Efficiency enhancement of GaN power HEMTSs by
controlling gate-source voltage waveform shape
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Abstract— This paper presents a technique to improve the pav  voltage shaping on PAE performances is studiedaf@aN
added efficiency (PAE) of GaN power amplifiers by an HEMT device.

appropriate shaping of the gate source voltage waf@m. The Theoretical study and circuit simulations are vatiéi by

proposed technique is based on second harmonic iojéon at the calibrated time domain load pull measurements. fager is
transistor input. It is applied here to a 15W GaN HEMT die organized as following.

gﬁﬁntegebee:;ataﬁs_bgﬁrf characterized using an haranic load F_’art Il is dedicated to the description of theaadti
The work reported here focuses on experimental gatseurce OPtimum voltage and current waveforms for maximuhiP
voltage waveform shaping and its impact on PAE perfmances. In part Ill, Harmonic Balance Simulations resulteGHz
An original aspect concerns calibrated time domairvaveform using ADS package and a non linear model of a 158N G
measurements and shaping that are performed and imstigated HEMT from CREE are given and discussed.

simultaneously at both input and output ports of the transistor In part IV, on wafer time domain measurements ameve
under test close to intrinsic accesses. to validate the study. Active second harmonic itijgcat the

Measurement results performed at 2GHz validate opthized gate port represents here an original aspect opthsented
operating conditions derived from theoretical analgis and test bench and experimental results

circuit simulations. For a fixed input bias voltage(close to pinch A USi fut . tigati iib
off voltage in our case), significant efficiency iprovements are S a conclusion, future investigations are mentone
obtained when the positive half wave of the gate-smce voltage is

sharpened. Best and worst cases are examined resipegly and Il THEORETICAL ANALYSIS OF INPUTOUTPUT IDEAL

show 25 point PAE difference at saturated power. WAVEFORM SHAPING
To reach high efficiency performances of microwgosver
.~ INTRODUCTION transistors, it is necessary to control load impeda at

AlGaN/GaN HEMT technology has a strong potential feseveral harmonics, in order to minimize output iirgic
high efficiency, high power microwave amplificatibecause voltage and current waveform overlap.
of high current densities, high breakdown voltaged a At microwave frequencies, the first three harmonic
capability to handle high temperature. terminations can be reasonably controlled.

Furthermore, possible high output voltage operatiddeal drain-source voltage and drain current tinmmain
presents a great advantage for low loss output depee waveforms for class F and inverse class F powellifiengare
matching that is crucial to reach large output igdaéd power shown in figure 1. The grey area that highlightsvefarm
and consequently high power added efficiency. Highwer overlapping must be reduced as much as possiln&ximize
added efficiency is one of the prime specificatitmsneet in efficiency.
power amplifier designs.

High efficiency class F, E single ended GaN amplifiers , vasw 1o Vas()  lds()
have been reported during the past few years31,][3], [4].

CMCD GaN push-pull based topologies have been al
demonstrated [5]. In these referenced works, shitab)
harmonic terminations at transistor’'s drain haveerbe
intensively studied and designed in order to miramioltage t
and current overlap resulting in minimized dissgohpower (12)
and maximum PAE.

This paper focuses specifically on gate sourceagelt
waveform shaping which is an additional key poimtréach These representative voltage and current wavefarmgjiven
the highest possible efficiency performances. Hagicular here for an input biasing voltage near pinch oftage.
aspect has already been pointed out in [6] anddi7[caAS For high efficiency conditions, the device is driveat
PHEMT technology. In this work, the effect of gairce significant gain compression. Gate source and ghgen

(1b) t

Fig. 1 Ideal output voltage and current waveforatsss F (a) and Hb).



capacitances are non linear and generate harmamients

flowing into the source network. Harmonic 2 playsnajor

role and must be properly controlled by the souretwork.

Otherwise the intrinsic gate source voltage cardiseorted,

the worst case being an “inverse” half sine wavapshthat
results in a significant increase of the DC drainrent and a
decrease of PAE performances. This worst case tondi
leads to an increase of the ON timgy"tand consequently a
wider “aperture angle” of the transistor.

On the contrary, if an appropriate control of tigut gate

Vgs(t):Optimal half sine wave construction

}Sl(t): fundamental component

p {/gsz(t): second harmonic component

source voltage shape is achieved to reach an imalfvgave
shape, the on timey{ and the aperture angle are reduced. It _ ’ _ _ ) o
results in a reduction of the DC drain current glomth a Fig. 3 Optimal half sine wave construction with &fid H2.

minimization of the drain voltage and drain current

overlapping. Best and worst case conditions aréckkd in ) lll. SMULATION RESULTS. )
ﬁgure 2 for C|ass F Operation mode' A non linear model of a 15 W GAN HEMT die from CREE

has been extracted using pulsed I/V and pulsedr&peer

s measurements. Model topology is shown in figureHB
N ' balance simulations using ADS package have bedorperd
Source vas e VdSJ_ Load with harmonic control at the first three harmonicghe
Network Transistor Network following simulation results focus on class F opieg
conditions.
'/ alds
Ids(t)  Vds(t)

5 Vgs

—>
Aperture angle
reduction

Fig. 4 Non linear model topology.

Simulated input-output intrinsic time domain wavefs
are plotted in figure 5. Three different casesrapresented:
1: Optimal second harmonic injection at the input

(3) Half sine shape (best case) 2: Input second harmonic terminated int€50
3: Input second harmonic terminated into a short.

= = = = (1) Inverse half sine shape (worst case)

............ (2) Sine wave shape

Fig. 2 lllustration of the effect of the input tafje shape on the aperture 1
angle. 0 —
The theoretical half sine wave gate source voltdgeved S 1_—/ %
from analytical Fourier series expansion limited two 2 o
harmonics is: £ -2
VO ) = Vg + V[ *cos( W) + V, *CoS(2* wirg) E o TN A TN A
Optimum waveform shaping is obtained for Yeégs/7 and @ -4— et
¢=0 as illustrated in figure 3. = 5 L.
The following of the paper focuses on this optimpérating - )
conditions that can be experimentally achieved bygord -6 ' I ' I ' I ' I '
harmonic injection at the gate port. 0.0 0.2 0.4 0.6 0.8 1.0
time, nsec
Fig. 5a Simulated intrinsic gate-source waveform88% dBm output
power.

1. Optimal second harmonic injection at the input.
2. Input second harmonic terminated int@50
3. Input second harmonic terminated into a short.
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Fig. 5b Simulated output intrinsic voltage/curremtveforms @ 38.5 dBm

output power.

Combiner Ref. Planes

10 MHz synch

| Harmonic tuner  Y9So

Second harmonic

Phase shifter albl

Variable attenuator wave form measurements | SNA

Fig. 7 Block diagram of calibrated time domaindgaull bench.

The test bench is calibrated on a frequency gathfPGHz

to 10 GHz. Therefore 5 harmonics are taken intmaetfor
time domain waveform extractions. A
calibration is performed. An absolute power caliioma is

relative SOLT

achieved using a power meter and a phase calibratidone

1. Optimal second harmonic injection at the input.
2. Input second harmonic terminated int@50
3. Input second harmonic terminated into a short.

using an harmonic phase reference generator (HPR).

Error corrected absolute power waves are measurttea

tips of the bonding (reference planes indicatedigure 8)
We can observe in figure 6 that we obtain maximutianks to an associated calibration kit [10].

simulated power added efficiency for an optimizedf Isine
gate-source voltage waveform obtained by activectign of
the second harmonic at the gate port. PAE of 758biained
@38.5dBm output power. Simulations were performed t
obtain a maximum efficiency (Class F PAE
optimization).Input power drive has been limited teat no
significant direct gate source diode conductionetablace.
This constraint is an important feature for religgpiaspects to

target satellite applications.

80
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PAE (%)

Pout (dBm)
Fig. 6 Simulated power added efficiency vs. oufpuwer @2GHz.

1. Optimal second harmonic injection at the input.
2. Input second harmonic terminated int@50
3. Input second harmonic terminated into a short.

IV. TIME DOMAIN WAVEFORM MEASUREMENTS

The study has been validated by on wafer time domaj, attenuator. Optimal half wave *
load-pull waveform measurements [8] using a mudtifhonic
tuner (MPT from Focus Microwave) and a calibratacdyé

signal network analyzer (LSNA). The block diagramtioe
set-up is given in figure 7.

Reference planes

Fig. 8 Photograph of the GaN die with bonding aoplanar accesses.

Taking into account extrinsic element of the nomedir
model extracted and shown in figure 4, measurenemetsie-
embedded to get “quasi intrinsic” voltage and cotrre
waveforms at both gate and drain ports.

Output harmonic tuner is set to reach class F dpegra
conditions. (Zload@FO0 = 29 + jA2; Zload@2F0 =5 - j2);
Zload@3F0 = 8 + j23; at probe tips). Optimized load
impedances and power performances have not beettlyexa
reached because output coupler losses used forrpoaree
probing and LSNA measurements.

Nevertheless the focus here is to validate sigaifieffects
on PAE performances due to gate source voltageirghap
When the input source at 2F0 is turned off, soumgeedance
conditions correspond approximately tabat all harmonics.

When the input source at 2F0 is turned on, second
harmonic signal injection is tuned by using a ptetséier and
quasi-intrinsiidte source
voltage waveform can be experimented.

Figures 9, 10 and 11 show measurement resultsnelotai
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Fig. 9 Measured gate source voltage deem beddgehat intrinsic access
and obtained at 37.5 output power.

1. Optimal second harmonic injection at the input.
2. Input second harmonic terminated int@50
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Fig. 10 Measured output waveforms embedded ai quessic access
and obtained at 37.5 dBm output power.

1. Optimal second harmonic injection at the input.
2. Input second harmonic terminated int§50

B 25 points

PAE (%)

c|||||||||||||||||||||||||||||

10 15 20 25 30 35
Pout (dBm)

Fig. 11 Power added efficiency measurements usersutput power :

40

1. Optimal second harmonic injection at the input.
2. Input second harmonic terminated int§50

These measurement results validate the study.ntbea
clearly observed that an appropriate gate sourdéage
shaping leads to a decrease of the ON timg”“( as
indicated in figure 9) ; a decrease of aperturelearfgas

indicated in figure 10 ) and a corresponding sigaiit 25
point PAE enhancement shown in figure 11) .

V. CONCLUSIONS

This paper has demonstrated the prime importancanof
appropriate gate-source voltage waveform contral thee
design of high efficiency GAN amplifier driven imtsiration
regime. A particular and original emphasis has beggnon
calibrated and “quasi intrinsic” time domain wavafo
measurements. Gate voltage waveform shaping witbffon
transient times as quick as possible is the majalenge
today to reach very high efficiency power ampidieand
target "Switching mode power amplifier design”.

This work points out this feature and indicateseptal
interest in controlling a quasi half sine gate seuvoltage
waveform. Other high efficiency operating condisolike
inverse class F and class E have been also stadidan be
discussed in the final paper. Work under invesiigat
concerns now the design of a driver circuit cépab feed
the input of GaN power transistor with optimal wkoren
shape for L-band applications.
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High Efficiency Power Amplifiers

F)DC
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» High efficiency isIimportant to :
> reduce power consumption

» Decrease junction temperature (T))
(better reliability)

» Simplify thermal management
(lower cost)
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Device used : 15 W GaN HEMT from CREE CGH60015D

8x75 POLAR Vgs=-2 179V, Wds=+2880 %, Id =+0.188 A
T T T

\\ 780

Characteristics of transistor used:

Vg, >100V

Rdson~ 2 ohm

Cds=0.9 pF

Cgs= 8 pF Device size 2mm
Rg=0.5 ohm

AN NN

I e EuMIC
el 2009
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High efficiency operation
Simplified GaN HEMT model

. L AAN——— E
R gene ' IdS(t) 1
: . as Load
i Vgs(t) ?%5 b :': — | Vds(t)

Egene
Network

Vgs(t) Y

a

VgsO
Voltage-Current overlap

must be minimized

ON state  OFF state

»Minimization of dissipated power:
During ON state Vds =~ must be minimum ~ =>Low R 4

During transitions dV/dt and dl ,/dt must be maximum => Low capacitances (Cgs,Cds)

L .. EuMIC
~ 2009
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Load impedance controlled at the first three harmon ICS

Class AB \
Ids(t)

Vds(t) Ids(t) Vds(t)

2"d harmonic = low impedance t 2"d harmonic = low impedance
3rd harmonic = low impedance 3" harmonic = high impedance

Loa
4 Ids(t)  Vvds(t) " Vds(t) lds(t)
t t

2"d harmonic - high impedance 2"d harmonic - high impedance
3" harmonic - low impedance 3" harmonic - high impedance
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Gate source voltage waveform

shaping.
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PAE enhancement by gate source voltage shaping
]

? J_ Ids J_

_|_ Cgs Vds

Cont
source
shape

\

Source network
alds(t)  Vvds(t)

v

A

Aperture time

(1)sbNY

Va9 = Vg, + Vg *cos(wh+ V, *cos(2* wt@)

Vv
Vgsz Z% 1 =0
ar PA's 5 zﬂluB
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Combination of gate source waveform shaping and loa d terminations

Ids(t)

Vds(t) 2nd harmonic means Short circuit at output
(output drain current exists at 2 "d harmonic )
We can inject H2 at gate port of transistor

Class F and input voltage
shaping

2"d harmonic = low impedance |= >

3rd harmonic - high impedance
Load

inverse Class F

Lharmonic > high iNse4 t N/ gedance
3" harmoms >~nnpedance ' ' Igh impedance

EuMC/EuMIC10: Industrial MM-Wave and Microwave Line ar PA's 11
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Simulation results :  Frequency = 2 GHz

-.=x=a SOUrce impedance at H2 =50 Q. seeeo SOUrce impedance at H2 : short circuit.
second harmonic injection at the input
1 Gate voltage waveform 12
. i
o < Y
(U£> o 0.87%&%.,
2 2 067
= € 04—
a S 0o
> B
2 00__ ! ;
OO 02 Ol4 OIG 08 10 '0.2lIIIIIIIIIIIIIII::IIIIIIII::llll
- - g - - ' 0 10 20 301 40 50 60
time, nsec e .. |
Vds(t) intrinsic (V) ':
. [ —
12 Drain voltage/current waveform 60 Increase of zero current duration

a

time, nsec

. EuMIC
2009

EuMC/EuMIC10: Industrial MM-Wave and Microwave Line ar PA's 12




TH
395um”m MMﬁhﬂ
MICROWAVE -

T 19th Lumpean Micopasve Comlemnoe

Simulation results : Frequency = 2 GHz

....... Source impedance at H2 =50 Q. ssoso SOUrce impedance at H2 : short circuit.
Second harmonic injection at the input
Power added Efficiency (%) : DC drain current (A):
0.6
0.5
< 0.4—
o i
S 0.3—
0.2
O||I|I|I|I|I|'|I 0-1IIIIIIIIIIIIIIIIIIIIIIIIIIIII
20 22 24 26 28 30 32 34 36 38 40 10 15 20 25 30 35 40
Pout (dBm) Pout (dBm)

PAE improvements obtained by this technique due to a
significant decrease of the DC drain current

| <o EuMIC
~ 2009
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Validation by time domain

waveform measurement.
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Time domain Load-pull measurements
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Ref. plane Waveform quasi- |ntr|nS|c de-embedding Ref. plane
(input) (output)
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Time domain Load-pull measurements

....... Source impedance at H2 =50 Q. Second harmonic injection at the input
1 < 10
i | <
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Conclusion

This work has focused on gate source voltage wavefo rm shaping for PAE
optimization

A main and original aspect of this work lies in mea  sured time domain waveforms
that validate transistor modeling and simulation re sults

lgs Long time ZVS =—=$ Class F

Switch mode power amplifier :

>ON: high | 4 /low V g
=———"—

v » Fast transitions
ds

Long time ZCS ===p H2 injection
Future work concerns design of two stage power ampl ifier

A driver has to be designed to achieve the appropri ate gate source
voltage waveform of the power stage.

EuMC/EuMIC10: Industrial MM-Wave and Microwave Line ar PA's
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