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Abstract—Two wide-band (8-18 GHz) single-stage MMIC low-
noise amplifiers (LNA’s) using 0.2-ym T-gate InGaAs pseudo-
morphic HEMT technology, designed and fabricated for room-
temperature operation, were evaluated and compared at cryo-
genic temperatures below 20 K. One is a balanced design using
3-dB Lange couplers, and the other is a feedback design using a
series RILC parallel feedback network. The gain flatness over the
8-18 GHz frequency band was maintained for both amplifiers at
room and cryogenic temperatures, indicating that the topology
for wide-band designs is insensitive to temperature of operation.
As the physical temperature decreased from 297 K to below 20 K,
the balanced LNA exhibited an average gain increase of 2 dB and
as much as an eightfold reduction of noise temperature to 20 K,
while the feedback LNA exhibited an average gain increase of less
than 1 dB and an average fourfold reduction of noise temperature
to 50 K. The negative feedback network of the feedback LNA re-
sulted in less gain increase and less noise temperature reduction at
cryogenic temperatures. The MMIC LNA’s remained electrically
and physically stable without adverse effects, such as breakage, at
all test temperatures, and the measured results were repeatable.

I. INTRODUCTION

HE low-noise amplifier (LNA) usually determines system

sensitivity and, as such, is one of the most critical
components in receivers used in communication systems.
The high electron mobility transistor (HEMT), because of its
inherently low-noise characteristics, has been utilized widely
for LNA designs. Cryogenic LNA’s with even lower noise
figure (or noise temperature) are used in many applications
such as satellite receiving systems, radio astronomy, remote
sensing, and so on, where maximum signal sensitivity is the
major requirement. System noise can be greatly reduced when
the LNA operating temperature is lowered. Because of this,
there is a growing demand for cryogenic microwave LNA’s
when a lower noise temperature can be used to reduce the
size of the receiver antenna and/or the transmitter power. In
addition, recent advances in high-temperature superconductors
- (HTS) have provided a need for low-temperature amplifiers
in the HTS electronics. The progress in developing more
efficient and reliable cryogenic cooling systems has made it
feasible to integrate HTS components, cryogenic amplifiers,
and cryogenic coolers into a high-performance microwave
system.
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The InGaAs pseudomorphic HEMT, which utilizes an un-
doped InGaAs layer as a conducting channel, has demonstrated
excellent noise performance and high cutoff frequency at room
temperature [1]. When the operating temperature decreases, it
has also demonstrated a much lower noise figure and higher
cutoff frequency than the conventional AlGaAs HEMT |[2],
showing its greater potential for low-temperature applications.
At cryogenic temperatures, the reduced phonon and impu-
rity scattering leads to a lower device noise figure, and the
improved effective electron saturation velocity in the chan-
nel results in higher device cutoff frequency. The cryogenic
characteristics, including dc and RF, of the pseudomorphic
HEMT’s have been studied extensively [3], [4].- Also, the
accurate cryogenic device small-signal model [5] and noise
model [6] have been derived for circuit designs. Although
many cryogenic hybrid HEMT LNA’s were designed and
published [7], [8], little data have been reported on the

- cryogenic performance of HEMT MMIC LNA’s [9].

Advanced fabrication technology has made HEMT MMIC
LNA’s available for cryogenic tests [9]. In this paper, two
wide-band (8-18 GHz) single-stage MMIC LNA’s using 0.2-
pm T-gate InGaAs pseudomorphic HEMT technology, de-
signed and fabricated for room-temperature operation, are
evaluated and compared at cryogenic temperatures below 20
K. One is a balanced design using 3-dB Lange couplers
[10], and the other is a feedback design using a series RLC
network as a parallel feedback element [11]. Both design
topologies provide an octave band performance. In Section
IL, a linear circuit and noise model of the HEMT device for
room-temperature MMIC LNA designs is briefly described.
The MMIC LNA designs for room-temperature operation and
the assembly techniques for cryogenic operation are presented
in Section III. In Section IV, the cryogenic measurements and
results are shown and discussed. The conclusions and paper
summary are given in Section V.

II. DEVICE MODEL

An accurate linear circuit and noise model of the 0.2-um
gate-width InGaAs pseudomorphic HEMT was developed for
room-temperature MMIC LNA designs [10]. For example, a
typical linear circuit and noise model for a 4-finger 200-um
gate-length device at room temperature is illustrated in Fig. 1.
The value of each circuit element is shown. The linear circuit
model was derived from 1-26.5 GHz on-wafer S-parameter
measurements, and the noise model was derived from 2-18
GHz on-wafer noise parameter measurements. The linear
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Fig. 1.

A 200-pm gate-width InGaAs pseudomorphic HEMT device model with intrinsically correlated noise sources. Drain voltage is 2 V, and drain

current is 16 mA.

circuit model allows accurate determination of the parasitic
gate and source resistances, which are a major contributor
to the device noise figure. The noise model of the intrinsic
device uses two correlated gate and drain noise current sources.
The correlation of the gate and drain noise currents is due to
modulation of the channel by the drain current fluctuations.
The modeling was done using Libra’s nodal noise analysis
capability, which offers correlated noise sources as standard
circuit elements. The drain noise current source in the model
is independent of frequency, and the gate current source mean
square magnitude is proportional to frequency squared. The
mean square of the drain noise current source is approximately
linear with the drain current.

Both gain and noise figure parameters at room temperature
have been verified through measurement and simulation of
MMIC LNA’s [10], [11]. At cryogenic temperatures, the
HEMT exhibits higher transconductance (Gm), faster transit
time {7), and lower output resistance (Rds), resulting in higher
gain and cutoff frequency [5]. The HEMT linear circuit model
at low temperatures is similar to that at room temperature,
except the element values change at low temperatures [5]. The
room-temperature noise model in {6] is applicable at cryogenic
temperatures. The room-temperature noise model used for our
MMIC LNA designs should also be applicable at low temper-
atures because of the similar modeling concept. Nevertheless,
the improved device noise temperature at low temperatures
is partly due to the decrease in gate and source resistance
thermal noise as well as gate and drain noise conductance
(ggn and gdn). Thus, the performance improvement of the

MMIC LNA’s at low temperature operations can be projected
somewhat by the HEMT linear circuit and noise model.

III. MMIC LNA DESIGN AND ASSEMBLY

The balanced amplifier design incorporating 3-dB Lange
couplers at the input and output ports is suitable for octave
band performance. It provides design flexibility in achieving
optimum noise match and broad-band gain flatness without
degrading VSWR. The circuit photograph with chip size
of 276 mm X 3.0 mm is shown in Fig. 2. The input
noise matching network employs a three-section impedance
transformer for broad-band device noise matching. Series
inductive feedback in the source is used to improve the broad-
band input noise match as well as the stability. The active
devices are two HEMT’s that have 0.2-ym gate length and
four gate fingers with a total gate width of 150 pm.

The feedback design uses a series RLC feedback network
between the drain and gate of the device to maintain the
octave-band gain flatness response. The input matching net-
work is designed for optimum noise performance with low
VSWR. The output matching network is designed to achieve
the low VSWR. Stability and input matching are enhanced by
the addition of series source inductance. The design parameters
were selected to insure unconditional stability. The active
device is a single 0.2-pm gate-length, four-finger 200-pm gate-
width HEMT. The circuit photograph with chip size of 2.45
mm X 1.3 mm is shown in Fig. 3.

The MMIC LNA'’s were designed to be on-wafer testable.
They were fabricated on a 3-in GaAs substrate with the active
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Fig. 2. Single-stage balanced pseudomorphic HEMT MMIC LNA. The chip
size is 2.76 mm X 3.0 mm.

Fig. 3. Single-stage feedback pseudomorphic HEMT MMIC LNA. The chip
size is 2.45 mm X 1.3 mm.

layers grown in a Varian Generation II MBE system. The
detailed MMIC fabrication process was reported previously
in [9]-[11]. Automatic on-wafer S-parameter and noise figure
measurements were performed at room temperature for circuit
functionality and selection. The HEMT MMIC LNA’s were
then diced and mounted on the center block of a test fixture,
made of Kovar. Both the MMIC LNA and alumina substrate
interconnects were mounted on the test fixture using silver
epoxy, and cured for 60 minutes at 125°C. A 0.7-mil-diameter
gold bonding wire was used to connect the MMIC chip to a
50 2 transmission line on the 10-mil-thick alumina substrate.
The dc bias wires were bonded to the designated bias pads on
the chip through a shunt chip capacitor of 50 pF to insure an
unconditionally stable cryogenic operation. The K connectors

were installed at input and output blocks of the test fixture.

The measured back-to-back insertion loss of the test fixture
was less than 0.5 dB up to 20 GHz. The test-fixtured amplifier
was then placed in a vacuum dewar for cryogenic evaluation,

IV. MEASUREMENT AND RESULTS

A wide-band cryogenic measurement test set, capable of
being operated up to 20 GHz, is shown schematically in
Fig. 4. As shown, the device under test (DUT), when placed
inside the vacuum dewar, is covered by a radiation shield to

Radiation Shield
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I 11
r' —_DuUT =
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Noise | | —~———————
Source
? Mixer
HP8370B
Noise Figure | -
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Fig. 4. 'Wide-band cryogenic noise temperature measurement setup.

reduce the radiation loading from the ambient environment.
The dewar is cooled by a CTI 1020 closed-cycle helium
refrigerator. To minimijze the thermal resistance, a copper
block is sandwiched between the DUT and the baseplate.
The thermal isolation at the input and output is preserved by
0.141-inch-diameter stainless steel semirigid coaxial cables.
Hermetically-sealed OSM feedthrough adapters are instalied
in the walls of the dewar to provide a vacuum seal for the
semirigid coaxial cables. A calibrated HP 346C noise source
and HP 8970B noise figure meter are used for gain and noise
figure measurements. An isolator is used at the output for
improved matching, and a wide-band amplifier is used prior
to the mixer to improve the wide-band measurement accuracy.
Temperature sensors are mounted on-the baseplate and DUT
to monitor critical temperatures. Without a heat load, the
baseplate in the vacuum Dewar can be cooled down to 12 K.
Fig. 5 shows the noise temperature and gain of the balanced
HEMT MMIC LNA measured at room and 19 K operating
temperature over the 8-18 GHz frequency band -at 0.5 GHz
increments. The data have been corrected for the test fixture
and semirigid coaxial cable losses. Drain current was set to 13
mA for the optimum room-temperature performance, and reset
by gate voltage adjustment to 9 mA for the optimum cryogenic
noise performance. The drain voltage was kept at 2.6 volts.
Therefore, the total dc power consumption was 68 mW at room
temperature and reduced to 47 mW at 19 K. The amplifier gain
was flat over the frequency band at both room and cryogenic
temperatures, indicating that the broad-band design topology
is relatively insensitive to operating temperature changes. This
also means that the broad-band MMIC design topology is
insensitive to device, resistor, capacitor, and inductor varia-
tions, as was shown by the simulations and room-temperature
measurements [10]. The measured amplifier gain increased
an average of 2 dB at 19 K, equivalent to an average gain
increase of 20%, mainly due to the device transconductance
(Gm) enhancement. The lowest noise temperature was less
than 160 K at room temperature, and reduced to less than 20
K at a physical temperature of 19 K, exhibiting an eightfold
reduction in noise temperature. An average of better than
fourfold reduction in noise temperature was measured across ,
the 8-18 GHz frequency band. At cryogenic temperatures, the
decrease in gate resistance and drain noise current as well



YANG et al..CRYOGENIC CHARACTERISTICS OF WIDE-BAND PSEUDOMORPHIC HEMT MMIC LOW-NOISE AMPLIFIERS 995

500 T T T T 15

400

a--a--8-a-g-g-d-a-aen
LA
. 297 K

GAIN (dB)

NOISE TEMPERATURE (K) "~

8 10 12 14 16 18
FREQUENCY {(GHz)

Fig. 5. Measured noise temperature and gain of an 8-18 GHz balanced
MMIC LNA at 19 K and room temperature.
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Fig. 6. Measured noise temperature and gain of an 8-18 GHz feedback
MMIC LNA at 15 K and room temperature.

as the increase in device transconductance contribute to the
reduced noise performance.

The feedback HEMT MMIC LNA was evaluated at room
and 15 K operating temperatures over the 8-18 GHz frequency
band at 0.5 GHz increments. The measured noise temperature
and gain are plotted in Fig. 6. The drain current was set to
16 mA for the optimum’ room-temperature performance, and
reset by gate voltage adjustment to 10 mA for the optimum
cryogenic noise performance. The drain voltage was also kept
at 2.6 volts. The higher optimal drain biasing current resulted
from the larger HEMT device geometry in the feedback
LNA. The total dc power consumption was 42 mW at room
temperature, and reduced to 26 mW at 15 K. The lower heat

load from the feedback LNA resulted in a lower. cryogenic .

operating temperature. The average noise temperature across
the 8-18 GHz frequency band was approximately 200 K at
room temperature, and dropped to 50 K at 15 K operating
temperature, exhibiting a fourfold reduction in noise tem-
perature. The impedance in the RLC feedback loop limited
the noise temperature reduction of the feedback LNA at low
temperatures. At the physical temperature of 15 K, the average
gain increase was less than 1 dB, equivalent to less than
10% gain increase, but the gain flatness was improved. The
smaller gain increase for the feedback LNA, compared to the
balanced design at cryogenic temperatures, is mainly due to the
negative-feedback loop, which tends to minimize variations in
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Fig. 7.. Noise temperature and gain as a function of operating temperature
for (a) balanced MMIC LNA at 12 GHz, and (b) feedback MMIC LNA: at
14 GHz. ) .

TABLE 1
BLNA’ FLNA™

Size 2.76 x3.0mnf | 2.45x 1.3 mnf-
HEMT Device(s) 2 1 '
Lange Coupler(s) 2 0
Via'Hole(s) 10 2

Thin Film Resistor(s) 8 3

MIM Capacitor(s) | -8 5
| Spiral Inductor(s) 2 1

* BLNA = Balanced Low Noise Amplifier
** FLNA = Feedback Low Nolse Amplifier

amplifier gain caused by variations in device transconductance
(Gm). As shown in Fig. 6, very little gain variation was
measured at the low end of the 8-18 GHz frequency band. This
was caused by the high loop gain at the lower frequencies.
For a wide-band amplifier application, the noise temperature
of the feedback LNA is generally higher than that of the
balanced LNA, due to the resistor inserted in the negative-
feedback network. The input matching network contributed 0.5
dB to the noise figure of both circuits. A 0.5-dB insertion loss
was measured from the 3-dB Lange coupler, while a 0.7-dB
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noise figure was estimated from the negative-feedback loop. In
this case, the larger device (200-pm versus 150-ym gate width)
also contributed more noise to the feedback LNA. At 12 GHz,
the measured minimum noise figure (Fmin) average was 0.87
dB (or 64 K noise temperature) for the 150-pym device, and
0.95 dB (or 71 K noise temperature) for the 200-pm device at
room temperature. Thus, the noise figure of the balanced LNA
is at least 1 dB higher than Fmin of the 150-pym gate-width
device, and the noise figure of the feedback LNA is at least 1.2
dB higher than Fmin of the 200-pum gate-width device. The
balanced design tends to be more stable than the feedback
design. To improve stability, the feedback is increased. Thus,
the gain of the feedback LNA is generally lower than that
of the balanced LNA. Although a 200-um gate-width device
was implemented in the feedback LNA, its overall gain was
still slightly lower than the balanced LNA. As shown in Figs.
5 and 6, the general features of these two amplifiers, when
cryogenically cooled, remain the same as they are at room
temperature. In other words, at cryogenic temperatures the
noise temperature of the balanced LNA remains lower than
that of the feedback LNA, and the gain of the balanced LNA
remains higher than that of the feedback LNA.

Fig. 7 shows the noise temperature and gain of the bal-
anced and feedback MMIC LNA'’s as a function of operating
temperature. Both LNA’s exhibited smooth changes in noise
temperature and gain as the temperature was lowered from
room temperature to below 20 K. The temperature perfor-
mance of the balanced LNA at 12 GHz is plotted in Fig.
7(a), showing a gain increase of more than 2 dB and a noise
temperature drop of more than four fourfold to 35 K. The drain
bias was set at 2.6 volts, and the drain current of each device
was kept at 13 mA. In Fig. 7(b), the temperature performance
of the feedback LNA at 14 GHz showed a similar trend with
a gain increase of 1 dB and a noise temperature reduction to
80 K. The feedback LNA was biased at 2.6 volts at drain with
16 mA drain current.

Both balanced and feedback MMIC LNA’s were fabricated
using pseudomorphic HEMT devices, via holes, thin film
resistors, MIM capacitors, and spiral inductors. The component
complexity comparison between these two LNA’s is sum-
marized in Table I In addition to these active and passive
devices, a number of air bridges were used for connections and
crossovers. The thermal resistance of the MMIC LNA to base-
plate was low because the wafer was thinned to 4 mils. The
heat dissipation per chip area, which was 5.7 mW/mm? and
8.2 mW/mm? for the balanced LNA and the feedback LNA,
respectively, was moderately low. Therefore, thermal cycling
did not cause cracking or collapse of any of the component
structures of the MMIC’s. Performance measurements were
repeated after the dewar was cycled several times, indicating
that HEMT MMIC LNA’s were not damaged during cryogenic
operation. It should be pointed out that no illumination was
used in any of the tests when lowering the dewar temperature.

V. CONCLUSIONS

Advanced fabrication technology has made single-stage
balanced and feedback MMIC LNA'’s, using 0.2-um T-gate

InGaAs pseudomorphic HEMT’s, available for evaluation at
cryogenic temperatures below 20 K. The cryogenic perfor-
mance of the two designs was compared. The gain flatness
over the 8-18 GHz frequency band was maintained for both
amplifiers at room and cryogenic temperatures, indicating that
the broad-band design topology is insensitive to temperature
of operation. As the physical temperature decreased from 297
K to below 20 K, the balanced LNA exhibited a higher
gain increase and a higher noise temperature reduction than
the feedback design. The negative feedback network of the
feedback LNA resulted in less gain increase and less noise
temperature reduction at low temperatures. At cryogenic tem-
peratures, the noise temperature of the balanced LNA remains
lower than that of the feedback LNA, while the gain of the
balanced LNA remains higher than that of the feedback LNA.
Although the balanced topology consumes more dc power and
requires more components, it seems a better approach for a
cryogenic wide-band MMIC LNA design.

The MMIC LNA’s remained electrically and physically
stable without adverse effects, such as breakage, at all test
temperatures, showing the thermal rigidity of the MMIC chips.
The measured results were repeated after the Dewar was
cycled several times. These unique features make HEMT
MMIC LNA’s very attractive for cryogenic receiver systems
and HTS electronics.
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