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INTRODUCTION

Radar applications require more and more tradebefiveen power added efficiency (PAE) and output groawer
wider frequency bandwidths. To obtain such restitts,dissipated power has to be reduced as lovosshpe. Thus,
enhancement of PAE will decrease constraints omthliemanagement, dimensioning and reliability. GAEMTs
offer a great potential in terms of power addedcigfficy, output power density and capability to dianhigh
temperature.

Peak PAE performances close to 80% have been pabl{d]-[2] for class-F and inverse class-F GaN @oamplifiers
operating in S-Band. Nevertheless, the limited badths of these amplifiers are not suitable foraradpplications.
Over 10% bandwidth in S-Band, an inverse class-plifier [3] exhibits more than 60% drain efficienend 10W
output power. At 3.5GHz, a peak PAE of 78% is aisded to 12dB gain and 11W output power. Moreovéren
using 2%harmonic input tuning, a class-E GaN power amgiiféd] exhibits peak PAE of 74% and 12W output powe
from 2.0 to 2.5GHz. The best broadband performaacesobtained from 2.1 to 2.7GHz withouf-Barmonic input
tuning where PAE is between 53% and 66%. An expamtal work on GaN HEMT at 2GHz [5] shows that PAtuld
be improved by 25 points when the transistor opsrat class-F with "-harmonic input tuning. This work reports a
methodology to control the"®harmonic output load of GaN HEMTs over 20% bandhwith S-Band for radar
applications.

The first section presents the impact df Barmonic output impedances on time domain voltagd current
waveforms. The second section describes on-wadekpull measurements performed on a 6x40@GaN HEMT from
UMS. The third section is dedicated to simulated areasured results of the synthesized loads agfoadtal and?
harmonic over a large bandwidth in S-Band. The pomeasurements are performed within the packagereede
plane in order to highlight the great impact of troling the 2 harmonic output load in terms of PAE, and to
demonstrate the capability of reaching higher badths. The last section reports the issue of pazkagdeling.
Package simulations exhibit the impact of lead-Earharacteristic impedance in term of PAE for teENGIEMT.

TIME-DOMAIN ANALYSISOF THE INFLUENCE OF SECOND HARMONIC LOAD

Td(t): fundamental sine current wave Id(t): fundamental half sine current wave
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Fig. 1 Output voltage and current waveforms wheopen circuit (a) or a short circuit (b) are presdrat the %'
harmonic frequency.



Switching operating classes are obtained when ilmpgdances are controlled for all harmonics. Irctica, the loads
at the first three harmonic frequencies are coleol

According to the operating class, voltage and curoaitput waveforms are a combination of quasi sgjueave and
half sine wave. The overlapping between both wésesinimized so that to provide the efficiency emt@ment.

In this reported work, only the"2harmonic output tuning is handled to optimize BE over a larger bandwidth.
Figure 1 presents two waveform cases when only2théarmonic load is adjusted. In case (a), an opewit is
presented at the"®harmonic frequency to generate a half sine voltagee. In case (b), a half sine current wave is
obtained by synthesizing a short circuit at tAeharmonic frequency.

ON-WAFER LOAD-PULL MEASUREMENTS

On-wafer Load-Pull measurements [6] have been pedd on a 2.4mm (6x400um) HEMT GaN from UMS. The
applied RF power is pulsed using 10us width and Ify cycle. Biasing voltages are also pulsed t¥ Si@ain
voltage. The output loads at fundamental afcharmonic frequencies are tuned to reach the manifAE.

At fy which is the center frequency of the bandwidtle, titansistor exhibits 42.5dBm output power assediabd 61%
PAE and 12.5dB power gain at 2.5dB compression whiely the output load is optimized at the fundaraknt
frequency. When the output load is tuned at tHeharmonic to reach a maximum PAE, the device petémces are
improved to reach 65% PAE at the same input powglevwpower gain and output power remain identiddle PAE
enhancement would have been better if the multibaic tuner had been able to present impedandesuaidaries of
the Smith chart. The same measurement processebasabplied dt,, andf., to reach the optimum PAE.

While the interest of controlling thé2harmonic output load is demonstrated for this posevice, the capability of
synthesizing the required output loads at harmomies the whole bandwidth is now reported.

DESIGN AND REALISATIONSOF MATCHING CIRCUITSAND MEASUREMENTSRESULTS.

At first, the GaN chip has been packaged. One hwind is brazed on the gate and two parallel bonsvivere
soldered on the drain. Four source pads were ctethéz the ground using one bond wire. All bondesihave 38um
diameter. The different elements of the power pgekaere considered in simulations.

Starting from on-chip load-pull measurements of ttevice and considering the package influence, pewer
amplifiers were designed to investigate the capmsl of bandwidth enhancement at maximum PAE fadar
applications. The first power amplifier has beesigleed to control only the fundamental output leddle the other
one has been optimized at fundamental affdharmonic all over the required 20% bandwidth. Fég@ shows
photographs of the two power amplifiers with andhaiit the 2* harmonic control. The input matching circuit i®th
same for the two amplifiers and was designed tainkdn input matching S11<-10dB over the bandwitithut and
output matching circuits were simulated with ADS memtum software. Matching circuits were implementeda
Rogers duroid 6010.2LM;£10.2, H=635m).

(2a) (2b)
Fig. 2. Power amplifiers with optimized“harmonic (a) and without optimize@*harmonic (b).

Within the output matching circuit of power ammifs, a specific profile of tapered lines is usedetance the
bandwidth performance of load transformation whiile 2% harmonic is controlled using a radial stub plaaedround
M4 from the output of the packaged device (Fig.2Tde fundamental load is tuned over the bandwidtreach the
best trade off between constant PAE circles highan 60% aff,,, andf,.. Figure 3.a shows how the simulated



synthesized impedances (output matching circuagkirthe loci of the optimum required impedancesvipresly

determined by load-pull measurements. THfsharmonic impedance matching ensures the chip toased optimally
so that the PAE is higher than 65% and exhibit aiput power higher than 43 dBm as shown in figureBoad pull

simulations at the second output harmorfgf,{,) of the nonlinear electro-thermal model allow osdiscern the
optimal and worst areas in terms of output power RAE.

+ Measured optimal fundamental loadat J3
X Measured optimal fundamental load.ak +
O Measured optimal™ harmonic load i,
<& Measured optimal™® harmonic load afnax
7
—— Synthesized impedances at fundamental all thhebandwidth
------ Synthesized impedances ttzarmonic all over the bandwidth
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Fig. 3. Comparison of targeted synthesized and medsoutput loads at fundamental afitifarmonic over the
frequency bandwidth (3.a). Simulated constant PAE Rout circles at"@ harmonic outputZxfo,) (3.b).

The two power amplifiers have been characterizethalés Air Systems. Transistor power amplifiers biased near
the pinch off voltage and drain bias voltage iste€iQV. Biasing voltages are continuous while itiput RF signal is
pulsed (10us/10%). A TRL calibration process heenbused to determine the power performances witkipackage
reference plane in order to compare the two measafrpower amplifiers with and without®harmonic output tuning.

The measurement results in terms of output powan gnd PAE are presented in table f.at fo andf,. for the two

versions of the power amplifier.

Table 1. Measurements results within package neterplans of both amplifiers

M easur ed Results with Optimized Second M easurement Results without Optimized Second
Har monic L oad Har monic L oad
Frequencies | fmin fo frnax fmin fo Frnax
Pin (dBm) 28.5 28.3 28.5 28.6 28.4 28.3
Pout (dBm) 43.7 43.1 43.1 42.8 42.6 41.9
Gain (dB) 15.2 14.8 14.6 14.2 14.2 13.6
PAE % 69 63 67 57 55 52

The best performances in terms of output powem gaid PAE are obtained in the case of the powelifienfor
which the 2% harmonic output load was optimized. ff,, fo andf... the power added efficiency shows an increase of
12, 8 and 15 points while the output power enhamecens between 0.5dB and 1.2dB. For all presengsdlts,
compression gain is between 2dB and 2.5dB. OveR@% bandwidth, the optimised power amplifier destmates
more than 63% PAE, 20W output power (>8.5W/mm) &Ad dB gain. The peak power added efficiency (6896)
obtained af;,, with 43.7dBm output power (9.7W/mm) and 15.2dB pogen.

Besides performances, the comparison between the@ower amplifiers allows us to quantify the impatbptimised

2" harmonic controlled on 20% bandwidth in S-Band.

PACKAGING ISSUES

A Test fixture with input and output lines has beealized to receive the package. An electricakpge model [7] has
been extracted from on-wafer and test fixture Sxpeter measurements. S-parameters within packésgemee planes
were calculated by de-embedding the input and auipess of test fixture. The electrical model (figu4.a) has been
fitted and compared to de-embedded S-parametets, G@in and ground bond wires are respectivelgeted by
equivalent inductors Lg, Ld and Ls. Mutual inductes are accounted for the inductive coupling betwssth drain



wires (M2) and between gate and drain wires (MBpdaitances (C1) represent input and output leadds, which
are connected by a coupling capacitance (C2). @oh&AE circles have been simulated within refeeepackage
plane aff;, for two characteristic impedances of lead-franigu(e 4.b). In this package, the characteristicadance

is around 8Q. If the line width of lead-frame decreases, theiement capacitance (Cl) is lower. Two packaged
transistor simulations were performed foR&nd 14Q lead-frame characteristic impedances. Thus, &maller width

of lead-frame, constant PAE circle is wider so thgiedance matching at fundamental becomes easier.

Constant PAE circle > 50% simulated with /
8 Q lead-frame impedance characteristic

Constant PAE circle > 50% simulated with..
14 Q lead-frame impedance characteristic

(4a) (4b)

Fig. 4. Equivalent circuit of ceramic package (4@j)nstant PAE circles comparison within referepaekage plane
for two lead-frame impedance characteristick,at(4.b).

CONCLUSIONS

This paper reports the comparison of two desigrhoulogies with and without controlling thé&%harmonic output
loads in 20% bandwidth in the case of high poweckpged GaN HEMT. Besides performances, the power
measurements of both power amplifiers allow us uantjfy the impact of optimized"2harmonic on power added
efficiency and the capability of reaching wider mging bandwidths. These results are strong prowgiand open many
directions of improvements such as matching archites, operating bandwidth and device size.

The package used for power amplifier design isroh@ importance. Studies will be realized to deiaerthe most
appropriate package contingent on chip charadtesist
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