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Abstract channel recess width of 1.5 um were found to result in the
Performance and reliability data for harmonically- best combined dc and RF performance. A unit gate finger
terminated, high-efficiency microwave power amplifiers width of 250 um was found to be optimum for L&S-band
designed from active harmonic loadpull data utilizingoperation. The 0.3 um gates were formed by e-beam
high breakdown voltage AlGaAs/InGaAs/GaAs pHEMTslithography and depdson of Ti/Pt/Au metalization.
are reported. Single stage MIC amplifiers fabricated wittSilicon nitride was deposited 100A) for device
2x25 mm gate width pHEMTS resulted ig =20 W and  passivation. The wafer was thinned to 50 um and
PAE=66% at 1.5 GHz and 2.2 GHz. Balanced hybridPackside vias were formed by wet chemistry. Devices
amplifiers with these modules have been fabricated whiciere fabricated with total gate periphery of 0.5 mm to 25
have RyuF40 W and PAE=64%. To the authors’ MM.

knowledge, this is the highest combination of reliable—— -
output power and efficiency ever achieved with pHEMTCIreult FI\ZI?-(IJI POL;tV((;N) Ldg gain é\,&gE %
devices. Single stage amplifiers fabricated with a sing!i . (MHz) | @ S | (dB) (%)
5mm or 10 mm pHEMT gave Jag=2 W and 4 W, | L-driver igég 4 17 2
respectively, with PAE=72%. All of these output powers— .
are at power densities 6f4 Wmm. These devices have L-output 115555 20 15 66
undergone dc and RF lifetests with good results. This -
GaAs-based pHEMT device technology supports amplifie?"hybrld iggg 40 15 64
module designs in the 1-20 GHz frequency range. Sdrver T2170- 12 16 =5

. 2200
Introduction:

High efficiency power transistors are a criticaml\s'oumUt 22210700' 20 14 66

building block of space-based, solid-state high-power
amplifiers  (HPAs, SSPAs). A large number of tapie 1: Summary of L and S-band CW amplifier performance.
applications exist at L through K-bands (1-20 GHz).
Competitive tebnologies that have demonstrated peayice and Amplifier Performance:
comparable but lower efficiency at L to C-band are GaAs Fi ;

gure 1 shows histograms qf land |BVvgd| for
MESFET an_d GaAs HFET. 'I_'he GaAs—ba;eda recent wafer run. The dc data on these devices shows
pseudomorphic HEMT (pHEMT) promises the best high,,minal ac470mAmm (at \Ys=+1.0 V), gate-drain
power, high efficiency performance [1-6]. One drawbac reakdown voltage (source floating) of  [BVgd|=20 V

to this technology has been low breakdown voltage [1-6] > i 4
which affects device reliability. In this work, device data’(measured atdh=0-1 mA/mm; more conservative than

amplifier design information, amplifier performance data,the industry standard 1 nilim), and an operating

and reliability results obtained using a high-tigwvn  transconductance of §250 mS/mm @ 100mA/mm.  For

voltage pHEMT device technology [7-9] are reported. ~ all wafer lots, |B\jd| for passivated devices was
consistently in excess of 18 V, with some samples as high

Device Structure: as 25 V. The repeatability and scaling of high kdeavn
The double-doped BAloGay 76hs voltage is a critical device parameter for performance and
. ' reliability.

Ing.155a).85As / GaAs pHEMT structure is grown by

molecular beam epitaxy (MBE). This process has beegayice models extracted. The gate-source capacitance,
described elsewhere [7-9]. The specific contact resistan is ~1 pF/mm. The fof the process is nominally 30
s " t

is 0.25 ohm-mm. A source-drain spacing of 4 um ang{; at vds=7 V and 50 mA/mm (class AB) bias.

S-parameters of the devices were measured and
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In-fixture power measurements were performed The load gammas measured for the 5 mm
on 5 mm gate periphery devices using an active load-pupHEMT at 2.185 GHz were 0.6 @ 160° for thé 1
CW measurement system similar to the one reported iharmonic and large reflections>0.9) at +40° and —150°
[10] at 1.5 and 2.2 GHz. The in-fixture (corrected to bondor the 2* and 3 harmonics, respectively. This set of
wire reference plane) measured output powgifPand impedances results in a (dominantly) class E amplifier.
PAE was 2 W (0.4 Wnm) and >75%, respectively. In This type of amplifier is characterized by high impedance
attaining the high PAE (approaching 80%), 2nd harmoni¢erminations at the higher harmonics, and a fundamental
tuning and 3rd harmonic tuning improved PAE 8-10% andnatch such that the voltage and current waveforms switch
2-3%, respectively. The data obtained with thiscompletely out of phase. A lowpass output network was
measurement system assumes a conjugate input match fynthesized to give the same impedances as in the
the device. When devices were tuned for higher outpupadpull measurement. For the input matching network, a
powers (0.5 Vlimm), device PAE dpped to <70%. Our 2-pole lowpass design was implemented with an R-C
findings show that lower power densities (and the highedlamping network on the gate to make the amplifier
load impedances associated with them) at a given dra@ritically stable in-band (1.1<K<1.5, B1>0) and
voltage are necessary to obtaining high PAE operation. overdamped elsewhere. A photograph of the fabricated 5

mm S-band pHEMT driver amplifier is shown in Figure
120_""I""I""I""I""I"" 2a.
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vgdbr (V) Figure 2: Photographs of two L&S-band pHEMT
amplifiers: (a) shows a 2 W, S-band driver module and (b) a 20 W
(b) L-band output module.

Figure 1: Histograms of (a) maximum channel current, Imax and (b)
gate-drain breakdown, Vgdbr for a pHEMT wafer.
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For the 20 W designs (2x25 mm devices), the 510.5 W at 14 dB NPR with 46% PAE (Figure 3). The
mm fundamental loadpull impedance values were firSbutput power and PAE vs. drain voltage is shown in
transformed to the Cripps impedance [11] by adding th@"igu_re 4. This data shows an amplifier with output

5mm device drain—source capacitancg, i@ parallel and

power of 16 W and ~70% PAE at 6 V. At 8 V, the

the drain series inductance and resistangeaid R) in
series. The scaled 50 mm values fqf C, and R were
then removed from the Cripps impedance, for which a
distributed network was synthesized. For then@rmonic
impedance, we attempted to reach the +40° phase angle of
the loadpull measurement, and the closest we were able to
realize in the space available was +90°. The
unconditionally-stable amplifier has an input networkE
with 1 pole (L-C lowpass) and a power divider. Thez
2x25 mm L-band output amplifier is shown in Figure 2b.
The balanced 40 W design consists of 2 of the 20 Wg
modules power combined by Duroid Wilkinson dividers
with 90° of extra phase length in opposite 50 ohm feeds to

45 r
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data shows 22.5 W power out at 66% PAE.
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balance the amplifier.
performance of all the L and S-band designs
summarized in Table 1.
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Figure 3: Measured large signal power and linearity curves for the
20 W L-band output amplifier.

Linearity measurements (two-tone
(spacing=2 MHz) and noise-loaded (noise BW=34
MH?z)) were made on the amplifiers. For the L-band
output amplifier, the noise-loaded output power was

The measured RF power i 7

41
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Figure 4: Output power and PAE vs. Vds for two L-band
“20 W” output amplifiers.

40 60

Thirteen 20 W L-band pHEMT amplifiers were
assembled and measured with devices from 2 different
wafer lots. Similar performance to that reportdub\ae
was obtained for each of these amplifiers, with average
Pout=20 W and average PAE=65.5%, as seen in Figure 5.

On all of the designs, all MIC circuitry was
printed. For devices of a given wafer, small adjustments
were made to the basic design with either wire bonds
across tuning pads or varying bond lengths on the semi-
automatic bonder. Once the circuit was optimized for
each wafer, all modules were assembled the same way.
This procedure yielded optimal results with a minimum of
circuit tuning. All of the quoted amplifier results were
made in a system calibrated from coaxial connector to
connector with Y measured external to the circuit.
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Reliability:

PHEMT devices and amplifiers have undergone
— | ] dc and RF lifetests [9].
For the dc lifetest, 1 mm gate periphery devices

E%&‘% LT were stressed at baseplate temperatures of 230°C and
B % ] 250°C. The test coitibns were such that the estimated

average channel temperatures were ~30°C higher. DC
reliability tests showed a MTTF aR50°C baseplate
temperature of 2500 h. The 230°C baseplate testdilire s
ongoing, but based on current data, the activation energy
is at least 1.2 eV. At 105°C, the MTTF is >2e7 h.

1 RF lifetests were conducted on C-band amplifiers
VassTY built with devices from this same process. The C-band
2W amplifiers from [9] have been put on both ambient
and elevated temperature (150°C baseplate) lifetests and
have now accumulated 7“200k device-hours. The
(a) amplifiers are being operated at voltages froga7 to 9

V and "3 dB gain compression.gft remains unchanged

(i.e. no power slump has been observed).

RF step stress tests (steps in drain voltage) were
conducted on the C-band 2 W amplifiers and the L-band
20 W amplifiers. Each step was either 500 or 1000 h.
Results show that there is at least 2 V of drain voltage
margin over our nominal operating Vds of 7 V before any
device degradation is experienced (i.e. Vds=9 V).

Frequency (GHz)

Conclusions:

High breakdown voltage (20 V gate-drain @ 0.1
mA/mm), high-power GaAs-based pHEMT device
technology for the 1-20 GHz frequency range has been
reported. Fabricated L and S-band power amplifiers
attained ByE20 W @ 0.4 Vimm with PAE >65%.

: . Hybrid combined 40 W L-band amplifiers with 64% PAE
152 1528 153 1504 1552 15 were demonstrated. To the authors’ knowledge, this is the
Frequency (GHz) highest combination of output power and efficiency ever
achieved with pHEMT devices. Multiple dc and RF
) lifetests have. be_en completed with these_ devices/circuits
Figure 5: Data showing output power (a) and PAE (b) for 13 of the ~ @nd results indicate that they are reliable for space

L-band output amplifiers. applications. These devices, circuits, and associated
packaging are production-ready and available for insertion
Packaging: into our space-based solid state power amplifiers.
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