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Abstract- Atmosphenc sCience and weather forecasong 
reqUIre measurements of the temperature and humidity vs. 
altitude. These soundIng measurements are obtaJned at 
frequencies close to the resonance frequencies of oxygen 
(118 GHz) and water (183 GHz) molecules. We have 
charactenzed a broadband amplifier that WIll Increase the 
sensitivity of soundIng and other instruments at these 
frequencies. This study demonstrated for the first t1me 
cononuous low nOIse amphficatlOn from 100 to 180 GHz. 
The measured InP monohthlc mIlhmeter-wave Integrated 
circwt (MMIC) amplifier had more than 18 dB of gain from 
100 to 180 GHz and 15 dB of gllln up to 220 GHz. This is 
the widest bandWIdth low nOise amphfier result at these 
frequencies to date. The ClTcwt was fabricated In Northrop 
Grunimail Corporation 35 nm InP high electron mobihty 
transistor (HEMT) process. 

Index Terms high electron moblhty transistors 
(HEMTs) , indium phosphide, milhmeter wave field-effect 
trapslstor (FET) amplifiers, monohthlc mtlhmeter wave 
Integ low noise amphfier, MMIC. 
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1. INTRODUCTION 

The atmospheric sCiences and weather forecasting have 
received significant attenoon In recent years due to 
humcailes and predicted global chmate change. These fields 
of research require contmuous measurements that are 
obtained from both rurplanes and satelhtes. The repeat rate 
of the full synthesized image is strongly dependent on the 
sensitivity of the mstrumentaoon for the measurements. For 

this purpose we have charactenzed a recently developed InP 
LNA MMIC over a broad frequency range. Additionally, the 
InP LNA MMIC enables highly sensitive instruments for 
several other apphcaoons. 

The MMIC charactenzation mvolved on-chip measurements 
at several waveguide bands from 75 GHz to 220 GHz. At 
these frequencies the measurement probes are only available 
With waveguide connecoons. We measured more than 80 
GHz of bandWIdth from 100 to 180 GHz from these LNAs. 
Several amplifiers at 100 to 200 GHz frequency range were 
reported previously [1]-[3], however, their usable operating 
frequency range was hmtted to 10 to 20 %. We demonstrate 
60 % of operaong frequency range. This IS the WIdest 
bandWidth low noise amphfier result at these frequencies to 
date. 

2. MILLIMETER WAVE INSTRUMENTS 

The 100 to 180 GHz frequency range has a number of 
mterestlng applications for low nOIse amplifiers. These vary 
from remote sensmg to astrophysics instrumentation, lartding 
radars and Imagers. 

A. Geostationary Mzcrowave Sounder 

A geostatIOnary mtCTOWave sounder is recommended In the 
NASA decadal survey of Earth science DllSSIOns. This 
Precipitaoon and All-weather Temperature and HUDlldtty 
(PATH) sensor WIll have a pnmary missIOn of observing 
hurricanes and severe storms. The Geostationary Syntheoc 
Thinned Aperture RadIOmeter (GeoST AR) concept 
developed under the Instrument Incubator Program of ESTO 
IS the only sensor that can meet the PATH mission 
obJectives. The sensor would operate In two spectral bands: 
near 50 GHz, WIth 4-6 channels, for temperature sounding 
and near 183 GHz, WIth 4-5 channels, for water vapor 
soundmg. That would give the same funcoonallty and 
capablhties as provided With current and future LEO 
sounders, such as the AMSU mstruments. Table 1 



summarizes the data products that can be generated With 
such a sensor system - thIs lIst corresponds to baselIne 
capabilIties eqwvalent to products generated With eXlstmg 
LEO systems (except for temporal and spatIal 
characteristics) [4]. 

Table 1. BaselIne capabIlitIes [4] 

BAmlNE GEOSTAR. DA7A PR.ODDrIS 

Parameter Hmiz. Va'bCaJ. T= Atx:uDt:y 
(km) (kmJ 

1b(SOGHz) SO NlA 3 perch <lK 
1b (183 GHz) 15 NlA 5 perch <lK 
'Ii SO 2 -10 2K 
Water vapor 15 3 -20 15% 
I.utm4 water 15 4 -20 40% 
TPW 15 NlA -20 10% 
LWC 15 NlA -20 20% 
SST 50 NlA -10 2K 
Stabi1ilv iDdct SO NlA -20 N1A 

In adchtIon, a number of experimental products are under 
development that will have particular applIcabIlity to 
humcanes and severe storms. A selected lIst IS shown 10 

Table 2. These observatIons and derived products wIll be 
generated contInuously, day and rught, With a temporal 
resolution of 10-20 mmutes 10 the central focus area. The 
"expenmental" products include parameters that can 
currently only be produced from precipitation radar systems: 
rain rates, atmospheric ice content, convectIve mtenslty, but 
analysis of microwave sounder data from recent humcane 
field campaigns mdlcate that the radiative effects of 
scattering from Ice 10 deep convective systems IS SImIlar to 
the backscatter observed by radar - although With a lower 
vertIcal resolutIOn. 

Table 2. ExperImental capabilItIes [4] 

Pawndrr Hor.IES Verbcal T= kaJraq 
(Ian) (Ian) 

. RamJll1l: 2S NlA(2) 20 'ISD 
Ccmvi!dive 2S NlA(2) 20 'ISD 
in1aisltV 

IWC 25 N1A(2) 20 'IBD 
Wmdwc:tor 25 2 30 'IBD 

B. Radiometnc lmagmg of Troposphenc Temperature and 

Preclpitation 

The typical mIcrowave soundmg satellites use pnmanly the 
60 GHz oxygen line for temperature soundmg, however, 
there are several advantages to be gamed from observations 
near the 118.75 GHz oxygen lIne. For fixed aperture 
dImensIOns, a diffraction-lImIted 118 GHz system will Yield 
tWIce the spatIal resolutIon of a slffillar 60 GHz system. 
Additionally the sensltlVlty to clouds and precipitatIOn at 
118 GHz is typically greater than at 60 GHz. ThIs greater 
sensitivity to hydrometeors enables improved detection of 
regions of heavy cloud and precIpitatIon relatIve to that 
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avaIlable usmg 60 GHz frequency window or soundmg 
channels. This feature, along With the higher spatIal 
resolutIOn available from diffraction-limIted 118 GHz 
systems permIts relatively weak precipitation cells to be 
remotely probed, partIcularly those over land [5]. 

When the 118 GHz observations are used in conjunctIon 
With 60 GHz oxygen channels, the differential hydro meteor 
sensitivity prOVides an additIonal degree of observational 
freedom related to lIqUid and frozen water density [5]. The 
60 GHz and 118 GHz soundmg channels prOVide more 
stable, more accurate, and less biased retrievals than Window 
channels at e.g. 150 GHz - in partIcular, over land surfaces 
and With regard to snowfall. Average performance estimates 
show that if sounding channels are used, 80% of all 
retnevals are wIthIn 100% error lImIts and 60% of them are 
Within 50% error Ilffilts With regard to ramfall. For snowfall, 
the sounding channels produce 60% of all retrievals With 
errors below 100% for rates smaller than 1 mm hoi, and 
50%-80% of the cases have errors below 50% for more 
intense snowfall. [6]. 

C. Cosmlc Mlcrowave Background Imagers 

The COSmIC mIcrowave background (CMB), provides a 
wealth of informatIon about the early universe and Its 
constituents. PolarizatIon of the CMB can trace the gravity 
wave history of the uruverse provldmg a glimpse into the 
first mstants after the Big Bang. The polanzatIon SignalS of 
gravity wave ongin are expected to be at least 10 tImes 
dimmer than any presently detected CMB signal. Arrays of 
ultra-low-nOIse detectors are needed to measure these 
Signals. 

The CMB IS bnghtest at frequencies 10 - 150 GHz, where 
amplIfier technologies prOVide state-of-the-art performance. 
For ground based observatIons the window channels at 40, 
90 and 140 GHz are OptImum due to the low atmospheric 
attenuatIon at these frequencies. To thiS date the 40 aild 90 
GHz channels have been used 10 several LNA based 
expenments [7], however, the LNA technology has not been 
suffiCiently low nOIse at 140 GHz range. Thus, by adding 
the 140 GHz LNA capabilIty the complete CMB 
measurement can be carned out usmg cryogenically cooled 
(T=20 K) loP MMIC LNAs. ThIs IS a great advantage for 
space based measurements where the power for coolers is 
always Ilffilted. 

D Mlllimeter Wave lmagmg Systems 

Passive mIllImeter wave cameras at 140 GHz prOVide 
advantages for real tIme imager of the observed scene. The 
140 GHz loP MMIC LNAs make it feasible to build 
mIllimeter wave video cameras at the 140 GHz atmospheric 
transmIssion window. The 140 GHz would consume less 
power than 35 and 94 GHz cameras and would have either 
higher resolutIon for the same aperture, or the aperture could 
be 33% smaller (and the camera even smaller by volume) 
for the same resolution. A key disadvantage of the 140 GHz 



camera is the reduced scene contrast due to the warmer sky 
temperature at 140 GHz, especially under cloudy skies. 
However, for some mlssions, 10 particular that of 
surveillance from an arrborne (aIrplane or UAV) platform, 
the improved spatial resolutIOn can offset this lower contrast 
through the Improved beam fill factor resultmg from the 
smaller beam footpnnt. [8]. 

E. Landmg Radar 

Safe, precise landing on planetary bodies requires 
knowledge of altitude and velOCity, and may reqwre active 
detection and aVOIdance of hazardous terrain. Radar offers a 
superior solution to both problems due to Its abilIty to 
operate at any tIme of day, through dust and engme plumes, 
and abilIty to detect velocity coherently. Future space 
mlSSIOns requinng high preciSIOn veiocimetry must 
overcome problems of terrain interactions whIle maintammg 
a reasonable sensor footpnnt on the landing vehicle; for that 
reason G-band (160 GHz) radar veiocimeters are 
advantageous. A G-band radar can achieve extremely high 
accuracy and precision (sub 10 cmls) from a reasonable 
antenna size. Future hazard detection reqwrements of sub
degree resolution with nearly 30° field of view reqwrement 
also point to phase arrays at slmllar frequencies. [9] 

3. LNA TECHNOLOGY 

The LNA technology is based on deVices With suffiCiently 
high gam at the targeted operatmg frequency. The 35 om 
~ deviCe technology epi wafers were grown by MBE and 
employed a pseudomorphIc !no 75Gao 25As channel, a silicon 
delta-doping layer as the electron supply, an IIIo52Alo48As 
buffer layer and an InP substrate. Room temperature 
electron mobility over 12000 cm2N.s was achieved With a 
sheet charge of 3.5x1012 cm-2 Excellent DC charactenstlc 
of the HEMTs included a peak Gm of 2000-mS/mm (Fig. 1) 
and a breakdown voltage over 2.5V. The output 
conductance IS also well controlled by a carefully optumzed 
gate recess etch and epItaxial structure deSign. The gate was 
formed with over 85% Yield and excellent uruformIty [10]. 

The result of combmmg the high performance epi profile 
and aggressive gate IS a deVice With excellent RF 
charactenstlcs. Shown 10 Fig 2 are the measured H21 and 
MAG for a two finger deVice With penphery of 30-1Jm. The 
measurements were taken on an unthinned substrate With the 
deVices 10 a coplanar configuration. Measurements were 
taken with an on-wafer extended reference plane calibration 
With the reference planes of the measurement placed at the 
device feeds. Extrapolated fT from the H21 trace IS -450-
GHz usmg 20-dB slope/decade and the extrapolated MAG 
of the device at 180-GHz is -iO-dB. 
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Fig. 1. The measured DC Gm, Ids and Igs for a 40 urn InP 
HEMT deVice [10] 
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Fig 2 The measured 1 to 110 GHz S-parameters were used to 
calculate these H21 and MAG values for a 30 Ilm InP HEMT 
deVice at a dram bias of I V and Ids of 300 mAlmm [10] 

The LNAs were developed based on this deVice technology 
With microstrip transmission lines on 2 md thick substrate 
[11]. The design mcorporated two-finger HEMT devices 
having gate widths of 15 J.LID each, for a total gate periphery 
of 30 J.LID. The simulated results for the three stage LNA 
mdicate continuous gam from 60 GHz to 200 GHz at higher 
than 15 dB level and noise figure of 2.5 dB from 100 to 180 
GHz. Each microstrip matchmg network was separately 
modeled usmg the ADS Momentum electromagnetic 
SImulation tool. 

4. ON-WAFER MEASUREMENTS 75-220 GHz 

Our S-parameter on-wafer measurement capability extends 
from DC to 340 GHz With dedicated extension modules for 
each frequency band [11]. These Oleson Microwave Labs 
(OML) vector network analyzer extension modules have a 
IImlted frequency range each, so to charactenze a broadband 



amplIfier several separate measurement need to be carned 
out. We measured the response of the amphfier with WR-I0, 
WR-08 and WR-OS extensIOn modules that were mterfaced 
to 100-~, 100-~ and 80-/J.IIl pitch wafer probes, 
correspondingly, from GGB IndustrIes. We used a short
open-Ioad-thru (SOLT) calibranon procedure With a 
standard GGB CS-IS alumma substrate for the two higher 
frequency ranges and SOLT calibranon With GGB CS-OS at 
the lowest frequency band. The output power of the extender 
source at the LNA mput Side was reduced to aVOId 
compressing the LNA. TIus reduced the aVailable dynamIC 
range at the lower and hIgher end of the extender frequency 
range. 

The amplifier demonstrated over 18 dB of gain from 100 
GHz to 180 GHz as IS shown m Fig. 3. Furthermore, there is 
gain beyond 220 GHz at hIgher than IS dB level. ThIs 
measurement and the three other S-parameter results shown 
in FIg. 4 to Fig. 6 are composed of the WR-IO (7S to 110 
GHz), WR-08 (90 to 140 GHz) and WR-OS (140 to 220 
GHz) test results. The mput return loss (FIg. 4.) IS 4-12 dB, 
except for a I.S to 2 dB value at lOS GHz. The output return 
loss is 4 dB at lOS GHz, however, beyond that frequency It 
IS better than 12 dB. The LNA has more than 30 dB reverse 
isolation over the whole frequency range (Fig 6 ) 
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Flg 3 The measured gam of the broadband MMIC LNA at 75 
to 220 GHz frequency range 
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Flg 4. The measured mput return loss of the broadband MMIC 
LNA at 75 to 220 GHz frequency range 
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Fig 5 The measured output return loss of the broadband 
MMIC LNA at 75 to 220 GHz frequency range. 
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Flg 6 The measured reverse lsolauon of the broadband MMIC 
LNA at 75 to 220 GHz 

Flg. 7 Photograph of the measurement of the broadband MMIC 
LNA 

These result were obtamed With a total dram current of Id = 
27 rnA for the three stage amphfier. The dram voltage was 
Vd = 10 V. ThiS power consumpnon of 27 mW was 



reduced to 17 mW by reducmg the drain voltage to 0.7 V 
and the drain current to 24 mAo The gam reduced only by 1-
2 dB at this low power bias setting. Fig. 7 shows the 
measurement test set-up With the LNA under measurement. 
In order to suppress low-frequency « 1 GHz) gain and 
potential oscillations which are commonly observed with 
very high frequency transistors, we had GGB mdustnes 
mount bypass capacitors right at the tips of the gate DC 
needles. The fIrst deVice m the LNA has a separate gate 
control and the second and third stage deVices gates are 
connected together on the chip. The drains of all three 
devices are connected together, so for the dram blasmg we 
used a single C03.Xlal probe that has inherently low 
Impedance (50 Ohm). 

5. CONCLUSIONS 

We have demonstrated the on-wafer charactenzatIon of a 
broadband mIllimeter wave InP MMIC LNA. For the fIrst 
tIme contInuous low nOIse amplification was shown from 
100 GHi: to 180 GHz. The amplIfier had more than 10 dB 
gain over the whole measurement range from 75 to 220 
GHz. Applications of this work include low noise receivers 
for atmospheric soundmg and mIllImeter wave Imagmg and 
radars. Future work will mvolve on-wafer charactenzatIon 
of Its nOIse figure. 
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