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Push-Pull Class B power amplifier

Each transistor biased at turn-on

Each transistor conducts a rectified sine-wave

Output current =1, —1,, =1, -1,

Output current is therefore a sine-wave
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Push-Pull Class B power amplifier: Correct Gate Bias 3

Assume ideal linear 7, vs. V, characteristics above V. Vee<Vin Vo™V VooV
Voo . Vour  Vop N X X
VGG = I/zh : n in | in
. . R
L
[ . vs. V. is perfectly linear. Iy -1, I,
. . . . / /
1 1 / /
No distortion (given assume linear 7, vs. V) N I V2 [z 71— Vi, V4 V. V.,

v, _ | ' ' 7'r
in, 1 u Iout_l1"’2 Iy Vm,2
'\l 1 2 \/‘ Iout / out / out

Voo <V : Vee
) ) V."n Vin an
No FET drain current when ¥, 1s near zero volts. v \_GJ

in1=Ve6tVin/2 Vin,1=VeGVin/?
added distortion Vi,
*distortion is anti-symmetric; a,V; +aV;+... will generate IM3. D1 siope=g,,
|
Ve >V, - v, Ves

Both FETs conduct when ¥, 1s near zero volts..

Only one FET conducts when ¥, is *not* near zero volts. Circuit will generate strong

added distortion "Crossover distortion"

*distortion is anti-symmetric; a,V. +aV. +... will generate IM3. if Vg 1s improperly set.



Single-ended Class B power amplifier gl
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Feb. 2003

Use a single transistor. Bias with V.. =V ;
Idealized: assume linear /), vs. V. above V,.
Use 2nd-harmonic output short-circuit.

. 1 2 3 .
I,=a,+taV, +aV. +alV, +...—ID,E+ID,0

even currents: [, , = a, +a,V,. +a,V, +...
Terms @ DC, 2w, , 4w

RF > RF>:°*

— short-circuited by output band-pass filter at @,

. - 1 3 5
odd currents: 1, , =aV,, +a,V, +aV, +...

terms (@ Wy ,3 Wy, 5D ..

—> current at @, not short-circuited by output filter.

Output filter eliminates the even-order currents.

Effective drain current is
Ji

D,out

— _ 1 3 5
- ]D,O - alI/in +a3I/in + aSI/in +...

74 _
o0 Vo™V
.3 3
—ogr— Ry
s Vin
\| Vin,1 | Vout
AN 1 l
00 12
VS, Vin.1=VeetVin
Vin
ID slope=gm IOUt
/ v
y Ve in



Single-ended Class B power amplifier: Correct Gate Bias
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We have seen that a
single-ended class B amplier
without output filter at @,

has the same characteristics as a

push-pull class B amplifer.

Consequently the same analysis of the

effects of gate bias apply.

IM3 at even small input power will be large
if the gate bias 1s incorrectly set.

"Crossover distortion"

Vop

o0

R

—Orr— L
/
!
Vfln\l Vin,1 v
A=A T

00 . —?
v, Vin1=VeetVin
Vee<Vin Vee=Vin
I 4
total current
Vin Vin
-1 2 -1 o
odd-order
terms V Vin

I out

even-order
terms Vin Vin

V Paidi et al (UCSB)
IEEE Trans MTT
Feb. 2003

Vee™Vin
1
%’ Vin
2
:i’ Vin
/



Push Pull : Class B loadline
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The loadline has two straight segments

....between
(Vmin9 Imax) and ((Vmax + Vmin )/2’ ] — O)
1 3 4 5

.... and between
V. +V.)2,I1=0)and (V_, ,I=0) Voo Vout
the transistor is only dissipating power R,
on the 1" of these / l l Iy

Viri| Lels

M,

V,, must be the time-average value of V(?), v
hence

Vv .tV
VDD — max min

2

time

time
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Single-ended: Class B loadline

The loadline has two straight segments

...between '
N\ Vi
( min max) and (( max mm )/2 I O)
ti’me
.. and between /\ /\
(( max rmn )/2 ] O) and (V O) i i ti’me
__RF J:__J:_ - __Vmax
the transistor is only dissipating power v Viout \/\-[\v _
on the 1" of these. | % \E{' T time
m 1 _VGG
. -|-
Again: V,, = Vs Vo

2
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Class B load resistance

Vo T Viin Vi =V,

v — ___ max min Sin ..t
e = 8 sin @)
() I sin(@,t) O<at<rw
l =
P 0 otherwise
I I . 21 & cos(nw,,t 1 3 4 5 time

Z-D (Z) — _max - max Sln(a)RFt)_ max Z (2 RF )

T 2 T o 4nm -1

)

1

1, () = —=%sin(wy,t) ; the filter removes other harmonics and DC
2 , . -g
Vieaa () :%Sin(a)ﬁt) —ogr— R
/

Vv -V D

% R — max min l

L T \@n \| in1 T Vout
7l %|

Class *B* optimum load resistance: R, =(V__ -V . )/I__ _y
Class *A* optimum load resistance: R, = (V. =V . )/1__ Vin1=Vee*
/
Veiex T Viin ID
Voo = 7 foad | _ __I_mQX_ N

time
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Class B Drain / Collector Efficiency.

Note, we are NOT assuming operation at maximum P

out *

SO > 1 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1
8 - L
) I, Sin(@ypt) 0<a@t+N2w<m wherel, <1 @ 1 7 _p (Vmax +Viin ] -
= &) - normalized drain,collector B
P 0 OtherWise % 08 ] Vmax - Vmin —
]mz' I ea . = , .t = u
l-D (f) _ _re k +_7 k SlIl( f)— max Z COS(’Z RF ) _8 class B i
T 2 T oo 4nm -1 @ 0.6 -
I/max I/l ] eak 8 :
Po=V, 1, = v 2 i
S 0.4- N
© u
P — l[ peak ] [ peak j max min o L
RF 2 O -
N o0 l
® ' |
P, RF __ l ]peak V 4 E i
PDC 2 2 Imax V + Vm in Ipeak 2 O i
Lor _ Vi =Vain 7 L peat 0 0.2 0.4 0.6 0.8 1
PDC Vmax + me 4 [
out out,max
77 _ PRF _ T [ V:nax - I/mm j Pour
drain,collector — .~
Poe 4\ P F Vi )\ Lot Class B is *much* more efficient

when the amplifier is operating with P < P,

out max 7

"operating in backoff"



Class A Drain / Collector

Efficiency.
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Note, we are NOT assuming operation at maximum P,_,.
+Vin) /2

Drain bias current /,, =1 _. /2

Drain bias voltage V,, = (V,

ax

Optimum load resistance R, = (V. —V.

max min

) / Imax

I,(t) =1y, +1,,, sin(@y.t) where/ <1

Vs @) =Vpp =1 R, sin(@yt)

peak

max

Poe =Vopdpp = (Viax T Vein M /4

max

P _ l [peak 2 R — l Ipeak 2 Vmax B Vmin
ool )t 2l 2 I

Pp 1., Vo=V 4

~RFE _ max min

P DC 8 pect [ max [ max Vmax + len
2

P RF __ 1 Vmax - Vmin [peak

P DC 2 Vmax + Vmin I max

PRF 1 vaax B vain ])uut
ndrain.collcctor = = —
Poe 2\ Vo +V, P

max min out,max

Normalized drain/collector efficiency

10

nnormalized = ndrain,collector (

Vmax + Vmin
Vmax - Vmin

class B

1 1 1 I 1 1 1 I LI I 1 1 1 I 1 1 1

out

out,max

Class B i1s *much* more efficient

when the amplifier is operating with

"operating in backoft"

P <P

out

max ?




Class B

Designh Example



Schematic
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Note the idealized base bias network.

This 1s nevertheless an *adaptive bias network™

we will explain adaptive bias later in these notes.

Note the following

1) Current mirror bias network

2) Output loadline tuning network

3) TL16 as output bandpass filter at f;

this short-circuits harmonics of f,.

. HBT_PA_7[2014_5_DARPA_ACT_lib:HBT_PA_T:schematic] * (Schematic):5 (on bow.ece.ucsh.edu)

(BN
File Edit Select View Insert Options Jools Layout Simulate Window Dynamiclink DesignGuide Help
IDEE&|L[FHXP eI+ aP@Ps & LR b |8E AT Tsa30 companents = o L W%\ 2

®

r DG

SRC4
ldc=1 mA

[INTES
1
e |_Probe
SRC1 T
Vdc=2.75 1
R1T
R=1 mOhm
THAIC1_ADS_Model_DCMod_Oct2011

~J
A

Emftefength=10

e

|
I
|
|

MSUB Vo
top_metal

H=4 um

Er=27

Mur=1

Cond=4 187

Hu=1.0e+036 um

T=05 um

TanD=0.0016

Rough=0 um

L3 =
femitter L=0.225 nH {t}
R=0.00001
L=0.016 pH {t} )
=] var

c4
C=1uF C=1 uF
L
L o L1
= = L=1H
THzIC1_ADS_Model_DCMod_Oct2011 §L=1 H } =
X1 R=
Emitter_length=10
c2
= =10 uF
(€L Veollector AL
©=100 nF J |
Vo )I 1 Vbase L
P1 J_ (=] MLIN
Mum=1 C=49fF )y  TL14
Subst="top_metal
TLIN W=10 um L
TLT = L=219.135 um {t} L4
éixoom R=0.00001
=  F=100GHz
THzIG1_ADS_Model_DCMod_Oct2011
X10
Emitter_length=10
A |

|||_._._=n-v\_...
o B
YRR
8o§m7
]
N 3

| select: Enter the starting point

[0items

ads_device drawing [ -6.750, 0.625 ['0.000, 0.000

e

12
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Design procedure )
Procedure is similar to that used for class A.
The amplifier input is initially not tuned.
7 HBT_PA_7 [2014_5 DARPA_ACT lib:HBT_PA_7:schematic] * (Schematic):5 (on boxc.ece.ucsb.edu) = ==
IDCHAIL MHXIDC T aP@es L s R SH EE A [T amamems Jotwmin\ 2
The RF input is driven with power sufficient -
I LDC I
to generate output loadline. Qe e A
An indealized load (inductor, transformer) is tuned 3 2 e B e .
to obtain correct loadline. This gives ¥, i 1 e EE‘“
< < < < 51100 F sl CT?UF TR L
With ¥, . determined, replace idealize load . i e P o i Qm g é; =
) =" " J_ 6 T - L0225 e Feit0GHz
with real load tuning network. w ] e ? B Ir 1
- F;‘IOOGHZ THzIC1 -"-L.f[.'l:\::l DCMod_Oct2011 \)2":}1? “}
We then match input (how ?).
o : . o
We then Stablllze OVer bandWIdth (hOW ?) \_Slelect. Enter the starting point = [oitems [ads_device:drawing [ -6.750, 0.625 ['0.000. 0.000 [in




Simulation Results, class B
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After tuning the transformer and inductor,
here we see the loadline,
and the V. (¢) and /.(¢) waveforms,

all as a function of RF input power

Note that V., varies

fromV_. (~0.8V)toV__ (~4.5V)

Note that /. varies
fromOmAto/__ (~20 mA)
Note the expected
two-line-segment

class B loadline

Collector Current, A

0500 10M

1s(X3X100c_electrond), mA

TTT T [TTI T T[T I T T[T T T[T T T T [TIT [ TTIrIT
22

ts(Vce)

2.786

3357 3929 450




Simulation Results, class B
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Here are plots of gain, PAE, P_,
but with P calculated as the
*delivered™® input power,

not the

*available™ input power,

This 1s because we have not yet
impedance-matched the amplifier

input

Output power, dBm, Gain, dB

15

m7
05

10-

mo6 04

—0.3

|3Avd

—0.2

—0.1

Pin, dBm (delivered)

I R
2 4

m6
indep(m6)=3.955

plot_vs(pout-Pin_deliv_dBm, Pin_deliv_dBm)=8.065

m7
indep(m7)=3.955
plot_vs(PAE1, Pin_deliv_dBm)=0.493

m3
indep(m3)=3.955
plot_vs(pout, Pin_deliv_dBm)=12.020

15



Class B: how do we design the input match ?
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As always, Z, depends upon Z,

oad ®

so we must first tune the load.

But: under zero RF drive, the transistor 1s almost off.

Z, under small-signal drive will differ greatly from

Z, under large-signal drive.

How do we measure Z, under large-signal drive ?

- HET_PAT [2014_5_DARPA_ACT _lib:HET_PA_T:schematic] * (Schematick (on bawd.ece.ucsh.edu)

Ede Edit Select \iew [nsert Qptions Jools Layout Simulate Window Dymamiclink DesignGuide Help

T H& L HHX TS PER SR & = 0% B B® | |[Thic_Tsc130 Components =i Ol PR
=
! =
—)
T 4 I bl
o e, |
Vo275 el i
RAT g :
R=1 mhm elines |
e i P10 4038 um |
¢ _'_| (—p—"| T=0% um
TanD=0 0016 |
&Tqipﬂgmu = Fough=0 um |
IC” = =1 uF |
Lt |
I = i t?| H i L=1H
' 5 : A= |
xn e [
Emitber_length=10 _I
c2
C=10 uF
ci Voollecior A1
C=100 rF IJ )t . o &=
£y — TL16
31 Vbaze e i
F Al J- | I i i,;‘;amm r—
T C=a9 F 2} TL4 aaito] :_‘-;%;HL] F=100 GHz
Subst=%op_matal =
N W10 um e Lm =
Li7 = L=215.1235 um {1} ke iy
< = L0018 pH {f}
i_gr. Ohm Leoia pt
= FeW00GH: = e
— 7 X=1.7 1}
x10
Emittar_langh=10
B
: — o
e ' “[G#ems “[ads_davice:drawing | -6.750, 0625 [0.000, 0000 [ 4
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Class B: how do we design the input match ?

Define a large signal input admittance:

1 -1
Fourier Component Oflin at frequenCYf
in |large—signal )

in |large—signal

* Fourier component of V, at frequency f -

...computed at P, near maximum-power operatoin

Define a large-signal input reflection coefficient: e

in |large—signal 0

in |large—signal -

=elalYin=-1*((HB.lin_top.i[::,1])/(Vin_top[::,1]))
Blzin=1/Yin

BRIYS 111s=(Zin-50)/(Zin+50)

in |large—signal 0




Class B: how do we design the input match ?
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With T,

mn

displayed on the Smith chart,

large—signal
the input tuning network is adjusted

to zero.

large—signal

to bring I,

mn

This is called a Large-Signal match.

Note that T

124

varies with P, ;

large—signal

this 1s why small-signal matching does not work.

[ er_pistory Dpboss Jools fege Mindow tel

He[alYin=-1*((HB.lin_top.i[::,1])/(Vin_top[::,1]))
Blizin=1/Yin

BRI 11s=(Zin-50)/(Zin+50)

—

p (-15.000 to 5.000)
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Class B: Stabilization ’

This is inherently a difficult discussion:

The circuit parameters change greatly as a function of RF input drive amplitude.
The circuit might be unconditionally stable, for example, at 1.0GHz given no RF drive.

The circuit might be potentially unstable, at 1.0GHz given strong RF drive at 2GHz.

In addition to simple differences between small-signal and large-signal parameters,
large-signal operation of nonlinear reactances also can introduce what is called

"parametric oscillations"

To be sure of stability (but hard to do):
For each stage, check for negative Z, and Z_, from DC-f__ with PA driven at /|

signal °

varying the input power from zero to its maximum.
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Class B: Distortion

In addition to strong nonlinearities at signal levels approaching P

sat?

class B amplifiers, because of crossover distortion,

have significant nonlinearities at moderate output power levels.

There is often a range of power levels where i Class AB ;

o 1 11 1 I | 1 1 1 | 1 1 1 | I 11 11 1 1 1 | 1 | S | | 1
distortion due to clipping and o 1 100GHz :
distortion due to crossover 3 7 250nm InP HBT 08 T
have partially cancelling (2 f, — f,) terms. é -0 : ; g

O -40 3 06 S
S = S
. ) = ] i o
...as this simulation shows.... & =0 (04 %
(%) - : —
% -60 1 i 3
4 : 0.2

g -70 S &

B -80 E ] LI | I T T L L] | L ] T I LI | LI | I ] L I ] | RS | T T K 0

-15 -10 -5 0 5 10 15

Output power, dBm (single tone, or sum of two tones)



Bipolar Class B amplifiers
and
electrothermal instability



Bipolar vs. FET Class B amplifiers
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FET/HEMT Class B amplifiers have relatively simple DC bias design

...simply bias V, closeto V.

But fixed-V,, biasing of bipolar transistor amplifiers
will generally result in electrothermal runaway

and will result in transistor and IC destruction.

Bipolar Class B bias circuit design 1s inherently more difficult
than FET/HEMT class B circuit design




HBT thermal resistance

Rodwell, IEEE Proceedings, 2008
Carslaw & Jaeger 1959
W. Liu, IEEE TED, June 1995
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Thermal resistance of a single HBT emitter finger:

1 ) L )
AT/ P= sinh™'| =£ |+ I sinh™ We ~ ! In Ly
”Kth LE E ﬂ-KZ h WE LE 7Z.Kt h LE WE

Near the emitter:

P L P :
T(R)= ln( £ J+ ; very steep temperature gradient
nK,L, \2R) 7nK,L,

Key points:

- Closely-spaced fingers show somewhat increased thermal resistance.

- Thermal coupling of nearby fingers 1s <<100%.

Implication
-bias circuits can compensate for ambient temperature variations

-bias circuits cannot compensate for power transistor self-heating

7K, L,
Cylindrical heat flow for W./2<r <L, /2, spherical heat flow for L, /2 <r

=/

@@{
—

S

@
@

=
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HBT electrothermal runaway

V V 0.0022 -
Thermally unstable unless BB cC o002
K — —dV, Vet <1 Rb + %ZZZZ :
thermal stability dT Rex +REE +Rb /ﬂ-l' nkT/q]E _VCE ng:ZZEE :
I 0.001% ;
REE 0.0008% Thermoelectric feedback coefficient from Liuet al. ;
Thermal runaway — increasing current — destruction 0.0008 +———rrrrrr———rrrr———
0.001 0.01 0.1 1 10
Js (mA/um?)
. VCC VCC W. Liu, et al., IEEE TED, March 1996
Kelvin 1 um
Teledyne 250 nm InP HBT technology 8,, = 55 w1 R,
m £ ias
InP HBT @ J, ~ 8 mA/ 2 e 0.8 mV/Kelvi f/
n @ J; ,um.dT =~ —0.8 mV/Kelvin  CE
REE REE

Thermal compensation does not help: weak thermal coupling.



HBT electrothermal runaway: evidence
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At V_= 3V, large-emitter-periphery HBTs show reduced
maximum current density before failure.

Strong evidence of thermal instability in the finger-finger
current distribution.

Multi-finger transistors carry lower current densities.

Long single-finger transistors carry lower current densities.

Teledyne 250 nm InP HBT technology
Data due to Miguel Urteaga.

Jmax (Normalized)
o o o o = =
o L= [+2] (2] o (g% ]

o
o

R

Jmax VS Unit-Cell Emitter Periphery (Ve = 3V, 250nm HBT)

10

20 30 40 50
Total Emitter Periphery (um)

60

70

25



Class-B biasing of HBT power amplifiers
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1
Class-B bias: [ — _REpeak o [P

C,DC ~— out
ﬂ A

time

Constant /. or [, bias:

time-dependent
collector current

class B only at one RF power level

Constant-V,, bias:

_.E h
electrothermally unstable. S | class AB
transistor destruction g
3 class B
O
Q
Need adaptive bias CiI'Cllit output voltage, output current

[ . bias increasing with /P

out

1

o

26



class notes, M. Rodwell, copyrighted 2012-2024

Power detectors & peak detectors

27

Square-wave drive (easy analysis)

-1
V -V
exp ow | exp| —=— |+exp| —F—
nkT / g 2nkT / g 2nkT / g

v
_| Lo _1kT In(2) | (peak detection) if V. >> 1kt
pp
2 q q
I/out a 2
V
——2L __ (power detection) ifV << 1kt
2nkT / g P q

Sinusoidal drive (more difficult analysis)

v, T
Vv, ~—2% _(power detection) if V, << kT
AnkT / q rp q

PP

pp

DC output voltage

[l‘ef ]ref

S

[ref ]ref

by

peak input voltage

out

Y

square-law

(power)
detection

linear
(peak voltage)
detection
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Common-base adaptive bias circuit

Two transistors: Q1: RF gain; Q2: DC bias.

Under zero RF power
current [/ produces voltage drop across R,. 14
—> produces equal voltage drop across R, cC
—> produces base current in Q;.

this current is independent of ambient temperature o l[('f 1(.31

out, RF
Under nonzero RF power Q
J

Vieroc@and Vi, pe both decrease by (V, zr pear) /4 Ve
—> increase the voltage drop across R;. V. RE R
- increases the base current of Q,. - B (.

|1 oc Varies as k,+k,Pg. ; increases with RF power
’ e \ C? Q C;’
Why two rectifying elements ? ] - 3

doubles the rectified DC voltage.
R, can be 2:1 larger for a given variation of /_, . with Pg..
- increases electrothermal stability factor.

Things to watch for:
Does adaptive bias adjust fast enough to follow signal modulation ?
Does adaptive bias cause shifts in the amplifer phase of S21 as it follows signal modulation ?
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Common-base adaptive bias circuit ’

q S4 q

1 1
1R, +nkT ln( refj+nkT ln[ ref}
1

1

S4

_IaR kT ln(la j+ nkT
£ g \Uy) ¢

ln[la /ﬂj
[Sl

Setting I,/ y =1y, =13 =1, where y=1, /IB]rzef

gives I, / I, = BR,/ R, ...independent of temperature.

Under RF input drive V., V., and V,, both decrease by

VZ

peak

4nkT / q

— current increases as Al ., =

2

Vpeak ﬂ

2nkT /q R +kT / ql ., + BkT / ql .,

VCC VBB BB
L. I, Ry <1,
our.f?F l ! ¢ le l g
V.*'H,Rf? 3 R ]

The ABN of Fig.2 will be stable against electrothermal
_ Tunaway if Bt < 1, where

Br ~ (—E)VBE) ( Vee1Gan ) 3)
T oT R]/,B+RE1 +2V1/IIC1 ? )
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150 GHz Class AB amplifier with active bias networks

Alizadeh, 2023 IEEE BCICTS vezsv  § [l ¥ [eepr ¥ [ew]p ¥ [ee]F ¥
Q| @ | Qi | Qs
” ' ax8um iy 4x8 um o s um o O 6 um

V RFin il i xa x8 i ; x16 RFot

B — N in ISMN12 ISMN23 | i § 1SMN34 | i  1sMNas | i i OMN outf—e

4x8 um Vee i Ve | i Ve | : Vec|
A s [ ama |

°
kd
5

] 1 1 R3 l I o Q. Q. Qus I Qsse
V Cl C‘2 ﬂ i Lf - 4x8 um inz - 4x8 um g oure 4x8 ym i - 4x6 um s
out,RF Q .
2 I * Vo 1c=0.45 mA/pum & Ve Jc=0.45 mA/pum ‘ e 1¢=0.77 mA/pm ‘ T 1c=0.82 mA/pm ‘ =
| 4 R RZ ABN = Active Bias Network
in,RF

| 3 7 Q ISMN = Inter-stage Matching Network
4 - - IMN = Input Matching Network

I | CZ Q C; I ONM= Output Matching Network
3
I

Simulated bias currents shown at peak RF power.

L) " = i | i
I:. %‘
§

800 1 1 1 1 | 1 1 1 1 I 1 1 1 1 | L 1 1 1 | 1 1 1 1

1 138 GHz stage 5, sim. _.== [
__ 700 ___--' —
< 3 e -
£ 6004 — stage 5, meas._ F
7 ] __—-'_ u
S 500 i _-- F
£ ] = stage 4 e :
8 400__ ____-—— I —
(73] 3 _-"___ o
E i — -
3 3004 . -
) ] o
2 200- stage 3 =
N ; A mmm=====>~
100 - emmsme==co====So =SS o o —t

5 stages 1,2

O 1 T T 1 I T T L] T I T T T T I T T T L] I T T T ] E':.I:'

0.1 0.2 0.3 0.4 0.5 0.6
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Common-source class B active bias network

This circuit is common in cell phone PAs.
Top diagram: DC+RF I l Ji

Bottom diagram: DC only ref

/
DC operation. Q2 Q]
O, and Q, form a current mirror. R

2
A /AE2 =R, /Rl =1 /Rref T T

V ek
2 [ l [
Cl
Under RF drive, ¥, decreases by —2% nef
4nkT / q
|
I, increases by Q;I—’\/\, /\/\,_ng }
R,

— szeak ﬂ
 4nkT /q R +kT /ql.,+ BkT /gl .,

Must also analyze for electrothermal stability
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