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ABSTRACT

An ultra low noise W-band monolithic
three-stage amplifier based on 0.1 pm pseu-
domorphic InGaAs/GaAs HEMT devices has
been developed. This amplifier has a measured
noise figure of 3.5 dB with an associated small
signal gain of 21 dB at 94 GHz. This is the best
reported performance of a monolithic W-band
high gain LNA and shows significant improve-
ment compared with previous records in terms of
noise figure and associated gain. The success of
this LNA development is attributed to the excel-
lent device performance and a rigorous
design/analysis methodology. The state-of-the-art
MMIC performance shows great promise of the
emerging technology for low cost W-band
receiver applications.

INTRODUCTION

Monolithic millimeter-wave integrated cir-
cuits provide significant advantages of small size,
repeatability and low cost at high volume over
the conventional hybrid integrated circuit com-
ponents for millimeter wave radar, electronic war-
fare, smart weapon, and radiometric system appli-
cations. The low noise amplifier (LNA) is a key
component in the receiving chain of these
systems. The motivation of this work was
achieving state-of-the-art performance of a
monolithic LNA in W-band to improve the per-
formance of existing systems and enable new
applications.

Both GaAs and InP based high electron
mobility transistors (HEMTs) have demonstrated
good gain and noise performance in W-band
[10]-[13]. Although the InP based discrete
HEMTs show better performance at W-band or
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higher frequencies [10]-[14], the maturity of
MMIC fabrication using GaAs based HEMT
technology is more advanced than using InP
based HEMT technology. In fact, no comparable
state-of-the-art W-band monolithic InP-based
LNAs have been reported to date. A W-band
monolithic three-stage LNA based on 0.1 pm
pseudomorphic (PM) InGaAs/GaAs HEMT tech-
nology has been designed, fabricated and tested.
The LNA chip has demonstrated superior perfor-
mance: 21 dB gain and 3.5 dB noise figure at 94
GHz without any tuning. The highest gain of
W-band monolithic LNA reported before was a
four-stage design which showed 23 dB gain {8].
However, the operating frequency and noise
figure were not clearly indicated. The best noise
figure of a 94 GHz monolithic LNA achieved
previously was a one-stage design with 3.5 dB
noise figure [9]. The results reported in this
paper not only are the best multi-stage monolithic
LNA performance at W-band frequency at
present time [1]-[9], but also rival the recently
reported hybrid LNA results [10]-[13] using both
PM and lattice-matched HEMTs. Accurate
modeling techniques were essential to the success
of this monolithic circuit design, which included
active device and full-wave electromagnetic (EM)
analysis of passive matching structures.

DEVICE CHARACTERISTICS AND

MODELING

The devices reported in this paper have been
optimized for high gain operation at W-band.
The 22% PM InGaAs HEMT uses planar doping
to achieve high channel aspect ratio as well as
higher electron transfer efficiency. The MMIC
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fabrication process used for this work has been
previously reported [13]. A cross-section and the
SEM photograph for the gate area of the HEMT
device are shown in Fig. 1. The 0.1 um T-gate
PM InGaAs HEMTs fabricated using this pro-
cess typically have a transconductance of 670
mS/mm with an f, as high as 140 GHz. The
discrete HEMT device DC vyield in process con-
trol monitors (PCMs) on this 3" diameter GaAs
wafer is 83%. This process has demonstrated
excellent yield and reproducibility over the past
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Fig. 1. (a) The profile and (b) the SEM photo-
graph for the gate area of the 0.1 um PM
InGaAs/GaAs HEMT device.
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two years and is presently transferred to produc-
tion in our manufacturing process line.

The HEMT linear small signal equivalent cir-
cuit parameters are obtained from careful fit of
the measured small signal §-parameters to 40
GHz. Noise model parameters used for simula-
tion are obtained from fitting measured noise
parameters to 26 GHz. These parameters are
consistent with an estimation based on device
physical dimensions and parameters. A set of
specially designed on-wafer calibration standards
consisting of co-planar wave-guide (CPW) open,
short, load and through which have the same feed
patterns as the device to be tested are modeled
carefully via a full-wave EM analysis {15]. The
measurement accuracy can be ensured by using

" these calibration patterns, thus improves the accu-

racy of the frequency extrapolation model to W-
band. The details of this modeling procedure
was documented in [2].

MONOLITHIC CIRCUIT DESIGN

Fig. 2 shows a photograph of the complete
monolithic three-stage LNA with the chip dimen-
sions of 3.2 x 1.2 mm?. Each stage utilizes a 40
um HEMT with four gate fingers. The circuit is
designed for low noise figure based on reactive
matching technique. The matching networks are
quasi-low pass filter structures and realized by
cascade high-low impedance microstrip lines on
100 wm thick GaAs substrate. Edge coupled
lines are used for DC block and radial stubs are
employed for RF by pass. N* bulk resistors are
used to ensure bias network stability, and reactive
ion etching (RIE) process is used to fabricate
back side via holes for grounding.

A design procedure using full-wave EM
analysis [15] for the passive structures to elim-
inate the uncertainties due to quasi-static models
was incorporated with the W-band monolithic
LNA development. The design methodology was
also described in [2].

MEASUREMENT RESULTS

The three-stage monolithic LNA were meas-
ured in a WR10 waveguide test fixture. Anti-
podal finline transitions on 125 pm thick fused
silica substrate are used to couple the signal from
waveguide to microstrip. The insertion loss of
this transition fixture with a back-to-back transi-



Fig. 2. Photograph. of the W-band three-stage MMIC LNA.,

tion connection is 1.4 dB from 91 to 97 GHz as
shown in Fig. 3. The measurement results of the
LNA described below were corrected assuming
half the back-to-back insertion loss (0.7 dB) is
attributable separately to the input and output of
the circuit under test.

The measurement data from 91 to 97 GHz
are presented in Fig. 4. Noise figure is better
than 4 dB and the associated small signal gain
greater than 20 dB across the band. At 94 GHz,
it demonstrates 21 dB gain and 3.5 dB noise
figure. The noise and gain variation are within
0.5 and 2 dB across the band, respectively. The
data was taken under the bias condition at a drain
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Fig. 3. Measured insertion and return loss of the
finline transition.
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Fig. 4. Measured results of the W-band three-
stage MMIC LNA, including noise figure and
associated small signal gain from 91 to 97 GHz.

voltage of 2.5V and a gate voltage of OV for
each stage. Another chip on the same wafer was
also measured. The noise figure is similar to that
of the first chip but the associated gain is 1 dB
lower. The improvement of noise performance
compared to previously published results [2],[9]
is due to the improved noise match. The success
of this second design iteration also shows the
reproducibility of the MMIC process.



SUMMARY

We have demonstrated a W-band monolithic
three-stage LNA with state-of-the-art perfor-
mance. At 94 GHz, a small signal gain of 21 dB
and a noise figure of 3.5 dB was achieved. The
excellent device characteristics together with the
high yield capability and rigorous design/analysis
methodology are the foundations of this success-
ful MMIC development. The superior results of
this monolithic LNA also enable many system
applications at this frequency, such as smart mun-
ition and radiometers.
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