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Push-Pull Class B power amplifier

1 2 1 2

Each transistor biased at turn-on

Each transistor conducts a rectified sine-wave

Output current = 

Output current is therefore a sine-wave

D DI I I I− = −
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Push-Pull Class B power amplifier: Correct Gate Bias
Assume ideal linear  vs.   characteristics above .

:
 vs.  is perfectly linear.

No distortion (given assume linear  vs. )

:
No FET drain current when  is near zero volt

D gs th

GG th
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I V
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<

3 5
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s.
added distortion
*distortion is anti-symmetric;  + +... will generate IM3. 

:
Both FETs conduct when  is near zero volts..
Only one FET conducts when  is *not* near zero volts.
ad

in in

GG th

in

in

a V a V

V V
V

V

>

3 5
3 5

ded distortion
*distortion is anti-symmetric;  + +... will generate IM3.in ina V a V

Circuit will generate strong 
"Crossover distortion"
if  is improperly set.GGV
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Single-ended Class B power amplifier

1 2 3
0 1 2 3 , ,

2
, 0 2 4

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

...

even currents: 

GG th

D gs th

D in in in D E D O

D E in

V V
I V V

I a aV a V a V I I

I a a V a V

=

= + + + + = +

= + + 4

1 3 5
, 1 3 5

...
Terms @ DC, 2 , 4 ,...

short-circuited by output band-pass filter at .

odd currents: ...
terms @ ,3 ,5 ,...

current at not short-circuited by output filt

in

RF RF

RF

D O in in in

RF RF RF

RF

I aV a V a V

ω ω
ω

ω ω ω
ω

+

→

= + + +

→

1 3 5
, , 1 3 5

er.

Output filter eliminates the even-order currents.
Effective drain current is 

...  D out D O in in inI I aV a V a V= = + + +

V Paidi et al (UCSB)
IEEE Trans MTT
Feb. 2003
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Single-ended Class B power amplifier: Correct Gate Bias

l
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IM3 at even small input power will be large
if the gate bias is incorrectly set.
"Crossover distortion"

V Paidi et al (UCSB)
IEEE Trans MTT
Feb. 2003
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Push Pull : Class B loadline

min max max min

max min max

st

The loadline has two straight segments

....between 
( , ) and (( )/2, 0)

.... and between 
(( )/2, 0) and ( , 0)

the transistor is only dissipating power 
on the 1  of these

V I V V I

V V I V I

+ =

+ = =

max min

 must be the tim

2

e-average value of ( ),
hence

D

DD

D DSV

V

V

VV

t
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Single-ended: Class B loadline

min max max min

max min max

st

The loadline has two straight segments

....between 
( , ) and (( )/2, 0)

.... and between 
(( )/2, 0) and ( , 0)

the transistor is only dissipating power
on the 1  of these

V I V V I

V V I V I

+ =

+ = =

max min

.

Again: 
2DD

V VV +=
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Class B load resistance

( )

( )

max min max min
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Class B Drain / Collector  Efficiency.

( ) m
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Note, we are NOT assuming operation at maximum .
so 
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Class B is *much* more efficient
when the amplifier is operating with ;
"operating in backoff"

outP P<
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Class A Drain / Collector  Efficiency.
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Class B is *much* more efficient
when the amplifier is operating with ;
"operating in backoff"

outP P<
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Class B
Design Example
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Schematic

Note the idealized base bias network. 
This is 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 ;  
    this short-circuits harmonics of RF

f
f
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Design procedure
Procedure is similar to that used for class A.
The amplifier input is initially not tuned.

The RF input is driven with power sufficient 
to generate output loadline.

An indealized load (inductor, transfor

,

,

mer) is tuned 
to obtain correct loadline.  This gives 

With  determined, replace idealize load 
with real load tuning network.

We then match input (how ?). 
We then stabilize over bandwidth (h

L opt

L opt

Y

Y

ow ?)
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Simulation Results, class B

min max

After tuning  the transformer and inductor,
here we see the loadline,
and the ( ) and ( ) waveforms,
all as a function of RF input power

Note that  varies 
from  (~0.8V) to  (~4.5V)

Note tha

CE C

CE

V t I t

V
V V

max

t  varies 
from 0 mA to  (~20 mA)

Note the expected
two-line-segment 
class B loadline

CI
I
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Simulation Results, class B

Here are plots of gain, PAE, ,
but with  calculated as the 
*delivered* input power,
not the 
*available* input power,

This is because we have not yet
impedance-matched the amplifier
input

out

in

P
P
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Class B: how do we design the input match ?

As always,  depends upon , 
so we must first tune the load.

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

 under small-signal drive will differ greatly from
 under large-signal dri

in load

in

in

Z Z

Z
Z ve.

How do we measure  under large-signal drive ?inZ
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Class B: how do we design the input match ?

( ) 1

large signal large signal

Define a large signal input admittance:
Fourier component of  at frequency .
Fourier component of  at frequency 

...computed at  near maximum-power operatoin

D

in
in in

in

in

I fY Z
V f

P

−

− −
= =

0large signal
large signal

0large signal

efine a large-signal input reflection coefficient:

in
in

in

Z Z

Z Z
−

−
−

−
Γ =

+
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Class B: how do we design the input match ?

large signal

large signal

large signal

With  displayed on the Smith chart, 

the input tuning  network is adjusted 
to bring  to zero.

This is called a Large-Signal match.
 
Note that  varies with 

in

in

in inP

−

−

−

Γ

Γ

Γ ; 

this is why small-signal matching does not work.
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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 

max

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  and  from DC-  with PA driven at in outZ Z f ,
varying the input power from zero to its maximum.

signalf
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Class B: Distortion
In addition to strong nonlinearities at signal levels approaching ,
class B amplifiers, because of crossover distortion, 
have significant nonlinearities at moderate output power levels.

There is oft

satP

1 2

en a range of power levels where
distortion due to clipping and 
distortion due to crossover
have partially cancelling (2 ) terms.

...as this simulation shows....

f f−
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Bipolar Class B amplifiers
and

electrothermal instability 
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Bipolar vs. FET Class B amplifiers

FET/HEMT Class B amplifiers have relatively simple DC bias design
...simply bias  close to .

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

gs th

be

V V

V

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

nd will result in transistor and IC destruction.
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HBT thermal resistance Rodwell, IEEE Proceedings, 2008
Carslaw & Jaeger 1959
W. Liu, IEEE TED, June 1995

1 1

w

1

spherical heat 

Thermal resistance of a single HBT emitt

n
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1 1/ sinh si 1 ln
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, f ow f / r

E E

th E E th E E
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E E
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L r

K
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K L W K WW
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L
W r L

L πππ π
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Near the emitter: 

( ) ln  ; 
2

Key points:
- Closely-spaced fingers show somewhat increased thermal resistance.
- Thermal coupling of nearby fingers 

very steep temperature gradientE

th E th E

LP PT R
K L R K Lπ π

 = + 
 

g

is <<100%.

Implication
-bias circuits can compensate for ambient temperature v
-bias circuits cannot compensa

a
te for power tr

r
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 self

n
-he
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atin
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HBT electrothermal runaway

thermal stability

Thermally unstable unless 

1
/ /

Thermal runaway increasing current  destruction

Kelvin 1 mTeledyne 250 nm InP HBT technology 55
mW

InP HBT @ 

be CE JA

ex EE b E

JA
E

dV VK
dT R R R nkT qI

L

θ
β

μθ

− = <  + + + 

→ →

≈ ⋅

2

Thermal compensation does not help: weak thermal coupling.

8 mA/ m : 0.8 mV/Kelvinbe
E

dVJ
dT

μ ≈ −

0.0006

0.0008

0.001

0.0012

0.0014

0.0016

0.0018

0.002

0.0022

0.001 0.01 0.1 1 10

-d
V be

/d
T 

(V
/K

)

J
e
  (mA/μm2)

Thermoelectric feedback coefficient from Liu et al.

W. Liu, et al., IEEE TED, March 1996
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HBT electrothermal runaway: evidence

At Vce= 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.
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Class-B biasing of HBT power amplifiers
,

,Class-B bias:   

Constant  or  bias: 
          class B only at one RF power level

Constant-  bias: 
          electrothermally unstable.
          transistor destruction  

Need ad

RF peak
C DC out

C B

be

I
I P

I I

V

π
= ∝

aptive bias circuit

       bias increasing with   C outI P
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Power detectors & peak detectors

1

2

Square-wave drive (easy analysis)

exp exp exp
/ 2 / 2 /

ln(2)  (peak detection) if   
2

(power detection) if 
2 /

pp ppout

pp
pp

out
pp

pp

V VV
nkT q nkT q nkT q

V nkT nkTV
q q

V
V nkTV
nkT q q

−
 −     

= +     
      
  

− − >>  
  ≈ 

− <<


2

Sinusoidal drive (more difficult analysis)

(power detection) if 
4 /

        

peak
out pp

V nkTV V
nkT q q




≈ <<
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Common-base adaptive bias circuit
Two transistors: Q1: RF gain; Q2: DC bias.

Under zero RF power
current  Iref produces voltage drop across R2.
→ produces equal voltage drop across R1
→ produces base current in Q1.
this current is independent of ambient temperature

Under nonzero RF power
Vbe1,DC and Vb2,DC both decrease by (Vin,RF,peak)2/4Vt.
→ increase the voltage drop across R1.
→ increases the base current of Q1.
Ic1,DC varies as k1+k2PRF ; increases with RF power

Why two rectifying elements ?
doubles the rectified DC voltage.
R1 can be 2:1 larger for a given variation  of Ic1,DC with PRF .
→ 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
2

4 4

1 1 1 1

1 1

2 2
1 2 3 4 1

1 Ref 2 1

ln ln

/ln ln

Setting  /  where /
gives / /  ...independent of temperature.

Under RF 

ref ref
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S S

C C C

S S

S S S S C ref

C

I InkT nkTI R
q I q I
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q I q I

I I I I I I
I I R R

β
β

γ γ β
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= + +   
   

= = = =

=

1 2

2

2

1
1 2 1

input drive ,  and  both decrease by 

4 /

current increases as 
/ /2 /

peak be be

peak

peak
C

C C

V V V

V
nkT q

V
I

nkT q R kT qI kT qI
β

β
→ Δ =

+ +



30
class notes, M. Rodwell, copyrighted 2012-2024

150 GHz Class AB amplifier with active bias networks
Alizadeh, 2023 IEEE BCICTS
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Common-source class B active bias network

1 2

1 2 2 1 1

2

1

1

This circuit is common in cell phone PAs.
Top diagram: DC+RF
Bottom diagram: DC only

DC operation.
 and  form a current mirror.

/ / /

Under RF drive,  decreases by 
4 /

 i

E E C ref

peak
be

C

Q Q
A A R R I R

V
V

nkT q
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= =

2

1
1 2 1
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4 / / /
Must also analyze for electrothermal stability

peak
C
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V
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