.
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= Start with Class B current waveform = only odd harmonics

= Tune impedance at odd harmonics to be an open circuit to dissipate
no harmonic power but allow odd harmonics in voltage waveform

* Tune even harmonics to short circuit to avoid dissipating power
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Class F Waveforms
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= Maximally flat Class F waveforms.

= Anideal Class F amplifier has a square voltage waveform and
100% efficiency.
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Class F Efficiency
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Efficiency of maximally-flat voltage waveform class-F amplifiers with
half-sinusoidal current for various numbers of voltage harmonics tuned.

* In theory, if you can control an infinite number of harmonics,

efficiency approaches 100%

EECS 242

Prof. Ali M. Niknejad (C) 2009



Class F Output Power
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Efficiency vs. normalized output power for transconductance and class-F
amplifiers. The output power 1s normalized to constant peak voltage and
peak current.

= Square wave has a peak fundamental 4/x larger than the peak
—> 1 dB output power enhancement
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Class F Disadvantages

= Output capacitance of device not naturally absorbed into
network = need inductor to tune it out

= Difficult to control more than 5™ harmonic ... resonators
are lossy and additional losses present diminishing returns
on efficiency.
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Switching Amplifiers
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= Operate transistor in “triode” region where it acts like a
switch.

= For an 1deal switch the power dissipated in the switch 1s zero,
right?

= Are all switching PA’s the same?
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Linear Time-Varying Systems
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= Even though transistor 1s non-linear, the operation of
the periodic switching action can be modeled as a
linear time-varying (periodic) system. The design of
the output network completely determines the

behavior of the circuit.
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I-V Solution for Swithing Amps

N

(06e D) = (v,=0) e oo
? L2

Current ' | Voltage - |

Drain Voltage,
Drain Current

(8e D) = (i, =0)

: ‘ > time
|€— ON —>|¢«— OFF —>|

= For trans-conductance amplifiers, the current 1s known, so
the voltage 1s determined by the load network.

= In a switching amplifier, when the switch 1s on, the voltage
is forced to zero, and the current through the switch can
take on any value. Likewise, when the switch is off, the
switch current is zero, but the voltage can take on any
value
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Impedance at Harmonics

oo

v(0) = V- + Z v, cos (kO + o)

= o S —=Bp
=1 (v /ipe =27 (k)

oo v

Vke {1,2,3,4,...}
i(0) = Ipo+ Z i cos (k0 +B,)

k=1

= The waveform shape, therefore, 1s completely determined
by the load network impedance (it’s a linear system
viewed from this perspective)
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Inverse Class of Operation

= By duality, any PA can

EECS 242

be transformed into 1t’s
dual (where the role of
current/voltage are
switched) by imposing
the complementary
admittance condition

For instance a Class D
voltage switching
amplifier can be
transformed 1nto a
current switching amp

oo

i(0) = I+ Z i, cos (kO +or,)
k=1

(o)

v (0) = Vot Z v, cos(k® +,)
k=1

(0eD) = (i =0)

(e D) = (v,=0)

. Jjloy =By
(i/vpe =Y, (k)

VT

Vke {1,2,3,4, ...}
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Bias Scaling

increasing
Vbe

Drain Voltage,
Drain Current

Current Voltage

. (0) = Ai (0) R
Vpe = M pe =+ ’ ’ i(0) = Ai (0)
| v .(8) > v (8)

5.(8) = Av (6)

= Scaling supply changes voltage/current waveforms by the
same scale factor.
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Impedance Scaling

Drain Voltage,
Drain Current
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Switch Losses
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Drain Current

= When a switch 1s closed across a capacitor, an impulse
of current flows through the switch to discharge the
capacitor. The energy stored in the capacitor 1s
dissipated into heat through the switch. (i1deal switch?)

= If you make a smaller switch, the on-resistance goes

down so you have to live with finite capacitance,
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ZN'S

>

Voltage Current

Drain Voltage,
Drain Current

time
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= A ZVS network will return the voltage to zero at the moment
of switch turn-on. To make the circuit more robust, the
derivative of the voltage can also be forced to zero (or n-
derivatives ...) to obtain a maximally flat zero.
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Switch Losses: ZCS Condition

s The dual of ZVS 1s ZCS.

= What happens 1f you open circuit an inductor with current
(flux)? The energy stored in the magnetic flux 1s dissipated

= In practice the voltage “kick” produced by the inductor will
break down the switch and conduct current.

= [t’s also possible to design a load network that returns the
current to zero just before the switch opens.

])lost =fEm =%L]if
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Switching Inductors
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= If the inductor is large enough, it’s switching behavior can be

1dealized.
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Class D
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= Two switches used to realize square waveform.
= Series tank only allows fundamental current to flow into load.

= Switch capacitance limits efficiency in high frequency
applications.
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Class D1
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= The “Dual” Class D amplifier (interchange voltage/current —>
square wave current, sinusoidal voltage, parallel LCR filter)

= Chokes act like current sources. ZVS by “design” but only if
there 1s no device capacitance to begin with.

0 0<B<m

Vo, =13
s1 4 . :
= : p)
| n]DCRLsm(G_) T<O<2m

EECS 242 Prof. Ali M. Niknejad (C) 2009



Class E

i. = —Ip~t0cos(8)+ PBsin(0)

= Switch driven with 50% duty cycle. Device capacitance C,
absorbed into network.

= The current i, 1s sinusoidal and the current through the choke
is DC. The sum of these currents flows through the switch +

capacitor.
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Class E Currents

s ]DC—OLCOS(G)—Bcos(@) 0<Bb<m
S | _

0 T<O<2m
- 0 0<B<m
¢ | Iye—o0cos(0)—Becos(0) m<O<2m

= When switch 1s closed, all the current flows through 1t. When
open, this same current must flow through the capacitor. The

voltage across the capacitor 1s given by the integral of the
current since

v 1 O 0<B<m

dt Cg | Iy.—o0cos(B)—Bcos(B) m<B<2m

EECS 242 Prof. Ali M. Niknejad (C) 2009



Class E Voltages

y = | IDC-(G—K')—(xsin((%))+B[cos(6)—ll] 0<B<m
5o 2nf ¢ 0 T<O<2m
o = ]DC
3= 2.7
| 2 DC

= We can impose voltage continuity, so 6=r. But we have two
degrees of freedom, so we can also set the derivative of the
voltage to zero (ZdVS). When both conditions are satisfied,
we have a class E amplifier.
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Class E Current/Voltage

ZNS & ZdVS

Voltage, Current
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Class E Load & Swing

= The load 1s given from Fourier analysis of the current/
voltage.

= To realize a Class E amplifier requires an inductive load.

= One big disadvantage of the Class E amplifier 1s that the
voltage swing across the device is very large (nearly
4%V 5p)-
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Switching Amplifier Efficiency
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Switching Amplifier PAE

2

)
g e 3,
II-QMSRon + ISW }

PAE=|1- R | [1 _
| Vs dn e~ ATX AV
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-
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PAE = ‘ 1 Pin ‘ ’ 1 IparsRon’
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= This result includes the gain of the amplifier. To arrive at the
final result, we assume 100% drain efficiency and ZVS. Note
that P, 1s a function of the transistor size.

EECS 242 Prof. Ali M. Niknejad (C) 2009



Switch FOM

(r, . .
Poys = 5viircos(ay =By

= [t’s useful to relate the effiency to peak current/voltage swings
(stress) on the device. For a high efficiency PA we have

Pour = VDC‘[DC

“vyijcos(oy —By)) P g ‘V Ine
P, = pk[pl«) ’ 2Vpk[pk ’ out = ( pk pk) : Vpk[pk/"

Pour (Vi) (1) 11
E, =—24 1 1 [—cos(a B }
P

Vpkl pk V;’ k/’ ’* ]P k/‘ 2

b=
v ,I(] Vpk,f . pk
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FOM (cont)

E. = Pout 1
=V 7 P71
Fy= ka/IDC ka]plx Fylpr
Fpr=L/Ipc Py
FC: -
Ve’ Ze

= Peak voltage versus DC

= Peak current versus DC

= RMS current versus DC

= Output power versus peak stress on transsitor
= Output power versus stored reactive power.

= The smaller this ratio, the more the design can tolerate output
capacitance, and hence a larger transistor with lower conductive losses.
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Device Size Limited
Maximum Drain Efficiency

2

N1 IrpsRon
D" v, I I *(R,,
DC"DC RMS plx
- 1-[\ il e
DC/ DC/
1 (R, » 2, P
RMS pk on | 1 |y out
Np=1- ’ ’ ‘ ‘ ’ — (2 out) Np =1 [(F}F-) 2 :|
Ipc) \Vpo/ \ Vl;k (Vpr/Rop)

= All terms except the third are invariant and only depend on the
tuning strategy.

= Minimize the third term by using the highest peak voltage
possible (minimize current through device).
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Capacitance Limited Drain Efficiency

R

N ~1_ RMS “on
° Ypelbe Tens)( Voelpe
Np= I - ‘ I | 2 ’(Ron(om 7th0)’ ( ‘
"DC/ .\"nfOCSFDC( out’

= Increase device size until the switch output capacitance equals
the total output capacitance

= All terms except the last are invariant (bias, impedance
scaling) and only depend on the switching network. Note the
third term depends on technology but is independent of
transistor size. Voltage waveform properties do not come 1nto
play.

= To minimize the final term, maximize C_ . Final efficiency

only depends on technglogy RC time constant

Ny~ 1— D ]RMS‘ ‘ IDC]DC ‘ (RoyyCoou) 21f, J

‘pe. N2, C DC’ Pref. Ali M. Niknejad (C) 2009

EECS 242



Reactive Energy Term

VDCIDC

= The second term needs further explanation: (Mfoc V?)

= For a highly efficient amplifier, the numerator 1s equal to
the output power, and the denominator has the switch

capacitance admittance: [ P j

out

Vi /7
= This is a ratio of the output power to the switch’s stored
reactive power. We wish to use a tuning strategy that
maximizes the reactive energy of the switch and minimizes
the RMS current through the switch. The voltage cannot
be traded for current like the previous case.

Zﬂ(konaout):| F = out

2
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Gain Limited PAE

. ” 3. ' | 2
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p‘qu‘l_ "‘Hl_/—'T r
\ Pour IDCIDC A “'q' DC DCPIH
= For C,=C_,, where A 1s a scaling parameter. Clearly an

optimal size exists since R~ A whereas P, ~ 1/A.
= The optimal PAE is given by:

| 2

‘ |Ipy,R, P
PAFE J‘ 1 ‘l RMS"‘on m‘
\ A‘Pour DC‘[DC
Ndw 2 |
PAE ~ 1_’ RMSH = in ’ Under assumption of
Ve W V‘ W/ Ry high drain efficiency
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Gain Limited PAE (cont)

= Considering the breakdown limitations:

|" p_) 5 ]2
PAE=|1- F,FV)] | |
w Ibk/RO,,

= Use a tuning network with low peak to DC current/voltage.

= Note that the final term 1s a scaling invariant property of
transistor.

-
PAE=~1-(2FFy)| £ i
W VZ;A/RO,,
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Capacitance Limited PAE

= If the optimal device is too large, it’s output cap will be
larger than C_, and hence cannot be absorbed into the

network. Must limit device size to C..

. P
p. = ¢ out P = ¢ s P F..= out
in = in —~ " 4in C VZ /7
C out C out DC ~C

',./‘ (-‘ P '\" ‘) ‘)T[_R '\
, sTIn , ) : 4
"\ ( ou fP ou f/"' "\ v O ,/"'

1"5 (2nC, ViV (2R ), Cout'

PAE =|1— in DC | pk |‘ - 1 - (F;FC)| on'“-out

Cout V;; ¥ PO ut VD o '~ th 0 % 1/ f 0o
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Cap Limited PAE

—

\ CourV;)k

PAE=|1- C Pu \(Fr)
/ Fo)

..,/' 1 '\." ' 2 2TtR On 0” r\
I | | —(FF
\mfor} [ i )‘ 1/%o ’

.| - \ 2.
PAE ~|1 Py FV ‘l \' F- lanon out‘
S B S N an ~ 1/ )
\(’OllfVl-)kj \ 0 \ 0

= Make the peak voltage as large as possible and increase the
gain.
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Summary

Drain Loss Gain Drain Loss Gain
Design Constraint WF Factor WF Factor Device Factor | Device Factor
(Wp) e (Dp) D)
. . . . v 2" 9 , Pou{ )
device size limited np FF3, N/A — N/A
( Vl;k/ Ron)
. - ) 2R 5, Coi Py
capacitance limited F7F¢ Fy /F¢ — P
l/fo 21tf0 omVBk
|' P; | P,
gain limited PAE 2FFy, 2F Fy, 1= = e
"9 VZ)k/Rorr VZk/Ron
V' Voo )5 o I./Inc
pk RMS’ “DC 7 7 pk
Dpc/ e
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General Class E/F Design

.= ay* Z (@, cos(kO) + by sm(k6)] Hg\
IDC

ke T
= A switch with parallel F fy HvLoaa
capacitance, an ideal choke, \V4
and a possibly countable , i, t—KnsfoH Zw
infinite number of harmonic ‘e > 4 \V4
impedances. isl l[c zr-> | cm— kHzfo = Zy;
x \4
/ —=c.
Kirfo— Zun
i, i, vV \Y4

i ﬂ | .
&\ { g; v

%7 V \V4 VvV
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Switch/Cap Current

= The switch carries an impulsive i = _s(8)-i.(0)+ 0. 5(8)
current component due to cap 'S '
. 1 . .
discharge. I(k) = 5-0~$; ® (k)
1 ,
=5:90- Y SO
1 e {0, T}
i..=-=5(0)-i(0)—0- 05(8)
s9) = 1 0<6<2mD “ T |
.0 2rD<6<2m | )
Log(k) = —5- 0= Sp ® L (F)
D k=0 1 -
, - = ——=0- Sp_iL (1)
SO) =+ . ] L2 ) 2n~ Z k=it
| sin (2nDFk) _..5111 (nDFk) F£0 e (0.7}
2nk nk
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EECS 242

Cap Voltage

The voltage across the
capacitor 1s calculated
from the current.

The harmonic impedance
constraint implies the
following relations.

]cs(o) =0

| Zyy [ (010

Z

0 0<0<2nD

2nD <0 <2m

cS

2nD

Z..
V (k) = —j—1_ (k)

k

Z.. = 1/27f,C,)

cS

.\Z k[x( k) = Vs (k)

YVke T

Zr |
_]x(k-) _Ics(k) =0

cSs
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Constraint Equations

= There are |T| complex valued Z,
equations and one real valued J /"Z_m[x(k) — (k) =0
equation and |T|+2 unknowns. vhe 0.7
= These equations can be solved
for Q and i v/
Q X/ Jh=E1 () + (5, ® (1)) }( 0
= The ZVS solution has an _ “es =k <
additional constraint Q=0. Vke {o, T}
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ZN'S

s [t can be shown that ZVS

implies that: (X, - C‘X)2 + (R, - Cp )7 - C‘ZZ =0
= (R,,X)) 1s the fundamental load

impedance. 0.6
= The center and radius of the

circle is determined by the

overtone network. X 0.3F

0.0
0.3 0.0 0.3
Ry
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ZdVS

2 0.6
T~
ZdVs FATR
X41F . X1 03F
Zvs P
Class E
0 0.0
-1 0 1 -0.3 0.0 0.3
R1 R4
= The ZdVS conditions generate dv,
.- . —_ =7 a
additional constraints. aoly_, 2. %
ke 10.T}
a, = 0
v PO
— =7 ke {0.T}
(-]9 CcS CS
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Class E/F Amplifier Family

® Class E

® Class F"1

Non=Resonant
Class D

Switching
Amplifiers

= Are there other interesting tuning networks besides the well
known Class E and F?
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Switching Amplifier Wish List

= ZVS Switching
= Inclusion of device output capacitance
= Simple circuit implementation

= Lower peak voltage (F,)
= Lower RMS current (F)

= Capacitance Tolerance (F,)
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Class E versus F

Tuning Jo 2y 3, 41, 5 6/, fo 81,
Class E cs * ZR, oL | ol 231 29- o1 g:.l. o1
Class F! }RL open | short | open | short | open | short | open

= Consider a hybrid of Class E and F with desirable properties of
both. Construct such a hybrid by choosing harmonics to either
satisfy Class E or F conditions. Note that the fundamental
load is set by Class E ZVS conditions.

EECS 242
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Class E/F Family

Tuning fo 2/y 3/o 415 Yo 6/o Tfo 8/0

Class E C-LCSN;?':\ 1 |91 |93 | 91| 91| 91

Class F! }R: open | short | open | short short | open
Class E/F, cs * ZRrR. | open (c}_-l- 29— 29- 23. 251
oL o | o oI

Class E/F; e oek short ok

Class E/F, 4 - FCs " 2R, | open ST | open

SRS AR ITRAR Er-
29

Class E/F> 345 Cs R. | open | short | open | short
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Example Class E/F Waveforms
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More Waveforms

4 1 4 1 4 1
= € _ T _
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Voltage, Current
(normalized)

Voltage, Current
(normalized)

EECS 242

Single Harmonic Class E/F
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Odd Harmonic Class E/F
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Even Harmonic Class E/F
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N-Harmonic Class E/F
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Overall Comparison

Performance Merit

Waveform Meri
aveform Merit (normalized to unity for Class E)

Tuning P F; F. | Fp; || FiFf | FiFc | Fy/Fc | 2FyF; | FyFpy
E 3.56 1.54 | 3.14 | 2.86 1.00 1.00 1.00 1.00 1.00
E/F, 3.67 1.48 1.13 3.33 0.98 0.33 2.94 1 0.99 1.20
E/F; 3.14 1.52 | 3.14 | 3.06 || 0.76 | 097 | 0.78 | 0.87 | 094
EF,; | 313 | 147 | 231 [ 267 071 | 067 | 105 | 084 | 082
E/F, 3.34 1.55 2.45 327 || 0.89 | 0.79 1.13 0.94 1.07

E/F, 4 343 | 146 | 097 | 360 || 0.84 | 028 | 3.00 | 0.91 | 121
E/Fs , 310 | 162 | 193 | 345 | 084 | 068 | 1.23 | 091 | 1.05
EfF,34 | 3.08 | 145 | 118 | 326 || 0.67 | 034 | 1.99 | 0.82 | 0.99
E/Fs 365 | 153 | 314 | 284 || 1.04 | 099 | 1.05 | 1.02 | 1.02
E/F; s 320 | 151 | 3.14 | 312 ([ 078 | 097 | 0.78 | 087 | 0.94
E/Fs34s || 3.20 | 145 | 211 | 265 || 0.72 | 060 | 1.20 | 0.85 | 0.83
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Direct Implementation

Direct E/F, 3 implementation usmg high-Q resonators.
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Push-Pull Amplifiers
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= Creation of virtual grounds at odd harmonics and open circuits
at even harmonics 1s very handy for designing class E/F
amplifiers.
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Class E/F; Push-Puli

Class E/F; push/pull implementation allowing the use of low-Q resonators.

= Short at third harmonic. Does not need to be high Q since
even harmonics don’t “see it”
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Even & Odd Harmonic Control

= Odd harmonics only see Z/2
since Y . 1s shorted to ground.

= Even harmonics see Y to
ground
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Switching Amplifier Landscape

® Class E
® Class F’
® Class E/F,

® Class E/F
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® Class FIE_,
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* Class D F/E
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Switching
Amplifiers
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EECS 242

Class E/F_ ;4 Amplifier

All odd harmonics see small
impedance (1deally short) whereas

even harmonics do not see shunt
LC tank.
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