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Abstract — Four low noise amplifiers for D-band (110-170 GHz)
operation are presented. The amplifier circuits have been man-
ufactured using a 100-nm gate length metamorphic high elec-
tron mobility transistor technology. A good agreement between
simulations and measurements is verified by on-wafer measure-
ments. Selected amplifiers have been assembled into a split-block
waveguide module. The design and performance of the ampli-
fier modules are presented. The amplifier modules exhibit better
than 15-20 dB small signal gain with 6.0-7.5 dB noise figure. The
bandwidths range from 141-152 GHz to 130-170 GHz.

Index Terms — Millimeter wave amplifiers, MMIC amplifiers,
Integrated circuit packaging, Metamorphic high electron mobil-
ity transistors (MHEMT).

1. Introduction

Advances in the manufacturing of millimeter-wave mono-
lithic integrated circuits (MMICs) can open new possibili-
ties to exploit large bandwidths available above 100 GHz.
Low noise amplifiers have been developed up to 260 GHz
and the first circuits exhibiting gain at 300 GHz have been
reported [1]-[4]. Future applications above 100 GHz may
include wideband communication, environmental moni-
toring and millimeter-wave imaging.

An example application is the atmospheric water vapor
profiling using a radiometer for simultaneous measure-
ments at the water vapor resonance frequency 183 GHz
and at a window frequency within 140 to 165 GHz. In the
current generation of atmospheric sounders, heterodyne
radiometer architecture is used with Schottky mixers as the
first component after the antenna. The sensitivity of these
instruments could be improved with a low noise amplifier
(LNA), and even direct detection architecture is possible.
Traditionally, the manufacturing of low noise millimeter-
wave integrated circuits has relied on the use of high elec-
tron mobility transistors (HEMT) implemented with gal-
lium arsenide (GaAs) or indium phosphide (InP). While
best noise performance has been achieved using InP
HEMT technology there are some drawbacks. These in-
clude higher manufacturing cost, lower breakdown volt-
age, more fragile structure, and device reliability when
comparing to GaAs technology. Few InP HEMT based
LNAs operating at D-band have been reported [5]-[10].
To overcome some of drawbacks with InP, the possibil-
ity to process indium channel devices on GaAs carrier
wafer has been introduced in pseudomorphic (PHEMT)
and MHEMT technologies. In MHEMT technology, a
metamorphic buffer layer is grown on the GaAs substrate,
to enable the growth of the channel layer having 30-80 %
indium content. This leads to cost reduction and manu-

facturability improvement over pure InP technology [11],
[12]. So far, few PHEMT and MHEMT LNAs operating at
D-band have been reported [13]-[18].

Packaging of MMICs operating above 100 GHz is
challenging. Typically, the MMIC is mounted inside a
waveguide module and a transition is used to couple the
signal from the rectangular waveguide to the MMIC. Tran-
sitions can be manufactured on a separate substrate, which
are then connected to MMIC using wire bonding or flip-
chip technique. As frequency increases, the wire bonding
becomes more demanding and the length of the wire has to
be minimized [19], [20]. The use of flip-chip technique has
been demonstrated with MMICs up to 100 GHz [21]-[24].
In addition, the integration of the transition on MMIC has
been studied in [6].

With the water vapor profiling as a background appli-
cation, the aim of this work was to study the possibil-
ities of using metamorphic high electron mobility tran-
sistors (MHEMTs) for low noise amplification in the D-
band (110-170 GHz). Four low noise amplifiers were de-
signed and selected chips were assembled in an E-plane
split-block package. Package design including transitions
from coplanar to rectangular waveguide is presented. Re-
sults on both on-wafer and packaged module measurement
are shown.

II. Fabrication technology and modelling

The manufacturing process used in this work is the 100-nm
GaAs based MHEMT technology of the Fraunhofer IAF,
Freiburg, Germany. The process is suitable for coplanar
waveguide (CPW) designs [3]. The process features NiCr
thin film resistors, metal-insulator-metal (MIM) capacitors
and backside metallization. Unwanted substrate modes are
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suppressed using ground via holes through the GaAs sub-
strate. As a result of extensive modelling work the Fraun-
hofer IAF provided reliable models for CPW components
and transistors. A transistor with a gate width of 2x15 pm
was chosen as a suitable device for D-band operation. The
ft of the transistor is about 200 GHz and it is used in com-
mon source configuration. All designs were optimized for
high stable gain rather than low noise, because the noise
model extracted from lower frequencies was considered
unreliable at these frequencies.

III. Low noise amplifier designs

Four low noise amplifiers were designed using different
design goals or design methodologies. More detailed de-
scription of LNA designs is presented in [25]. The basic
schematic of the first design (LNA1) is shown in Fig. 1.

Va2.3

Fig. 1. Principal schematics of the LNAT.

LNALI is a narrowband amplifier. Matching networks are
designed using conventional reactive matching technique.
Stability is improved using inductive source feedback. A
micrograph of the LNA1 is presented in Fig. 2. The on-
wafer measurement results and simulations are shown in
Fig. 3. The measurements show peak gain of 22.7 dB at
152 GHz with a noise figure of 6.0 dB. The S-parameters
were measured using two systems. The Agilent PNA se-
ries network analyzer was used over the range 1-110 GHz
and the HP8510C network analyzer with G-band exten-
sion modules was applied for 130-200 GHz range. The
noise figure measurement setup for the G-band consists
of in-house assembled external downconverter and Agi-
lent N8973A noise figure analyzer.

Fig. 2. Micrograph of the LNA1 MMIC. The chip size is 1.0 x
2.0 mm2.

The second design (LNA?2) is a narrowband four-stage am-
plifier. Input, output and interstage matching is based on
series transmission lines. Bias voltage for the transistor is
fed through A/4 short circuited shunt stubs.
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Fig. 3. Measured (solid) and simulated (dashed) S-parameters
and noise figure (measurement only) for LNA1. The peak gain
of 22.7 dB with the noise figure of 6.0 dB is achieved at 152
GHz. Vd = 1.09 V, Id = 36 mA. Data from [25].
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Fig. 4. Measured (solid) and simulated (dashed) S-parameters
and noise figure (measurement only) for LNA2. The peak gain
of 19.8 dB with the noise figure of 6.3 dB is achieved at 143
GHz. The applied bias values were Vd = 1.54 V, Id = 36 mA.
Data from [25].

Stability is improved by using inductive source feedback
and small series resistors in shunt stubs. The on-wafer
measurement results and simulations are shown in Fig. 4.
The measurements show a peak gain of 19.8 dB at 143
GHz with a noise figure of 6.3 dB.

The third design (LNA3) is a wideband amplifier. The in-
put and output matching networks are designed using the
reactive matching technique. The double resonant match-
ing technique is used for interstage matching, in order to
obtain wideband match. Stability is improved using induc-
tive source feedback. The on-wafer measurement results
and simulations are shown in Fig. 5. There is an unwanted
gain peak with a poor output return loss at around 105
GHz, making the amplifier only conditionally stable. Oth-
erwise, average gain of 18.0 dB is achieved over a wide
bandwidth.

The fourth design (LNA4) is also a wideband amplifier. To
suppress gain below 100 GHz, an interdigital capacitor is
placed in two interstage networks. This capacitor provides
smaller capacitance than MIM capacitors. Otherwise, the
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Table 1. Comparison of reported HEMT MMIC LNAs at D-band.
Frequency (GHz)  Gain (dB) NF (dB) Number of Stages
150-215 12 N.A. 3
150-215 20+6 8 6
150-205 17+2 N.A 8
140 30 N.A. 3
90-140 1543 N.A. 6
150 5 N.A. 1
164 6 N.A. 2
120-124 10-12 N.A. 2
142 9 N.A. 2
155 10.1 5.1 3
148 12 N.A. 2 cascode stages
155-160 15 N.A. 2 cascode stages
152 227 6.0 4
143 19.8 6.3 4
130-154 18.0-19.0 5.5-7.0 4
130-171 17.6-20.6 5.5-7.0 4

Technology Reference
70-nm InP HEMT [51
80-nm InP HEMT [61.171
100-nm InP HEMT 18]
100-nm InP HEMT 91
100-nm InP HEMT [10]
120-nm InP HEMT [12]
70-nm InP PHEMT [13)
100-nm InP PHEMT [14]
100-nm InP PHEMT [15]
100-nm InP PHEMT [16]
150-nm GaAs PHEMT [17]
70-nm GaAs MHEMT (18]
100-nm GaAs MHEMT This work, on-wafer
100-nm GaAs MHEMT This work, on-wafer
100-nm GaAs MHEMT This work, on-wafer
100-nm GaAs MHEMT This work, on-wafer

Magnitude (dB)
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Fig. 5. Measured (solid) and simulated (dashed) S-parameters
and noise figure (measurement only) for LNA3. A flat gain of 18
dB was achieved at D-band with noise figure of 5.5-7.0 dB. Vd
=1.36 V, Vg =36 mA. Data from [25].

reactive matching technique was used for matching net-
work design and inductive source feedback improves sta-
bility. The on-wafer measurement results and simulations
are shown in Fig. 6. The maximum gain is 20.6 dB with
a 3 dB bandwidth of 130-175 GHz. The measured noise
figure is 5.5-7.0 dB between 142-175 GHz.

As a summary, the measured gain was found to be higher
than simulated ones. The on-wafer performance of the
designed amplifiers has been compared to previously re-
ported MMIC LNAs at D-band in Tab. 1. The LNAs re-
ported in this paper show comparable or better perfor-
mance than the previously published amplifiers.

IV. Packaging

The mechanical design of the module used in this work
is based on an E-plane split-block package, originally de-
scribed in [26]. The concept is illustrated in Fig. 7, show-
ing both halves of a WR-6 (110-170 GHz) block with the
amplifier MMIC and two waveguide to CPW transitions.

Magnitude (dB)
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Fig. 6. Measured (solid) and simulated (dashed) S-parameters
and noise figure (measurement only) for LNA4. The peak gain
of 20.6 dB was achieved at 130 GHz. The 3 dB bandwidth is
130-171 GHz. The noise figure is less than 7.0 dB at 142-175
GHz range. Vd = 1.18 V, Id = 36 mA. Data from [25].

The outer dimensions of the block (excluding waveguide
alignment pins) are 16x19x19 mm. The block has a space
for a 5-pin micro connector and a small PCB for installing
a bias network (lowpass RC), as well as a smaller cavity
adjacent to the LNA for chip capacitors. All components
are attached to the block with conductive epoxy glue.

The waveguide to CPW transitions required for E-plane
split-block packaging were manufactured with a thin-film
process on 100 pm thick, 99.6 % polished alumina. The
design method of the transitions follows the outline pre-
sented in [27], where general transitions from waveguide
to microstrip have been designed. The simulation model
for the transition is illustrated in Fig. 8. The height and
width of the microstrip channel were designed to result in
cutoff above 200 GHz for the first waveguide-like mode in
the channel. For the WR-6 antenna probe it was possible
to find a combination of the width and length of the probe
as well as the backshort distance that resulted directly in
50 2 real impedance. A transition from microstrip to CPW
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Fig. 7. Photograph of the split-block module with MMIC,
waveguide to CPW transitions and DC-feeding network assem-
bled.

is obtained with a short taper from the 50 € microstrip to
the 47 wm wide center conductor of the CPW added to the
transition. CPW structure is completed with two ground
pads on the sides, which are connected to the backside
metal by plated-through vias. For the transition, the sim-
ulations showed a transmission loss below 1 dB and the
return loss above 20 dB over 20 GHz band around 150
GHz.

Fig. 8. Simulation model for waveguide to CPW transition.

V. Measurement results for packaged ampli-
fiers

Selected amplifiers were packaged in a split-block
waveguide package. The measurement range of packaged
amplifiers was limited by the available test equipment.
The S-parameters were measured using HP8510C with G-
band extension modules, leading to a measurement range
of 130-175 GHz. The upper frequency limit is due to the
WR-6 package. The noise figures of the packaged ampli-
fiers were measured using same measurement system as
with the on-wafer measurements. It is noted that the mean-
ingful noise measurement bandwidth depends on the gain
of the amplifier.

First, the optimum bias conditions for each amplifier mod-
ule were identified by sweeping the supply voltage and the
drain current and measuring the noise figure and the in-
sertion gain at a fixed frequency. As an example, the bias
sweep for LNA3 is presented in Figs. 9 and 10 for noise
figure and insertion gain, respectively.
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Fig. 9. Noise figure of the LNA3 in a waveguide module with
different bias settings at 155 GHz. The gate voltage was swept
from -0.1 V to 0.25 V with 0.5V steps.
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Fig. 10. Insertion gain of the LNA3 in a waveguide module with
different bias settings at 155 GHz. The gate voltage was swept
from -0.1 V to 0.25 V with 0.5 V steps.

The measurement results for a packaged LNA?2 are pre-
sented in Fig. 11. With the tuned bias settings, the LNA2
exhibits a gain of 19.5 dB and a noise figure of 6.8 dB at
145 GHz. The values are not directly comparable to the on-
wafer measurements due to different biasing conditions.
Reasonable input and output match values (<-5 dB) are
achieved over a wide bandwidth.

The measurement results for a packaged LNA3 are shown
in Fig. 12. A peak gain of 18.9 dB and a noise figure of 6.7
dB are achieved at 151 GHz. Again, reasonable input and
output match values are achieved up to 152 GHz. The gain
is better than 15 dB at 130-140 GHz range.
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Table 2. Comparison of on-wafer and packaged amplifier performances.
On-wafer Package
. Frequency Gain : Frequency Gain .
Design (GHz) (dB) NF (dB) Bias (GH2) (dB) NF (dB) Bias
LNAI 152 22.7 6.0 Viz 109 N.A. N.A. N.A. N.A.
ls=36 mA
Vi=1.54 Va=1.1
LNA2 143 19.8 6.3 la=36 mA 145 19.5 6.8 li=24 mA
Vy=1.36 Va=1.1
LNA3 130-154 18.0-19.0 5.5-7.0 li=36 mA 130-154 15.0-18.9 5.5-7.5 14=30 mA
Va=1.18 Vq=0.8
LNA4 130-171 17.6-20.6 5.5-7.0 I =36 mA 130-161 15.0-19.5 5.5-7.5 1e=30 mA
29 to 161 GHz and the noise figure values range from 5.5 to
g g
15 7.5 dB at frequency range of 142-171 GHz.
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Fig. 11. Measured S-parameters and noise figure of LNA2 in
a waveguide module. The peak gain of 19.5 dB with the noise
figure of 6.8 dB was achieved at 145 GHz with the following
bias conditions Vd = 1.1 V, Vg =0.1 V,Id =24 mA.
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Fig. 12. Measured S-parameters and noise figure of LNA3 in
a waveguide module. The peak gain of 18.9 dB with the noise
figure of 6.7 dB was achieved at 151 GHz with the following
bias conditions Vd = 1.1 V, Vg =0.05 V, Id = 30 mA.

The measurement results of a packaged LNA4 are pre-
sented in Fig. 13. The gain is higher than 15 dB from 130

i
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Frequency (GHz)

Fig. 13. Measured S-parameters and noise figure of LNA4 in
a waveguide module. The gain is 14-20 dB over 130-161 GHz
range with noise figure of 5.5-7.5. The applied bias conditions
were Vd=0.8 V, Vg=0.0V, Id =30 mA.

The measured results of the packaged amplifiers are com-
piled and compared to on-wafer results in Tab. 2. The
measurements for the packaged amplifiers show that the
waveguide packaging with wire bonding was successful.
The packaged amplifiers demonstrate state-of-the-art per-
formance.

VI. Conclusion

Four amplifier designs for D-band operation and their
performance have been presented. The on-wafer mea-
surements showed larger gain than was predicted by
the simulations. The measured results are comparable
when compared to InP HEMT amplifiers. Selected am-
plifiers were packaged in a split-block waveguide pack-
age. The measurements for the packaged amplifier show
that the waveguide packaging with wire bonding was
successful. The MHEMT technology was found use-
ful for D-band low noise applications. Using MMIC
amplifiers the noise figure of D-band radiometers can
be lowered, resulting better sensitivity compared to ar-
chitectures with direct down conversion without pre-
amplification.
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