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RF Waveform Measurement and Engineering
- powerful dynamic transistor characterization tool

e Basic Concept
- Use RF Waveform Measurement and Engineering Systems to investigated
both the transistors dynamic |-V (Current-Voltage) plane and its Q-V
(Charge-Voltage) plane
e Both qualitative and quantitative
e Alternatives: DC |-V, Pulsed |-V, bias dependent s-parameters

e Applications

e Technology Evaluation
- Observe and quantify its dynamic large signal response

e Technology Optimization
- Link technology design to system performance

e Technology Modelling
— support the development of CAD tools

e Circuit Design Tool
- Support the development of Power Amplifiers
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RF Waveform Measurement and Engineering
- powerful dynamic transistor characterization tool

e Transistor Characterization: Case Study

- Use RF Waveform Measurement and Engineering Systems to investigated
general performance of Transistor Technology

e Current Limits, Modes of Operation, RF Cooling
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Transistor RF |-V Waveforms
— Detailed Insight into Dynamic Behaviour Limitations

e Measure Input voltage and current waveforms
— function of input drive level
e Detailed Insight into Dynamic
P - 20 Behaviour
-~ Gate Diode: Forward Diode

Conduction and Reverse
Breakdown

- Gate Capacitance

[ww/yw] Juarm)) 9jen

Gate Voltage [V]

e Relevant information for both
— Device Engineer
-~ PA Circuit Designer

Time (psec)

AlGaAs/InGaAs HFET @ 4 GHz
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Transistor RF |-V Waveforms
— Detailed Insight into Dynamic Behaviour Limitations

e Measure Output voltage and current waveforms

— function of input drive level
e Detailed Insight into Dynamic

Behaviour

— Drain Current Saturation: Knee
Region and Breakdown

- Gate-Drain Trans-capacitance

10

e Relevant information for both
— Device Engineer
— PA Circuit Designer

Drain Voltage [V]
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AlGaAs/InGaAs HFET @ 4 GHz
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Transistor RF |-V Waveforms
— Detailed Insight into Dynamic Behaviour Limitations

e Device Response
e Waveform Shapes
500 & — Insight provided by eliminating time axes
oo

E =3 e Effects of dynamic transfer characterisation
5 400 A
& = clearly observed
% 300 c:é e DC/RF Dispersion
> e Effects of Delay/Trans-capacitance clearly
] 200 5
s observed
© 100 B e [-Q Extraction
0

0 100 200 300 400 500
Time (psec)

@ 4.0 GHz

Dynamic Transfer Characteristic
Measurements

30020 -1 0 1
Gate Voltage [V] 6
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Transistor RF |-V Waveforms
— Detailed Insight into Dynamic Behaviour Limitations

e Device Response
e Waveform Shapes

pcryv | - Insight provided by eliminating time axes
g 0 — Meawred e Effects of dynamic gate-drain breakdown
£ 600 LoadLines learlv ob d
< Vs =-0.6 V4= 5.5 clearly observe
% 500
g 400
O _
j= 300 \ \
£ 200 QuadraticRF
A BreakdownLocus
100
Voo =-1.1V4=3.5
0 T I 1 LI 1 I T LILEL I LI T T I LI ) T I T LI )

0.0 25 5.0 7.5 10,0 125 150
DrinVotage [V]

Dynamic Breakdown
in Low Noise
AlGaAs/InGaAs HFET's
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Transistor RF |-V Waveforms
— Detailed Insight into Dynamic Behaviour Limitations

e Device Response

- RF Dynamic LoadLines e Waveform Shapes
E 160 — measured at 2 GHz : : T :
- — Insight provided by eliminating time axes
2 e Effects of dynamic RF cooling clearly
3 observed
g
= - Linked with pulsed RF |-V technique
&)
I

Collector Voltage [volts]

RF Cooling in
Handset PA
AlGaAs/InGaAs HBT’s
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Measured RF |-V Waveforms
Performance = 1 —1.0
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Measured RF |-V Waveforms
— General purpose Analysis Tool
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Output Power versus Input Power
and Base Bias Voltage

0
[dBm]

1.30 VBE [V]

Pin[dBm] -30 135

274 Harmonic Output Power versus Input
Power and Base Bias Voltage

5
-10
15
[dBc] 20
25
30 ]
-35 VBE [V]

-20
Pin [dBm]

GaAs HBT Performance as a function of Load Impedance

Experimental Emulate
the affect of varying
external parameters:
In this case input drive
level and input DC
bias voltage

Note, have all
information on
magnitude and phase
of all voltage and
current Fourier
components

Efficiency versus Input Power
and Base Bias Voltage

-20
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Pin[dBm] -30 M

1.35

374 Harmonic Output Power versus Input
Power and Base Bias Voltage
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RF Waveform Measurement and Engineering
- powerful dynamic transistor characterization tool

e Transistor Characterization: Case Study

- Use RF Waveform Measurement and Engineering Systems to investigated
factor limiting the observed power performance of the emerging GaN
Transistor Technology

e Current Collapse, Knee Walkout, Poor Pinch-off

11
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Transistor Characterization: GaN Case Study
- visualizing the DC-RF Dispersion Problem

Commonly observed that the RF Power Performance of the GaN
transistor was less than predicted (DC |-V & s-parameters)

S
2 30 Plot against one another to give the
S 25 RF Load-line
S 250
3 157
s 200 -
O 107
| T | | 150
0 180 360 540 720

Phase [deg]
Approach: Drive the GaN transitor in to
compression while measuring RF

Output V & | Waveforms (840MHz) 0 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
0 5 10 15 20 25 30 35 40

100

Output Current Ip [mA]

n
o
|

I
\

Output Voltage V, [V]

<

%mj Waveforms show compression at RF

§ & Boundaries differs from the DC

3 0] Boundaries, hence clearly identifying

S o) . | J source of the problem: knee walkout or
0 80 360 50 70 current collapse

Phase [deg]
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Transistor Characterization: GaN Case Study
- visualizing the DC-RF Dispersion Problem

e Measured drain current with fundamental load-pull only
- Complex load-lines are more difficult to interpret: cause concern in extracting boundaries

140 160

120 - 140 —
120 —

100

<TmA]

80 100 —
80

Ip[mA]

60 —

ut Current I

40 60

P!

Outy

20— 40 —

0—

20 —

0
20 1 ] T T T T 1

0 360 70 0 10 20 30 40 50

Phase [°]

e Measured drain current with 3-harmonic load-pull
- Simple load-lines are easy to interpret: no ambiguity in extracting boundaries

140 160
140 —
120
120 —
100
—_ 100 —
< g0
£ 80 a0
= 60 60 -
40— 40 -
20 20
0 T 1 0 T T T T 1
0 360 720 0 10 20 30 40 50
Phase [°]

e For quantitative results make full use of waveform engineering, however,
fundamental alone does provide for qualitative insight.
13
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Transistor Characterization: GaN Case Study
- visualizing the DC-RF Dispersion Problem

* |Investigate factors that influence the knee walkout or current collapse
problem: Quiescent Drain Bias Voltage

— 250

E The Dynamic RF knee

o200 boundary shifts as DC drain

T 150 bias increases

2 100 (10, 15 and 20V)

o

S 50- This limits achievable
0. power densities

|
0 5 10 15 20 25 30 35 40
Output Voltage Vj [V]

Still unclear whether should relate
problem to knee walkout or current
collapse
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RF “Fan Diagram”: GaN HFET Application

- evaluation of trapping ("knee walkout”) problem

Harmonically rich waveforms Small Load (almost a short) R, = 5Q
'g' 800 T K Use active load-pull to take a series of
c | measurements for increasing load
2 600 - values on a 250um device: RF “Fan”
c Diagram @ 0.83 GHz
& 400 - . |
= High Load (approaching an open)
3 | R, = 1500Q
= 200
= S
5 ‘ 4d NN o e e
O O . =T T T T

0 10 20 30 40
Output Voltage [V]
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“Fan Diagram”: GaN HFET Application

- evaluation of trapping ("knee walkout”) problem

Output Current b [mA]

e Repeat for a Range of Drain Bias
Values to Observe Detailed Features

— Clearly identifies the problem: knee
walkout

— guide development of appropriate
physical models

— guide optimum use in circuit
applications

250 —

200 —

150 —

-—

o

o)
\

17, 7
50 — |I¥)
p
)
/

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
Output Voltage V, [V]
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Transistor Characterization: GaN Case Study
- Class A RF |-V Waveforms versus Pulsed [-V

e Comparison with pulsed |-V Measurements

— Determine boundaries by simultaneously pulsing both gate and drain voltage (DIVA
System) from quiescent Class A bias point

e Clearly observe both predict
very similar “RF knee-
walkout” as V increases

e Compressed current waveforms confirm that

the device is In compression

RF Dynamic Load Lines

— — N

(&)] o (@) o

o o o o
| ] ] |

Output Current b [mA]

o
|

0 10 20 30 40 50 60
Output Voltage Vp [V]
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Transistor Characterization: GaN Case Study
- Class B RF |-V Waveforms versus Pulsed [-V
e Comparison with pulsed |-V Measurements
- Problem in this case is that the quiescent bias point is not on the DC |-V plane:
Where do we pulse from?
e Same voltage Vg bias point e Same current I, bias point
— poor agreement - good agreement
— <
< 1504 E ‘ ‘ ‘
()] T —_
= 1004 AW\ =
g i £ )
3 50 O __|Bias Points|
§. Best performance — tuned Class F, 5.5 W/mm, 70% efficiency
8 0 _ —o- Theoretical
E 6 - I\P/Iredictec:j g A
0O 10 20 30 40 50 60 70 £ °7] | @ Measuredtlass
Output Voltage Vp [V] S 1 | VeasuodClassF
g *
" gy ® ‘g 0? 2
e "RF knee-walkout” is sensitive to 5 ,
mode of operation 0, | | | |
0 10 20 30 40
Drain Voltage Vd [V]
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RF Waveform Measurement and Engineering
- powerful dynamic transistor characterization tool

e Transistor Characterization: Technology Evaluation and
Optimization
— Poor Pinch-off very similar to knee walkout investigations

— Reliability and device stress: emerging area.

19



RF “Fan Diagram”: GaN HFET Application

- evaluation of buffer layer design (“soft pinch-off”)

e Evaluate Different Buffer Layer Design (Level of Fe Doping)
— Elimination of soft pinch-off
— No significant effect at the Knee Region

250 —
200 —
150 —
150 —

100

Output Current Ip [mA]
Output Current Ip [mA]

50 — i/ 7 50 | /A
(i W7 4§
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0 10 20 30 40 50
Output Voltage V [V]

30 40 50
Output Voltage V[V]

Undesirable “Soft” Pinch-off Behaviour Improved Pinch-off Behaviour

i — e
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Transistor RF I-V Waveforms: GaN HFET Application

— Detailed Insight into Dynamic stress/reliability Limitations

e RF waveforms were periodically sampled 100 times during the 1.5hour RF stress period
e 1.8GHz Large-signal CW (= 3dB of gain compression), V, = 20V, Class A, Zf, = Py ¢

N
o
|

T - = 22
o 10 / E
= o 10
g o 5
S . %
> 5
2'-10 ] ( \ 8 10 -
=
20— | | — | | 20 ‘ ‘ ——— ‘ ‘ ‘
0 100 200 300 400 500 600 700 10 8 6 4 2 0 4
Phase [°] Input Voltage V;[V]
2,
= e Dynamic Input Characteristics
O . . .
?0,327 — Highlights the displacement current
‘;g through Cg
57 - A small increase in leakage can be
=6 seen at the breakdown end

-8 \ \ \ \ \ \ \

0 100 200 300 400 500 600 700
Phase [°]
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Transistor RF I-V Waveforms: GaN HFET Application

— Detailed Insight into Dynamic stress/reliability Limitations

Output Curre

o
300
250 /
200 — ) 5’” e —— Pre-Stress
—— Post-Stress
150+ ) —— N
1 N
100 | [ [Fooitcaaioe
50—
0
\ \ \ \ \
0 10 20 30 40
Output Voltage V, [V]

e Dynamic Transfer Characteristics

- Very little degradation until V5 swings
above -3V

- No change around V; = -6V

Dynamic Load lines (overlaid on DC-IVs)

Output Current b [mA]

Useful for visualising DC-RF dispersion — a non-permanent
problem

Here the degradation is permanent suggesting a different
mechanism

Initial Transfer Characteristic |-

= N N

a o u,

©o o o
\ \ |

100 — / ‘Final Transfer Characteristic

50 —

-10 -8 -6 -4 2 0 2 4
Input Voltage V[ V]
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RF Waveform Measurement and Engineering
- powertul “real time” design tool

e Basic Concept
- Use RF Waveform Measurement and Engineering Systems to
investigated and achieve the required circuit/system performance.

e Key: Performance is theoretically defined in terms of the voltage
and/or current waveforms

e Alternatives: build and test, CAD tools (requires non-linear model)

e Relevant Circuit Design Problem

— Those that involve strongly non-linear (‘large signal”) device
operation, not weakly non-linear or linear operation
(]
e Switching Amplifiers
e Frequency Multipliers/Dividers

23



Review PA Design Situation
- too reliant on Build & Test
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Low

Power

RF Power Meter

High

e Design Approach

e Experimental Data Essential
- |-V, s-parameters, load-pull contours

e Design Knowledge: mode of operation, class A, AB,

Efficiency

DC Supply

- Efficiency Demands: Move to more complex modes B, F, E or switching modes

e Build, Evaluate and Adjust
- Bias point

- Load and Source impedance @ fundamental (and harmonics)

24



Review PA Design Situation

- Incorporate Basic Principles: “Waveform Engineering”

Power RF Power Meter | gr==——pun

4

Efficiency

4 :j‘g/////
Raaaad
Ol
o|iBng |
0| nii| 5
(] \ﬁ‘ g
ol [™iE|

\

Current

, \ |
\
|
- !
|
— \
\
\
\
\

Voltage

Voltage
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RF |-V Waveform Engineering

- Insight provided by having measured waveforms

HBT biased to operate in class B, low quiescent current Engineer harmonic impedances: Short second/third harmonic
* Current waveform is half rectified * Current waveform is half rectified
* Voltage waveform is not sinusoidal * Voltage waveform is now sinusoidal
— 12— @20GHz _ 599 O > 12— @20GHz _ 90
> S 5 5
% & g 150 &
G A > g
> 100 & 5 100 ~
g 2 < 200 E :
3 A 0Z=E G 0 g
) g ' : ’ ! ' . ' =)
&) > = 150 e o =
O T 711 0 = 2 ‘T T 71 1° =
0 200400 600 8001000 S 100 0 200400 600 8001000
S
Time [psec] % 50 Time [psec]
S “Class B Operation”
S 0T 1

| Efficiency increased

|
0 2 4 6 8 10 12 from 44% to 55%

Collector Voltage [volts]

Design Example: Class B Amplifier Emulation/Measurement 26



HBT biased to operate in class B, low quiescent current
¢ Current waveform is half rectified
* Voltage waveform is not sinusoidal

Collector Voltage [V]

RF |-V Waveform Engineering

- Insight provided by having measured waveforms

CARDIFF
UNIVERSITY
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@?2.0GHz _

o B e
0 200400 600 8001000

Time [psec]

[\
S
S

[S—
(9]
e

(J)] p—
ja) S
()
[ V] 3ua1ny) 10399[[0))

S

Collector Current [mA]

i i N
% =Y
L T 7

(e

Engineer harmonic impedances: Short/open second/third

harmonic

Current waveform is half rectified
* Voltage waveform is now a square wave

0 2 4 6 8
Collector Voltage [volts]

|10 12

Collector Voltage [V]

@ 2.0 GHz

[S—
\&}
I

I

0 200 400 600 8001000

Time [psec]

“Class F Operation”

Efficiency increased
from 44% to 65%

Design Example: Class F Amplifier Emulation/Measurement

3 3
[ V] 3ua1my) 1030910

S
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RF Waveform Measurement and Engineering
- “on-line” direct utilization in amplifier design cycle

Waveform Measurement System Waveform Data

Simplified Architecture with active harmonic load pull

2 Channel Arbitrary Waveform
Generator - Tektronix 7102

“Tektronix

[A] aBeyon ureiq

Oscilloscope
High-power

— - Broadband
‘v' e Fiiea Microwave
—
S —11 1
. Tektronix

4 channel Sampling |

e Relevant Circuit Design Problems

— Those that involve strongly non-linear
(‘large signal”) device operation.
(]

e Switching Amplifiers
e Frequency Multipliers/Dividers
e Eftc.




_ _
RF Waveform Measurement and Engineering
- powerful dynamic transistor amplifier design tool

e Transistor Amplifier Design: Case Study

- Use RF Waveform Measurement and Engineering Systems to investigated
how to realize in practice the theoretically predicted high efficiency modes
of operation

e Class B, Class F or their variants
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Design of Highly Efficient RF Power Amplifier

- requires engineer of voltage and current waveforms

Simple Theoretical Understanding

V & | engineering
1007 7 o Practical solution 100 7
< 6 S < L
£ 80 = = 80 6 o
-— 5 = — - =
C - -— | 5 ©
o 60 4 g . S 60 c
5 0 3 = Transistor | £ ,, T4 <
o Q ot -3 =
= 2 ® characteristics © i g
=l 13| g 22
© o0 ! T T T 1 1 ™0 Circuit 3 07 1S
0 100 200 300 400 500 600 700 Bandwidth 20 I T T — | — 0
Phase 0O 100 200 300 400 500 600 700
Phase

Advanced Theoretical Understanding

e Designed in an intelligent manner a class
F efficient RF Power Amplifier

e Maximized Output Power
e Realized 75% PAE

e Ready for realization
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Design of Highly Efficient RF Power Amplifier

- review of theoretical understanding: Class F

|deal Class F occurs if the current and voltage waveforms are simultaneously
engineered such that:

The current
waveform
contains f, and
correct
proportions of
the even
harmonics

;

Output Current b [MA]

N
o
|

0

[+]
o
|

[=2]
o
|

H
o
|

/

o
- eS

©

=1

c
//45;
«Q

\
0

I | I l l l
100 200 300 400 500 ®00
Phase [°]

|
700

The voltage
waveform
contains f, and
correct
proportions of
the odd
harmonics

If this is achieved there is no overlap between the waveforms, resulting
in no dissipated power and 100% efficiency.

31



CARDIFF

UNIVERSITY
PRIFYSGOL

(AFRDY®

Design of Highly Efficient RF Power Amplifier

- review of practical constraints: System and Circuit Bandwidth

* The achievable efficiency in a real design is constrained by our
ability to correctly engineer the ideal waveforms.

e Circuit Bandwidth

* In real PA designs harmonic control is commonly limited to 2f, and 3f, due to the
complexity of matching circuits.

« Following the analysis of Rhodes,* for a Class F design with harmonics only up to 3f,
ideally terminated, the maximum achievable efficiency is limited to an upper limit of
90.6% - assuming your matching network is lossless!

We can quantify the ability to engineer ideal waveforms by two factors
Nourrent @Nd Nyortage USING the DC and fundamental RF components:

Neurrent = iRF/(\/§ X IDC) Nvoltage = VRF/(\/5 X VDC)

* J.D. Rhodes “Output universality in maximum efficiency linear power amplifiers’
International Journal of Circuit Theory and Applications, volume 31, 2003, pp.385-405
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Design of Highly Efficient RF Power Amplifier

- review of practical constraints: System and Circuit Bandwidth

Class r]current r]voltage n= r]current X r]voltage x 100 [%]
A 0.707 0.707 50
B 1.111 0.707 78.5
F (Ideal) 1.111 0.900 100
F (3f,) 1.111 0.816 90.6
188 - 10-
’ \\ f/ﬂ\\
T80 S sesd N —%
= / / > \ / \ /
geo / I
5 4a | / = i \ /
g 40+ 0.4- \\H\ // \ /}#
20 0.2 \\ C g# \\\\///
0 \1 T T N A T — \ 0.0 \\ﬂ// I \‘ /”
0 100 20 300 4% 500 GO0 700 0 200 400 600

PRBage[6] Phase [°]
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Design of Highly Efficient RF Power Amplifier

- review of practical constraints: Transistor Limitations

« A further limitation on achievable efficiency in practical designs arises from
features of real transistor characteristics which make a fraction of the dc
dissipated power unavailable for conversion to RF power:

100 —

80 —

60 —

40 —

Output Current b [mA]

Area of IV Plane available for
conversion into RF power

Output Voltage V,, [V]

Achievable
efficiency is
scaled by the
ratio of
Available to
Unavailable
IV plane Area

We can quantify the ability to engineer ideal waveforms by two factors
Nourrent @Nd Nyortage USING the DC and fundamental RF components:

Neurrent = iRF/(’\/§ X IDC) Mvoltage = VRF/(\/5 X VDC)

34



Design of Highly Efficient RF Power Amplifier

- review of practical constraints: Impedance Scaling

« Starting with Class B bias for a half rectified current waveform, what is the
effect of tuning the second harmonic to a short?

§S,, Radius=1 0

a7 — -

S]2 Radius=1.0

In s L S e
— 1 ”/,' \},l ’/ "”“;l . \ - B
EXT B m/ N
- | - i1 26 24y 7126 2626 fy L 1fo= Ry

[N
Q =N umﬁ.,\m -]

-j250

425 7w

Eliminated 279 harmonic from
voltage waveform

0.0 0.2 04 0.6 038 10
Harmonic Temination Ratio
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Design of Highly Efficient RF Power Amplifier

- review of practical constraints: Impedance Scaling

e Good short circuits harder to achieve
relative to a Small R,

D
o
|

e Makes high efficiency harder to %551
achieve in large devices _08&)0
i
e Possible solution - include numerous 7
short circuits integrated onto the dieto  ,;_
allow subsets of transistor cells to be 00 02 04 06 o8 10

given a better short... Harmonic Temination Ratio

Harmonic Termination Ratio:

e Packaging parasitics can form a filter Z @ 2f, normalised by Z @ f,
blocking higher harmonics...

CARDIFF
UNIVERSITY
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Design of Highly Efficient RF Power Amplifier
- review of practical constraints: Transistor Transfer Characteristic

e Need to select a suitable drive level for harmonic
generation (approaching P1dB)

e Ideally we need to ensure we have separated the
harmonics:

- only odds in the voltage waveform
- only evens in the current waveform

...but will the practical device allow this!
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Engineering The Current Waveform
— Gate bias control to null the odd harmonics

* In class F optimum performance will only occur if the most significant odd
harmonics (usually only consider 3f,) are not present in the current waveform.

» Using Fourier analysis of the measured current waveforms we can locate this
optimal case...

3rd Harmonic

g 50 ‘ 5 . Current [maA]

= ~@ dc & f) = 2f = 3f, -+ - 4f, -0 - 5 o /] 5

2 = | i ‘ :

~ 40 4 @ 3rd Harmonic ] ”‘."". L] | -

'8 T Current [mA] 7 L /] d

© o ® L2

o 30 & 3 3 SYEY L 1

. © - 3 /|
Optimum § T 2 ;>
. S 20 - - . ¥ 08
bias at ' — El A
VG=_O_7V '8 -2 & 0.4 Nu_rmalised
to null 3f, & 5" 95 ¢ : 0z Ometes
0 0 ‘5 0 ST 06 05 g
‘ ‘ ‘ ! Gate Bias [V] 03 02
-1.0 -0.8 -0.6 -04 -0.2 0.0
Gate Bias [V]

* Practical constraints:
« Other harmonics are not zero

« Optimum bias is a function of voltage waveform “shape” and RF drive level
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b [mA]

Engineering The Voltage Waveform
- Open tuned 3@ harmonic gate bias sweep

Engineering the voltage waveform to a square wave involves tuning the 3rd

harmonic to an open and increasing the fundamental load to maintain the

same current swing.

* Note, the optimum Class F behaviour will only occur if the current at 3f,

remains null.

\
0 100 200 300 400 500 600 700
Phase [°]

| & Ratio m Efficiency @ Pgyy |

N
o

Ratio = 0.224|]

— 0

[ \ \ \ \ \
-15 14 13 12 11 -1.0 09 -08 -0.7 -06 -05 -0.4
Gate Bias [V]

— 100

[MItno g [%] Aousioyq
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» Since Class F requires an open termination at 3f,, it is impossible to verify this
condition has been met by direct measurement of the 3f, harmonic current.

- Consider v, ,/v; 4 ratio. Theory predicts 1/6 (=0.167)
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Engineering The Voltage Waveform
- Why was extra third harmonic developed?

* Plotting the dynamic load-line for the
final design shows the interaction of
the waveforms with the knee region.

* |deal square wave requires all
harmonics — we only control the first 3

* Optimal 3 harmonic only voltage
waveform has a v,,4/V;,,q ratio of 1/6 if the
boundary conditions are ideal (vertical)

« However due to the finite on-resistance
of the real knee boundary the optimal
ratio is higher, at almost 1/4

1.0
S0.8 /
®06 \ /W\V\N
g7
204 -
0.2+
0.0 ‘ \ ' | ‘ |
0 200 400 600
Phase []

200 400 600
Phase [°]

* The final experimentally
engineered “class F” waveforms

achieved a drain efficiency value
of 75%,

 This is extremely high given the
boundary conditions and drain
bias of the real device used.
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RF Waveform Measurement and Engineering
- “on-line” direct utilization in amplifier design cycle

Simple Theoretical Understanding: Provides If not How and Why

|+ac+f0+2fu-.-3f0-+-4f0-a-5fu| I = =
engineering
=100 7 7
g 9 6
=80 =
g ] z
tw 5 £
9] 5 3
3 40 g 2
5] ]
O 20 T 1
0
0 T T T T T T 0
0 100 200 300 400 500 600 700
Phase [,]

Transistor Circuit
characteristics Bandwidth

_ 100
” T P P
80 E40 te
S 25 B
T 60+ 0 E:
c 0 3rd 54

0 200 400 GO0
Phase [ harmonic:
open
o 1 2 3 4 5 & 7 circuit _
“relaxation” |/ % s

2"d Harmonic
short circuit

V engineering

~

Advanced Theoretical Understanding: Must provide How and Why

‘ developing theoretically based but practically relevant waveform
engineering design methodologies 41
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Apply Waveform Design Methodology
- 5W Si LDMOS into Class F Emulation/Design
Engineered and Measured Intrinsic Waveforms: Design Aid
800 — 60 800 — 60
— 50 _ — 50
2 600 s 3600— s
:fé 400 g _3(§ g’ 4007 —Bdg
° 200 —20v ° 200 —205
10 — 10
0 LO 0

0 500 1000 1500 2000
time (ps)

0 200 400 600 800
time (ps)

High Power Class F Design

SW Si LDMOS @ 900 MHz

e Class F clearly achieved
e High Power 36.0 dBm (4W)
e High Efficiency 77.2%

SW Si LDMOS @ 2100 MHz

e Class F clearly achieved
e High Power 35.9 dBm (4W)
e High Efficiency 77.1%
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Apply Waveform Design Methodology
- 10W GaN HFET & 5W Si LDMQOS into Inverse Class F
Engineered and Measured Intrinsic Waveforms: Design Aid
0.8 - - 80 1.2 80
1.0 - 70
< 06— 60 < < 0.8 ] 90 <
o 0.4-— 40 & D 40 &
- o £ 04 30 @
> —_ D —_
O 0.2 | o0 = © 02 20 =
0.0 | 10
0_ , | , , O '02 B O
00 05 10 15 20

0O 05 10 15 20
Time (ns)

SW Si LDMOS @ 900 MHz

e Inverse Class F clearly achieved
e High Power 37.3 dBm (5.4W)
e High Efficiency 73%

Time (ns)
10W GaN HFET @ 900 MHz

e Inverse Class F clearly achieved
e High Power 40.8 dBm (12W)
e High Efficiency 81.5%
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12W Inverse class-F Amplifier Realisation
— right first time design using CREE 10W device

Pout, Gain /dBm, dB

90

80

700\o

£
0

20

&
4 preod
% /’/-
Ll // / 60 5
% / // 50 §
//*.; / 10
/ £
1
/ 5 //
__.-a-’-_/

Pin/dBm

2

== Pout
== gain
e ff

.Q’O
o . 2
 ‘Right first time’ waveform based design e 00 —
through the realisation of a high- | Perforrm - g~ ¢ ary
] Max. © 6 6 4Bm
performance inverse class-F PA M Q‘b &z
» Impressive efficiency of 81% at high output —M ‘9 6\)0 Approx.
powers < S
« High Power achieving 12W form a 10W oy
device
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RF Waveform Measurement and Engineering
- powerful dynamic transistor amplifier design tool

e |nvestigation of “New Design Space”

Use RF Waveform Measurement and Engineering Systems to stimulate
new theoretically investigations in alternative high efficiency modes of
operation

Move beyond the discrete design point thinking to design continuum
thinking

The Class B to Class J Continuum
e New Theory
e Improved Bandwidth
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- provides for new theoretical insight

° Consider the Class B and Class J Mode of Normalised Class B voltage waveform
operation s 207
- Both have a half rectified current waveform g 00
- Both have the same theoretical power and 8
efficiency values g 10-
- But have very different voltages waveforms 2 oo
i : : L L B I L I L B
) D|fferentfyndamental and 2nd harmonic 0 90 180 270 360 450 540 630 720
reactance’s Phase
7 Normalised Class J voltage waveform
” / - — ° 3.0 —
: § 2.0
§ 1.0
3
0.0

0 90 180 270 360 450 540 630 720
Phase

e Are these not just different solutions of the
same mode?

- Rhodes’ provide some mathematical insight

e Optimum fundamental reactance is mathematical
defined by harmonic reactive terminations

2nd harmonic *
Impedance

e * J.D. Rhodes “Output universality in maximum efficiency linear power amplifiers’
International Journal of Circuit Theory and Applications, volume 31, 2003, pp.385-405 46



RF Waveform Measurement and Engineering

- provides for new theoretical insight

They are just different solutions of the same

mode?

- The Class J - Class B - Class J* Continuum

(@) =(1-PeosB)l-asind).

-~ Many more possible solutions

(-1=a= 1)

Normalized Voltage

Normalized Voltage

Normalized Voltage

Normalised Class J voltage waveform

3.0

2.0

1.0+

0.0
0

o=1

90 180 270 360 450 540 630 720

Phase
Normalised Class B voltage waveform

3.0

2.0

1.0+

0.0

o=0

0

90 180 270 360 450 540 630 720
Phase

Normalised Class J voltage waveform

3.0

2.0+

1.0+

0.0 <

0

90 180 270 360 450 540 630 720
Phase
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RF Waveform Measurement and Engineering
- experimental validation of new theoretical insight

On Cree 2W on-wafer device:

 Maintain constant P, to device
¢ Vary Z(fo) = Ropt + J k Ropt

* Vary Z(f,) = -] k R,
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RF Waveform Measurement and Engineering
- Class J-B-J* Continuum Sensitivity Analysis

On Cree 2W on-wafer device:

* Ry held to R, R, held to 1.5Q
« X, and X, were swept to
examine %he impact of the 100 —
deviation off the Class-JB
continuum contour 50 |
Results < 07
 Class-JB continuum visually 50
identifiable with a high efficiency
contour -100 —
 Roll-off of efficiency is greater for a

deviation in fundamental load a0 80 40 -
compared to second harmonic X, (iQ)

Increased design flexibility
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Realising Class-J Matching

Class-J output matching schematic:

DC bias
feed PA

DUT
+output C _t_

parasitics 4L

1

- Compromises need to be made/considered across this size of bandwidth.
- Fundamental load impedance matching given priority.

- Second harmonic already close to optimum class-J reactance at centre frequency of
desired bandwidth as a result of output capacitance C

> Z,;, allowed more latitude during the design.

- Shunt shorted-stub increases the effective capacitive reactance of second harmonic
load at lower frequencies.
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Performance of PA Prototype (1stit.)

—/— Realised PA Drain Efficiency
80 —| & Model-Predicted Efficiency
- 0 - Device Efficiency, Under Load-Pull

\
o
S

- N - - — — - N
70 — //,i&, ~ _oo I o

\
~
=

% / Kousrony3 uleiq

\
o
I3

60%+ efficiency between : RN
1.35 and 2.25GHz S

Drain Efficiency / %
3
\

\
o
o

40

\
N
o

30 v v
\ \ \ \ \ \ \ \ \ \ \ \ \ \
1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2.0 21 2.2 2.3 2.4
Frequency / GHz

e The PA shows a measured 60%-and-above drain efficiency across the
frequency range 1.35-2.25GHz.

e Drain efficiency measured for PA, model simulation and load-pull
emulation.

\
I
S

N
&)

e Closely agreeing results with the load-pull emulation.

e Output power across this same bandwidth is 9-11Watts (device-rated power).

Proposed bandwidth not met entirely, but still a 50% bandwidth PA achieved.
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Performance of PA Prototype (219 it.)

e Second design iteration extending high-efficiency operation across the
originally intended PA bandwidth of 1.5-2.5GHz

807 —i+— 1st Design lteration - 80
- % 2nd Design Iteration
70 — /@77,/8 -~ _ _ e *709
60 | TR T g e 603
5 X - ~---a - -~ " % g
£50 — ﬁ - 502
% Efficiency improvement with o
second design
30 — 30
\ \ \ \ \ \ \ \ \ \ \ \ \ \ \
1.3 1.4 1.5 1.6 1.7 1.8 1.9 2.0 21 2.2 2.3 24 25 2.6 2.7
Frequency / GHz

e Input matched PA - Resulting gain and PAE profiles |
gjoi 770%2
:\%soi /7/7/@\\77%77\‘7‘@/7777@,,,,ﬁ,,,e,_\i | ————g — : ) RS 7@*60‘}3
x50 =& 50"
- More than 50% PAE g
340i e e & e & 840
08130* *3030-
T20 10dB minimum gain ~, Ty
§10*+ N — o T 105
i ° \ \ \ \ \ \ \ \ \ \ \ \ O )

1.4 1.5 1.6 1.7 1.8 1.9 2.0 2.1 2.2 2.3 24 25 2.6 2.7 52
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RF Waveform Measurements and Engineering
— a powerful tool and concept

Design/CAD
Tool Circuit Emulation i .
_ R J ] Design/Evaluation
Analysis Tool S Tool
g
g30 B 22:
- e
£ - VoM
: k Doherty PA
— s
ST A Iz M- z S §o
g =i AN 3 \ — 5 -
5 = s 5 = L
A % : ! / a
g v/ // leasured & c 2
3 y | | 2 © = il
1 [ ] E e

5 10 15
nput Power (dBm)

Waveform are the unifying link between device technology,
circuit design and system performance 53



