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Class A power amplifier
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Class A: amplifier that is at least nominally linear
for small to moderate-amplitude input signals.

Clearly clips (limits) for large output voltages.
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Transistor Output Characteristics
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Textbooks: bipolar ,  etc. ; Reality is much more complicated. 
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Transistor Output Characteristics: measured
250nm InP HBT
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For I-V curves of state-of-art MOSFETs,
please see recent IEDM conference digests.
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Transistor Output Characteristics: Instantaneous Power Contours
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Instantaneous  power  or 
Constant power contours: hyperbolas on ,  plane
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Transistor parameters and cutoff frequencies vary across (I,V) plane

Bipolar Transistors:

Low voltage and high current:
"Kirk effect" space-charge-limited current
reduction in , increase in reduced bandwidth

High voltage:
all semiconductors: push-out of collector depl

cbf Cτ

=
→

etion edge
III-V semiconductors: reduction of electron velocity in collectror
reduction in reduced bandwidthfτ →

Z. Griffith, 2012 IPRM
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Transistor parameters and cutoff frequencies vary across (I,V) plane

max

Field-Effect Transistors:

Device parameters vary  strongly across (I,V) plane
( , ) vary  strongly across (I,V) planef fτ

GaN HEMT experimental data (c.a. 2010) due to Kiesuke Shinohara, Teledyne Scientific
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Safe Operating Area (SOA); "Fast Operating Area " (FOA ?)

max

standard terminology
region bounded by maximum power hyperbola, ,  
SOA includes other effects beyond the scope of these notes

not standard terminology
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Loadline must lie within both 

Reliability
Particularly with Si MOSFETs,
reliability deceases as  increases.
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Oversimplified SOA/FOA; for class

Maximum, minimum voltages
Maximum current    or g g E EN W N L∝
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Simple class A power analysis
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Power-added efficiency
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A PA chain obtains the same overall PAE as that of 1 stage if
each PA has the same PAE and if each stage in the chain reaches 
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that PAE under the same overall RF drive.
Due to accumulated gain compression, real multistage power amplifiers are rarely designed to meet this criterion.
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Power Amplifier Design

, max min max

F

.

or highest efficiency, each stage should be loaded with
( ) /

The interstage networks are tuning networks, 
not matching network

Thus far, we have neglected transistor parasi

.

tics

s

L optZ V V I= −
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Loadline: inclusive of transistor parasitics

Transistors have resistive, capactive parasitics.

It is the *internal*  ( , ) or ( , )  
that must follow this loadline

Loadline current must be electron current, 
not /  displacement current.

C CE D DSI V I V

C dV dt

→

⋅

Current meters must be placed inside the capactive parastics. 

How do we do this ?

→
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Loadline inclusive of transistor parasitics
If the transistor technology originates from the organization you work for, then CAD models may not be encrypted.
If so, you can edit the device  CAD model to place an internal current meter.
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Loadline inclusive of transistor parasitics

If the transistor technology does not originate 
from the organization you work for, 
then the CAD models may be encrypted.

If so

Use design kit CAD device model simulate device S-parameters
From the S-par

→
ameters,

use established extraction procedures to determine transistor capacitances

Then, with transitor capacitances known:
1) add external negative capacitances to cancel these.
2) add voltmeter and current meter.
       These correctly measure the loadline
3) then add  back external positive capacitances.
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Power Amplifier Design Example
Power amplifier *cell*.  20 micron emitter finger.  Bias: Ic 10mA, Vcb 1.86 Volts 2.5 V.

The biasing technique used is just for CAD experimentation; (not practical bias circuit)
The inactivated outp

CEV= = → =

ut LC network is a bandpass filter
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Power Amplifier Design Example

max

First, simulate the transistor S-parameters vs. frequency at the bias point

Determine:
,  

stability factors, stability circles at the design frequency.
MAG/MSG at the design frequency.

If potentially u

f

nstable, stablize (input resistance or reactive feedback ) at the design frequency
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PA example: output network

,

Note the output network:  ideal transformer plus parallel inductance.
This is not the final ouput network: it is used to quickly find .L optY
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PA example: measuring the loadline
Dropping down in the heirarchy into the device model, we see the monitoring ammeter plus negative and positive .cbC
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PA example: finding the optimum load
The input is not yet matched, and the load is not yet tuned. We drive the transistor with a large drive signal and observe the loadline
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Lissajous patterns

cos( ) 
cos( )

closed patterns if /  is rational.
/  or /  sets # of loops.

for = ,  varies the curve beteen a line and an ellipse.

x A at
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a b
a b b a
a b

θ

θ

= +
=

https://en.wikipedia.org/wiki/Lissajous_curve
https://en.wikipedia.org/wiki/Lissajous_curve#/media/File:Lissajous_relaciones.png
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Reactive load: I vs. V is ellipse in (V,I) plane.
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Power Amplifier Design Example
With no inductive tuning, and with a 1:1 transformer ratio, the loadline initially looks like this:
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Power Amplifier Design Example
First add the inductive tuning, adjusting the shunt inductance, , to eliminate loadline loopingL
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Power Amplifier Design Example

min max max minThen adjust the transformer ratio to obtain a loadline passing through the target endpoints ( , ) and ( , 0 )
We had expected a straight line.  The looping (3 per cycle) is 3rd harmonic ge

V I V I A=
neration (consider again the Lissajous patterns)
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Power Amplifier Design Example

2

2

2

We have now determined .
In this example:

1 1 1
transformer turns ratio 50

1 1 1     =
 50

1 1 1     =
2 94 GHz 0.235 nH 1.8 50
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Power Amplifier Design Example

With  now determined, 

We then design a practical output network 
which that provides this .

We then add this to the PA.

opt

opt

Y

Y
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Power Amplifier Design Example
Here is our final simulated performance

Other issues:

Input matching network
Out-of-band stabilization 
         (ece145a)
Often: filters 
to suppress 2nd, 3rd harmonics.
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Load pull method
We can also empirically determine (in CAD, or with instruments) the load impedance giving the largest saturated .  
We then use this impedance for our PA design
Empirical method. Simply contour plot

outP

s of maximum  and peak PAE
Steven Cripps has a paper that shows that these contours are sets of intersecting ellipses on the Smith chart.

outP

 contourssatP PAE contours Keysight ADS plot
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Load pull method
We can also empirically determine (in CAD, or with instruments) the load impedance giving the largest saturated .  
We then use this impedance for our PA design. Keysight ADS and other CAD packages

outP
 have pre-configured test benches to do this. 
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What about the input network ?
Thus far, we have considered only the output tuning network.
What about the input tuning network ?

1

To answer this, consider a multi-stage power amplifier.

Each cascaded stage, to be most efficient, must be loaded in
its own optimum impedance

The input matching network design of  is now clear.Q

Considering a multi-stage power amplifier however immediately raises other concerns...
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Multi-stage power amplifiers: power distribution
1

1 1

1 1

1 1

Assume for  : 
@ 0 dBm (small signal), 12 dBm (12 dB gain) and PAE is low.
@ 17 dBm, 6 dBm (11 dB gain; 1 dB compression) and PAE=20%
@ 20 dBm, 10 dBm (10 dB gain; 2 dB 
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Multi-stage power amplifiers: driver stage sizing

1

1 1

1 1

1 1

Assume for  : 
@ 0 dBm (small signal), 12 dBm (12 dB gain) and PAE is low.
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Over-sized driver stages
In a multi-stage amplifier, if driver stages are sized for peak PAE,
then gain compression at PAE will increase rapidly as the 
number of stages is increased to increase the overall gain.

Over-sizing the driver stages will reduce the accumulated gain
compression, but will reduce the overall PAE.

Adaptive bias circuits can be used in some systems to 
flatten the dB( ) vs. dB( ) characteristics.

Overall digital pre-distortion can also be applied.

These are advanced topics, but important ones.

out inP P
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Multi-stage PAs: Imax, Zload, transistor size problems

1 1

2 2

max min

max min max

max

,max max min max max

Consider this 2-stage amplifier:
1000 mW; 100 mW;
100 mW; 10 mW

Assume ( ) 4 Volts and recollect that
1/ 0 ( ) /

/ 2
( ) / 8 (
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1 A; 2 ;   or 1000 m

Extremely low load impedances, extremely hi

) / 8
BJTs or FETs with  2 mA/ m current density

Then
Stage 1: 
Stage 2: 100 mA; 20 ;   or 100 m

DC L G G E
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V R
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I R N W N L

L

μ

μ
μ

= = Ω =

−
=

= = Ω =

This is the microwave power-combining problem
gh currents,extremely large transistor sizes.
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