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Abstract - This paper qxwts on the first 95 GHz 
metamorphic HEMT power amplifier demonstration 
including power as a function of temperature. Two power 
MHEMT materials with 53% and 53%/43% indium 
channels are investigated showing a slight advantage to the 
split channel material. At 95 GHz, Gmsx values ranging 
8.25-10.8 dB are shown for both materials. Single stage 0.15 
mm periphery amplifiers using single 4 x 31.5 pm FETs show 
> 10 dB small signal gain. Two dB compressed power data at 
95 GHz yields 15.3 dBm (224 mW/mm) and PAEs up to 
22.8%. Increasing temperature up to 8OC results in output 
power and PAE degradation of only 0.43 dB and 2.6 
percentage points, respectively. These promising results are 
on the path to 100-300 mW MHEMT power amplifiers at W- 
band with improved manufacturability over InP HE&IT. 

I. INTRODUCTION 

For high frequency power applications through W-band, 
the device trend has been toward improved channel 
confinement, higher electron mobility, shorter gate 
lengths, and higher breakdown voltage. Thus far these 
goals have been best met with InP HEMT due to its 
superior carrier transport characteristics and carrier 
confinement [l]. This is primarily due to the 53% high 
indium content InGaAs channel, which is lattice-matched 
to the InP substrate. In fact, the best 95 GHz power 
amplifier (PA) to date is a two-stage I&’ HEMT PA with 
1.28 mm output periphery yielding 427 mW power out 
and 19% efficiency from 1998[2]. Despite this success, 
commercialization of InP-based PAS have been limited by 
the fragility, small wafer size, and low volume InP 
substrates resulting in high cost per PA and poor 
reliability. 

Metamorphic HEMT or MHEMT allows a range of 
InGaAs channel compositions (30.80%) to be grown on 
GaAs substrates with a compositionally graded buffer 
layer (-1 urn). Although MHEMT offers a cost and 
manufacturability improvement over InP[3], its true 
advantage is the ability to tailor the InxGaAs composition 
for each application. Thus far GaAs-based MHEMT has 
shown exceptional millimeter-wave, low noise amplifier 
performance from 35 GHz[4] into W-band[S], and the 
reliability (-10” MTTF at 12X) to compete with InP 
HEMTs[6]. 

In this paper, the first 95 GHz MHE&lT power amplifier 
technology is presented including measured gain, power, 
and efficiency over temperature. Two approaches for 
power MHEMT devices are investigated with the 
predominant differentiators being 1) a 53% indium 
InGaAs channel replicating InP HEMT perfomance and 2) 
a composite 53%/43% indium InGaAs channel for 
improved breakdown voltage. In addition to an array of 
test FETs, two single stage amplifiers are designed around 
0.15 mm MHEMT devices with different matching 
networks (load targets). Both the single and split channel 
power MHEMT technologies are applied to these circuits, 
and show that MHEMT is prepared to rival the best InF’ 
HEMT in W-band power performance with high 
manufacturability. 

II. MHEMT MATERIAL GROWTH AND FABRKAT~ON 

The power MHEMT material growth and processing are 
variants of Raytheon’s standard low noise MHEMT with 
60% indium in the channel and 0.15 um gate length. On 
50 urn substrates, typical mobility levels are >lO,OOO 
c&‘Vs with transconductance values of 1000 mS/mm and 
Imax of 830 mA/mm. Typical drain-source voltage 
operation for this standard material is 1.5V which allows 
for state-of-the-art low noise amplifier performance 
through W-band but prohibits power amplifier 
performance due to its low on-state breakdown. 
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Fig. I. Epitaxial layer structure‘for (a) split channel and (b) 
single channel power MHEMT material. 
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To improve on-state breakdown voltage and thus 
operating voltage, a number of adjustments have been 
made to both material growth and processing. The new 
power MHEMT material has reduced indium in both the 
single (53%) and split channel (53%143%) versions. 
Reduced passivation and In&As layer have also been 
employed. Fig. 1 shows the epilayer stackup for split 
channel and single channel W-band POW3 
MHEMTmaterial. 

III. DEVICE CHARACTERIZATION 

Mobility, transconductance, and Imax for 60%, 53%, and 
53%/43% devices are shown in Table 1. Note that 
mobility is t 9000 cm*iVs and that on-state breakdown 
voltage (Igs=O.2 mA/mm @ Ids=lSOmA/mm) has been 
improved significantly to operate at 2.5V. 

TABLE 1. SUMMARY OF DEVICE CHARACTEFUSTICS 

DC and pulsed IV data is shown for a 4 x 37.5 urn device 
from the split channel power MHEMT material in Fig. 2. 
Drain-source current in mA/mm is plotted against drain- 
SOUIC~ voltage up to 4 volts. Gate-source voltage is 
plotted in 0.1 V steps from -lV to 0.8V. Pulsed (2.5 Vds, 
200 mA/mm quiescent bias) and DC data are 
superimposed showing agreement between the two, 
implying the device is not thermally limited and has a low 
trap density. 

In Fig. 3, pulsed IV characteristics of both single (dashed) 
and split channel (solid) power MHEMT material is 
compared as drain-source current (mA/mm) versus gate- 
source voltage at Vds=2.5V. For a given gate-source 
voltage the split channel material operates at a slightly 
higher current up to 0.5 Vgs. 

An array of FETs ranging from 2 x 37.5 to 10 x 60 um 
were fabricated and measured. Based on small signal S- 
parameters after TRL on-wafer calibration, Gmax is 
calculated and plotted in Fig. 4 at Vds=2.5 V, Ids=30 mA 
for the collection of test FETs. Gmax ranges from 8.25 dB 
to 10.8 dB at 95 GHz. Some general observations are 
additionally made from Fig. 4: 1) As the number of 
fmgers increases from 2 to 10, Gmax is reduced. 2) 
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Fig. 2. Pulsed and DC drain current (mA/mm) versus drain- 
source voltage (V) for the split channel power MHEMT 
materials. 
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Fig. 3. Drain current (mA) versus gate-source voltage (V) for 
both single (dashed) and split channel (solid) power MHEMT 
materials. 
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Fig. 4. Maximum available gain at 95 GHz for an army of test 
FETs ranging 2 fingers by 40 pm to IO fingers by 60 pm for 
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Shorter gate widths yield higher Gmax values. 3) 
Generally, the split channel (solid line) data yields higher 
Gmax values than the single channel (dashed). Some of 
the variation in the data may be attributed to calibration. 



both single (dashed) and split channel (sohd) power MHEMT 
material. 

IV AMPLIFIER DESIGN 
Single stage, 95 GHz, microstrip amplifiers are designed 
around 4x37.5km small signal device models created from 
standard (60% In) MHEMT measurements. Load line 
analysis from pulsed IV data is used for power design. 
Table 2 represents the range of load targets used for each 
single stage amplifier. Power estimates range 15-40 mW 
OI 105.270 mW/mm. Coupled line input/output matching 
networks are designed extensively with electromagnetic 
simulation to account for high frequency parasitics. The 
impedance loads materialized through the different 
matching networks are used to capture trade-offs between 
power, gain, and efficiency. DC bias is provided through 
separate gate and drain lines. 

TABLE TABLE 2. 2. 
SINGLE STAGE AMPLLFIER LOAD TARGETS (0.15 MM FET) 
Load Power Power Rapt Copt 
Line Density Estimate (Q*mm) 

(mW/mm) (“IW) “II”) 
1 105 16 1.7 0.6 
2 180 27 4 0.6 
3 270 40 6 0.6 
4 76 "6 

V AMPLIFIER PERFORMANCE 
In this section, two single stage amplifier designs are 
evaluated on both split channel (53%/43%) and single 
(53%) channel power MHEMT material. The difference 
between the hvo designs, referred to as cktl (Fig. 5) and 
ckt2 (Fig. 6), are the input and output matching sections. 
Cktl is gain matched and ckt2 is power matched with load 
line 1 from Table 2. 

Fig. 5. Photograph of single stage amplifier (&I) with 4 x 
37.5 pm FET with separate DC gate and drain bias. 

Fig. 6. Photograph of single stage amplifier (ckt2) with 4 x 
37.5 pm FET with separate DC gate and drain bias. 

A. Small signal s-parameters 

Small-signal s-parameter measurements are taken using 
the Agilent 85 1OXF network analyzer. With 1 mm coaxial 
cables and TRL calibration standards from 2-110 GHz, 
measured results are taken in one sweep from 2-110 GHz. 
Fig. 7 shows typical measured s-parameter data from cktl. 
This 0.15 mm periphery amplifier exhibits over 10 dB of 
small signal gain at 95 GHz at a bias of 2.5V, 200 
mAhun. S,, and Slz are at -15 dB at 95 GHz. 
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Fig. 7. Measured s-parameters from cktl on both single and 
split channel power MHEMT material. 

B. Power and Temperahm 

Power measurements are taken using a 95 GHz source 
with a calibrated waveguide-based power bench operating 
at CW. Measured output power, gain, and power added 
efficiency (PAE) are shown as a function of input power 
for cktl from the split channel power MHEMT material in 
Fig. 8. Three separate cktl amplifiers are measured and 
superimposed. At 3 dB compression, output power levels 
for the three circuits are 13.84 dBm, 14.22 dBm, and 
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14.26 dBm. Three dB compressed gain is 5.23 dB, 5.27 
dJ3, and 5.88 dB. PAE ranges 22.6% to 22.8%. 
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Fig. 8. Measured output power, gain, and efficiency as a 
function of input power for cktl single stage amplifier on split 
channel material. Three separate amplitier measurements are 
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Fig. 9. Measured output power, gain, and efficiency as a 
fimction of input power and temperature for ckt2 single 
stage amplifier on single channel material. 

Measured output power, gain, and power added efficiency 
(PAE) is shown as a function of input power and 
temperature for ckt2 from the single channel power 
MHEMT material in Fig. 9. Measurements are taken at 
25C, 4OC, 6OC, and SOC. At 80C and 2 dB compression, 
95 GHz output power has reduced by 0.43 d!3 to 14.84 
dEtm and PAE has reduced minimally by 2.6 percentage 
points resulting in a 14.5% PAE. At room temperature, 
this device produces 15.27 dEhn or 224 mW/mm, with 
17% PAE. Compared to cktl in Fig. 8 (gain-matched), 
ckt2 is power matched at a potentially non-optimal power 

load for this MHEMT material. Even better power 
performance may be achieved with a different load target. 

VI CONCLUSION 

In summary, this paper shows the first W-band MHEMT 
power amplifier development including power as a 
function of temperature at 95 GHz. Split channel 
(53143%) and single channel (53%) MHEMTs are 
compared, with both IV and power data showing stability 
over temperature. Single stage amplifier results show 
>lOdB small signal gain, while at 2-dEl compression, 
power levels of 224 mW/mm and 23% PAE at 95 GHz are 
demonstrated. MHEMT amplifier technology is well- 
positioned and on the path to rival InP HEMT at W-band 
with improved manufacturability. 
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