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Abstract— Activities have been carried out to determine the reported a power added efficiency (PAE) of abouo64t
best electrical operating conditions of GaN HEMT that enable 1.1 GHz [4].Due to higher current densities, carrie
maximum power added efficiency at L-Band for Switch Mode  mopility and breakdown voltage GaN HEMT devices
Power Amplifiers (class F, inverse class F and dlass E).  pnh0arq 19 e great candidates for high efficiemayer

Satellite Radio navigation applications (Galileo) are targeted. . . o .
Maximization of power added efficiency is of prime amplifier designs and to target switching mode afien at

importance to save DC power consumption, reduce sdf heating ~ Microwaves frequencies.
effects and improve reliability of power amplifiers. At 50V Theoretical study and circuit simulation preseritethis

drain bias, a maximum power added efficiency (PAE) of 72%  work are validated by calibrated time domain loadl p
and 40.3 dBm output power (Pout) are obtained using cIass;F measurements. The paper is organized as following.
g%elrzm;% Cz;‘gt('j%n; aéoi?Ba?Znggjr:g;gg (‘:’:’:S'LeE 217;@ Part Il is dedicated to the description of theamti
gain compr ession. optimum voltage and current waveforms for maximuieP
and switch mode operation.
I. INTRODUCTION In part Ill, Harmonic Balance Simulation results 2t

GHz using ADS package and a non linear model dd\W 1
GaN HEMT from Eudyna are given and discussed.

In part 1V, time domain measurements are shown to
validate the study.

Part V focuses on the circuit design of a L-BandsSiE
amplifier using distributed matching components.

As a conclusion, future investigations are mentibne

HIS paper includes both theoretical analysis angela
signal measurements of a 10 Watt GaN transistan fro

Eudyna Devices Inc. RF power efficiency is a kegttiee
for high power amplifiers in satellite communicaiso
Basically, the transistor used exhibits maximum gow
added efficiency performances, if the overlap betwe
intrinsic voltage and current waveforms at the auts
minimized [1]. At microwave (L-Band) the first thee
harmonics of the microwave useful signal can beaeably
controlled. Optimal combinations of sine wave, dquas The single-ended Class E switched-mode power
square wave or rectified half wave current and aggt amplifier was introduced by Sokals in 1975 and foamd
waveforms at the output of the transistor while theut Widespread applications due to its design simplicind
voltage remains a sine wave lead to class-AB, dfass high efficiency operation. In the simplest cases thad
inverse class-F and class E operating conditions. network can be represented by the shunt capacitayaed

For ideal Class-E operation, the transistor opsragean inductance k connected in series with the loag.R The
on/off switch and the load network shapes the geltand drain of the transistor is connected to the supplyage by
current waveforms to prevent simultaneous hithe choke inductance RFC with high reactance at the
voltage/zero current and high current / zero vatagthe fundamental frequency as depicted in figure 1.
transistor. Such conditions minimize power dissgrat Ve
especially during switching transitions [2] [3].

Recent published works related to the design o§<kR
power amplifiers, where Si-LDMOS transistors aredjs
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between its on-state and off-state operation cmmdit[5].
For lossless operation mode, it is necessary tuigeathe
following optimum conditions for voltage across theitch
just prior to the start of switch on at the moment= T,
when transistor is saturated:
(0 =0 and S0
t=Ts
Where Ts is the period of input driving signal. this
case, the output power is equal to the power delildy
the power supply, the drain efficiency reached 1088d
the ideal time domain waveforms are presentedyuné 2.
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Fig. 2. Ideal class E drain current and voltageef@ms

The load network of class F and' mplifiers is a
parallel resonant circuit as illustrated in figdre
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Fig. 3. Ideal class-F (a) and inverse class-Fifo)it topology.

Figure 4 shows the ideal time-domain current arlthge
waveforms of the class-F and inverse class-F aisfif

and Vd waveforms are interchanged figure 5.
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Fig. 5. Ideal inverse class F drain current andbga waveforms.

[1I. NON LINEAR CIRCUIT SIMULATIONS.

The component used in this study is a transistor
EGNO10MK GaN HEMT (10W) from the foundigudyna
inc. A non linear model has been extracted using guiké
and pulsed S parameter measurements. Model topadogy
shown in figure 6.

Fig. 6. Non linear model topology.

The unique combination of high-current and higtof a
HEMT and also high breakdown afforded by the wide
band-gap, enables the AIGaN/GaN HEMT on SiC in high
power switch-mode operation [6][7]. This ensureficieit
and broadband operation in switching-mode. Moreover
high frequency switching mode operation requires
transistors to handle the high current arising when

when they have the same fundamental output poweerun gischarging the capacitance over the low resistian-to-

the same drain biases. The class-F amplifiers lale
sinusoidal current and square-wave voltage signals.
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Fig. 4. Ideal class F drain current and voltageef@wms

The class-F amplifier, which has short load tertidmaat

even-order harmonics and open load terminationdak o

order harmonics, has become a representative diitfe
efficiency amplifier approach. Ideally 100% PAE chae
reached [6].

The inverse class-F is dual of the class-F wheeeldh

source channel. Wide band-gap HEMTs seem to bd idea
components for this type of applications.

The following study was performed at the bias point
VgsO= Vp =- 1.15V and Vds0=50V. (Vp: knee voltage).

HB simulations using ADS package have been perfdrme
with harmonic control at the first three harmonid$e
following simulation results focus on switch mode
operating conditions (F, Fand E).

Simulated de-embedded time-domain waveforms of the
intrinsic drain-source voltage Vds and intrinsicaidr
current Ids are represented in Figure 7.
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current (bleu) waveform.

Class-F operation provides a maximum efficiency 2o
at an output power of 40.3 dBm and a gain comprassi
2 dB. In the configuration of inverse class F, weain a
maximum PAE of 74.5% at an output power of 42.6 dBm
and a gain compression of 5 dB. In class E corditiom,
we can obtain a maximum PAE of 75% at an outputgrow
of 41.1 dBm and a gain compression of 3 dB.

We can observe in figure 7, that class E offeroadg
compromise between output power, efficiency andn gai
compression ratio.

IV. TIME DOMAIN WAVEFORM MEASUREMENTS

The study has been validated by time domain wawefor
measurements [10] using a multi-harmonic tuner (MPT
from Focus Microwave) and a calibrated large signal
network analyzer (LSNA). The block diagram of tke-gp
is given in figure 8.

SOLT calibration
calibration is achieved using a power meter anchase

Input and output couplers for wave probing
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Fig. 8. Block diagram of calibrated time domaindqaull bench.

The test bench is calibrated on a frequency granfr
GHz to 10 GHz. Therefore 5 harmonics are takea int
ccount for time domain waveform extractions. Aatiek

is performed. An absolute power

calibration is done using an harmonic phase reteren

enerator (HPR). [8]
Taking into account extrinsic elements of the nioedr

model extracted and shown in figure 6, measuremees

e-embedded to get “quasi intrinsic” voltage andrent

waveforms at both gate and drain ports.

Output harmonic tuner is set to reach class E tipgra

conditions. (Zload@FO0 = 5.2 + | X7; Zload@2F0 = 15 +
j72 Q; Zload@3F0 = 140 + j 1@Y, at drain port of

ackaged transistor). Optimized load impedances and
ower performances have not been exactly reachealibe
f coupler losses used for power wave probing a8NA

measurements.

Figures 9 and 10 show measurement results obtained.
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Fig. 9. Time domain waveform class-E operation measents (blue
square) and simulation (red line).
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These measurement results validate the study.
demonstrates a perfect fit on time domain measurefoe
quasi-intrinsic voltage and current drain sourcgefarm.

V. DESIGN OF CLASSE AMPLIFIER

The schematic of the class-E power amplifier using!
distributed elements for harmonic impedance matrtén

) o [2]
given in figure 11.
Input circuit realizes 5@ matching at the fundamental
frequency. Output circuit topologies are now sysihed to 3]

achieve impedance transformation from 50 ohm |oathé
suitable optimum impedance ZL at the fundamentaipsd

and third harmonic loads. The output matching netwo (4l
consists of three parts. First, an open circuitedh SL4
connected to the drain port by a tuned stripline5TL
provides a suitable third harmonic impedance (ah hig®!
impedance required). Second, a short circuited 3tub
connected to the drain port by a tuned strip lih& While  [6]
the combination with TL5 provides a suitable second
harmonic impedance (a high impedance is require). to
This stub TL2 is near one quarter wavelength lonthe
fundamental frequency. Third, a tuned line TL1 ules a

(71

suitable load impedance tuning at the fundamental
frequency.
(8]
(9]

drain bias voltage,
demonstrates a best compromise between power-added
gfficiency and output power.

A further investigation concerns the optimisatioh o
harmonic terminations at the input of the transisto
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Fig. 11. Schematic diagram of the class-E powerlifienpdesigned at

2 GHz.

The power-added efficiency of the transistor reache
74%. The corresponding performances are the fatigwi
41.0 dBm output power, 77% drain efficiency and218B8
power gain. We obtain maximum simulated power added
efficiency for class E amplifier at 3dB gain comgsien.

VI. CONCLUSION

An optimized GaN HEMT switch mode power amplifier
has been studied in the 2 GHz frequency range.OM 5

the Class E power amplifier
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Outline

1. Introduction: Switch Mode Power Amplifier (SMPA).

2. Study and Simulation of high efficiency operating conditions.

v" Output termination for high efficiency classes (F, FletE).

v' Input termination and voltage shaping (Efficiency enhancement by
conduction angle reduction ).

3. Time domain Load-pull measurement to validate the study.

4.Conclusion.

Study and Design of High Efficiency Switch Mode GaN Power Amplifiers at L-band Frequency



Switch Mode Power Amplifier
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» Why high efficiency amplifier is important?

10

» Increased power consumption g\

()]
—

v" Heavier power supplies

\ "

v'  Battery cost

Pdiss/Ps
N

A

N

v' Electrical power expenses N

e ————

o

» Further multiplied by need for extra cooling 0 20 40

» Deterioration of semiconductor reliability

60 80 /oo

Efficiency [%]

SMPA (F,F1,E,D,S,..)

> Solution : Switch Mode Power Amplifier
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Switch Mode Power Amplifier (SMPA)

| B ‘ Transistor GaN ? E
Rewme ! s+ | Output
: =S !
Egens | \gs() -8 vas(t] | Circuit
L / X !
Vgs(t) / f_l_f;’fx’

diss —

P —%l ids(t).Vdgt) dt

Minimization of the
Voltage / Current

overla
£ P

Vds , M nd

»Minimization of RF losses across the switch require S:
v" In ON state V = 0 (Zero voltage switching condition (ZVS)) => Low R

o ds,min _ ds,on
v" In transition state: maximum slopes dV . /dt and dI ,/dt
=> Low value of Capacitances ( Cgs et Cds).

— /

N Advantage of GaN HEMT & IEEE
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Switch Mode Power Amplifier (SMPA)

Ideal harmonic load configurations for high efficienc y operation -> Control of the first

3 harmonics
Vds(t) lds(t) Vds(t)
" t

2" harmonic = Short 2" harmonic = Short

3" harmonic = Open Load 3" harmonic = Open

4 Ids(t)  Vvds(t) 4+ Vds(t) lds(t)

2" harmonic - Open 2h harmonic = Open

3" harmonic - Short 3h harmonic - Open

< IEEE
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Study and Simulation of high efficiency

operating classes

< IEEE

Study and Design of High Efficiency Switch Mode GaN Power Amplifiers at L-band Frequency V4




2.1- Simulation methodology
= Source and Load impedance tuning at the first 3 harmonics.

| |
‘ E | bk 1~
// ZLoad(ka)

/ k=1,2,3

50Q

; Vds0 =50V I

;& Vgs0 =-1,15V

Non linear model of transistor

output .. : . .
| Input package | Optimisation Criteria :

package
T+

l v" Intrinsic drain source voltage

I O N|
?ﬁ'—w— and current waveforms
< IEEE
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v Gate source voltage shape
v' Dynamic Load Line




2.2- Simulation result — GAN HEMT Eudyna 10W @2GHz.

PAE Ps Compression Gain
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0 20 40 60 80 100 120 0.0 0.2 04 06 0.8 1.0 1.2 1.4
Vds (V) time, nsec IEEE
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2.2- Simulation result — GAN HEMT Eudyna 10W @2GHz.

inverse class F @ Vds0=50V

54% 38.9 dBm @1dB
80 —45
i C 40 £ 74.5% 42.6 dBm @5dB
— 607 _ =
QA - ©
o 40— 30 3 Intrinsic impedange
< _ N 0 Z@2f0
< N 7@2f0
20 — _—20 % A/2@331:0
- : a
0 LI I LI I LI I LILELEL I rrri I LI I LILELIL 10 g
5 0 5 10 15 20 25 30
Pe dBm
1.2 —150
1 Ids (A) 5
1.0 Vas (V) [
Long time ZCS 0.87 —100
0.67] [
0.4 —50
0.2—_k _/ [
0.0 — 1 ' 1T 1 T ™ 1 1 0
0 10 20 30 40 50 60 70 80 90 100110120130140150 00 02 04 06 08 10 12 14
Vds (V) time, nsec IEEE

Study and Design of High Efficiency Switch Mode GaN Power Amplifiers at L-band Frequency 10



2.2- Simulation result — GAN HEMT Eudyna 10W @2GHz.

Class E @ Vds0=50V
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2.2- Simulation result — GAN HEMT Eudyna 10W @2GHz.

Advantages and disadvantages of high efficiency Cla sses
Class F:

2 High efficiency is obtained at low gain compression

. maximum drain source voltage swing: 2Vds0 (Low powe  r output compared of F -1 and E)

Inverse Class F:
. Maximum drain source voltage swing: 3VdsO (high out  put power)

7>\ High efficiency are obtained at 5dB of compression g ain

Class E:

_j The class E offers a good compromise trade of outpu t power, efficiency and gain
compression.

In any case the main critical point stands in the low pass behavior of the gate access

< IEEE
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Time domain Load-pull measurement and
Circuilt design

< IEEE
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4.1- Time domain Load-pull measurement of GaN HEMT Eu dyna 10W

Test Jig and packaged transistor

l

Harmonic tuner

Xtrinsic impedan

@ 2f,
T~a

@ 3,0

@ fO \A‘

s output Test | /
| Test Input g ] ’

S — package| |fixture | ' po
b1 | fixture| |package —
= | !
measure Plan measufe Plan
(input) (output) I E E E
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Simulated
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Conclusion
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Conclusion

The results of this study promotes class E operation for hig h power GaN
amplifiers at L Band

The class E offers a trade-off between output powe r, efficiency and gain
compression.

A main and original aspect of this work lies in mea  sured time domain waveforms
that validate transistor modeling and simulatio ns results

Future work concerns now gate source voltage shaping to improved
Zero current switching conditions and PAE performances

For that purpose the design of a driver amplifier is necessary

Study and Design of High Efficiency Switch Mode GaN Power Amplifiers at L-band Frequency
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4.2 — Circuit design under development
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