476 IEEE MICROWAVE AND WIRELESS COMPONENTS LETTERS, VOL. 18, NO. 7, JULY 2008

S1Ge HBT X-Band LNAs for Ultra-Low-Noise
Cryogenic Receivers

Tushar K. Thrivikraman, Student Member, IEEE, Jiahui Yuan, Student Member, IEEE,
Joseph C. Bardin, Student Member, IEEE, Hamdi Mani, Stanley D. Phillips, Student Member, IEEE,
Wei-Min Lance Kuo, Member, IEEE, John D. Cressler, Fellow, IEEE, and Sander Weinreb, Life Fellow, IEEE

Abstract—We report results on the cryogenic operation of two
different monolithic X-band silicon-germanium (SiGe) heterojunc-
tion bipolar transistor low noise amplifiers (LNAs) implemented in
a commercially-available 130 nm SiGe BiCMOS platform. These
SiGe LNAs exhibit a dramatic reduction in noise temperature with
cooling, yielding T s ; of less than 21 K (0.3 dB noise figure) across
X-band at a 15 K operating temperature. To the authors’ knowl-
edge, these SiGe LNAs exhibit the lowest broadband noise of any
Si-based LNA reported to date.

Index Terms—Heterojunction bipolar transistor (HBT), low
noise amplifiers (LNAs), silicon-germanium (SiGe).

I. INTRODUCTION

ILICON-GERMANIUM (SiGe) hetrojunction bipolar
Stransistors (HBTs) have already shown their strengths
in conventional high-frequency [radio frequency (RF) to
mm-wave] transceiver applications [1]. As we demonstrate
here, another exciting application for SiGe HBTs is their use
in ultra-low-noise cryogenically-cooled receivers. Recent work
has focused on the potential for operating aggressively-scaled
SiGe HBTs in the cryogenic environment in order to achieve
greater than one-half TeraHertz frequency response [2] and [3].
We extend that work here to focus on cooled amplifier circuits
implemented using a commericially-available 130 nm SiGe
BiCMOS design platform.

One specific cryogenic application for SiGe HBTs are in low
noise amplifiers (LNAs) cooled to a few ten’s of Kelvins to en-
hance receiver sensitivity and noise performance for detecting
very weak RF signals. Such receivers are routinely used for
radio astronomy applications, where at present very costly Gal-
lium-Arsenide (GaAs) and Indium-Phosphide (InP) LNAs are
the de facto technology of choice. SiGe HBT LNAs have been
recently demonstrated for low frequency cryogenic receivers
(1-3 GHz) [4], but there have been no monolithic high fre-
quency (8-12 GHz) SiGe HBT cryogenic LNAs reported to
date, and this is addressed in the present work for the first time.
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SiGe HBTs are a strong candidate for today’s RF through
mm-wave wireless applications because their bandgap engi-
neering greatly improves both the dc, ac, and noise performance
while maintaining very conservative lithographic scaling nodes
(e.g., 285 GHz fi.x at 130 nm). In addition, cooling naturally
increases the various performance metrics such as current gain
(), cutoff frequency (fr), and maximum oscillation frequency
(fmax) > and also reduces the transistor parasitics such as the
base resistance (Rp) and junction capacitances (Cpc and
Cpg). The reduction of Rp and Cpg, in particular, together
with the increase of fr, should greatly improve the broadband
noise performance, which is dominated by base and collector
current shot noise and the base thermal noise. Therefore, supe-
rior RF performance can indeed be anticipated in SiGe HBTs
operating at cryogenic temperatures, making this low-cost
Si-based technology a natural candidate for ultra-low-noise
cryogenic receivers.

The present work reports measurement results on two dif-
ferent monolithic X-band SiGe LNAs at cryogenic tempera-
tures. We highlight the LNAs performance, including noise and
gain across bias and frequency.

II. LNA DESIGN, PACKAGING, AND MEASUREMENT

The two SiGe LNAs were designed using the traditional, in-
ductively-degenerated cascode architecture, and implemented
in the commercially-avilable, 130 nm, 200/285 GHz (fr/ fmax)-
third-generation IBM 8HP SiGe BiCMOS process. The first
LNA (LNA-A) was optimized for achieving less than 1.5 dB
noise figure and 19 dB of gain at X-band at 300 K [5]. The
second LNA (LNA-B) was optimized for much lower power op-
eration, to achieve 2 dB noise figure and 10 dB of gain, while
dissipating only 2 mW of dc power [6].

Both SiGe LNAs were measured at room temperature
(300 K) and at deep cryogenic temperature (15 K). The LNAs
were not specifically designed for low temperature operation;
however, bias currents were swept to determine the optimum
noise performance. The S-parameters were measured using
an Agilent E8363B PNA in a custom-designed, open-cycle,
on-wafer, high-frequency probe station capable of achieving a
chuck temperature of 4.5 K (details of the measurement setup
can be found in [3]).

In order to measure the noise performance, the LNAs were
packaged to accommodate an available coaxial cryogenic noise
measurement system. Each SiGe LNA was mounted in an
RF package enclosure with low-loss coaxial K-connectors. A
bias-tee was fabricated in package using a single layer capacitor
and dc feed resistor. A schematic and photograph for an LNA
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Fig. 1. Schematic and photograph of an X-band SiGe LNA in the package en-
closure.

in the package enclosure is shown in Fig. 1. These packages
provided only minimal degradation of RF performance com-
pared to on-wafer measurements of the circuits.

The broadband noise measurements were performed using
the cold attenuator method and were conducted at the RF and
Microwave Group Facility, California Institute of Technology,
Pasadena, CA [4]. The cold attenuator method uses a tempera-
ture calibrated 20 dB attenuator at the input of the amplifier to
reduce measurement uncertainty, facilitating the accurate mea-
surement of very low noise amplifiers [7]. In order to de-embed
the noise temperature of the amplifier, the temperature of the
cryogenic attenuator is entered into the Agilent N§975A noise
figure analyzer (NFA), which then calculates the corrected noise
temperature using the Y -factor noise measurement method.

Errors in the NFA and the noise source cause a fixed per-
centage error in the measured noise, therefore, lowering the ter-
mination temperature increases the measurement accuracy. In
our case without the cooled attenuator, measuring the 21 K am-
plifier with 1 K accuracy requires measuring 321 K (300 K noise
source +21 K amplifier noise) with 0.3% error. On the other
hand, with the attenuator cooled to 15 K, only 18 K of noise
temperature is added by the termination and 1 K accuracy only
requires 2.5% error in the measurement.

III. MEASUREMENT RESULTS

LNA-B was measured using the on-wafer cryogenic probing
station to obtain the room temperature (300 K) and cryogenic
(15 K) S-parameters. The collector current for the LNA was
maintained at a constant 1.3 mA for both the room and low-
temperature measurements. Fig. 2 shows that So; at 10 GHz
increases by approximately 5 dB with cooling, from 10 dB at
room temperature to 15 dB at low temperature. Both S1; and
S99 are well matched across the band, showing a return loss
better than 10 dB at 10 GHz.

Noise temperature and gain for both LNA-A and LNA-B
were measured using the cryogenic noise measurement
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Fig. 2. Comparison of room temperature and low-temperature S-parameters
for LNA-B, open/closed symbols represent 300 K/15 K, respectively.
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Fig. 3. Effective noise temperature and gain for LNA-A at 15 K operating tem-
perature, with /o = 1.1 mA.
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Fig. 4. Effective noise temperature and gain for LNA-B at 15 K operating tem-
perature, with /o = 1.1 mA.

system. Figs. 3 and 4 show the cryogenic performance of
LNA-A/LNA-B, respectively, at Ic = 1.1 mA. In both cases,
the cryogenic noise performance improves dramatically over
the room temperature performance. LNA-A’s cryogenic noise
temperature decreases to below 21 K (0.3 dB noise figure) at an
operating temperature of 15 K, while dissipating only 2.25 mW
of dc power. The decrease in the gain of LNA-A is due to a
reduction in Io to accommodate low noise performance at
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Fig. 5. Noise temperature and gain at 10 GHz for the SiGe LNAs as a function
of collector current operating at 15 K temperature.

cryogenic temperatures. Similar performance improvements
for LNA-B are highlighted in Fig. 4, which shows a 150 K
reduction in 7, f; and an almost 5 dB increase in gain across
X-band. To the authors’ knowledge, these SiGe LNAs exhibit
record noise performance for any Si-based LNA operating at
X-band. In addition, this noise performance is very competitive
with InP HEMT devices which have been shown to have a T ;¢
of less than 10 K at X-band [8].

A further examination into the differences between these two
LNAs can lead to insight into optimized SiGe LNA design for
cryogenic operation. Room temperature simulations indicated
that the minimum noise temperature occurs at a collector cur-
rent density of approximately 1.2 mA/um?. Fig. 5 plots the ef-
fective noise temperature and gain at 10 GHz for both LNA-A
and LNA-B over a range of collector currents. This figure in-
dicates that cooling shifts the minimum noise temperature to a
bias of 0.25 mA/pum?.

From these data, it can be expected that the low-power op-
timized LNA-B provides a greater performance improvement
with cooling compared to LNA-A because the operating points
between the room and low temperature measurements are sim-
ilar. The bias point of LNA-A was reduced by 5 mA to provide
the optimal noise temperature, resulting in a decrease in gain at
cryogenic temperatures. In addition, the LNA-A noise temper-
ature is 5—10 K higher than for LNA-B due to the differences in
optimization of the noise input matching network. These results
suggest that low-power optimization for room temperature op-
eration will yield a design better-suited for cryogenic low-noise
performance.

IV. CONCLUSION

We have demonstrated the superior cryogenic capabilities of
SiGe HBTs for high-frequency cooled receivers by measuring
two different SiGe HBT X-band LNAs: LNA-A, which was
optimized for noise performance, and and LNA-B, which was
optimized for low power. Both SiGe LNAs were measured
to have below 21 K effective noise temperature and 15 dB of
gain at 15 K operating temperature. To the authors’ knowledge,
these results demonstrate the lowest noise performance of any
Si-based LNA operating at X-band and highlight the potential
for SiGe HBT LNAs for ultra-low-noise cryogenic receiver
applications. In addition to the record noise performance
reported, we also highlight possible design strategies for opti-
mizing high-frequency SiGe LNAs for cryogenic applications.
Due to the scaling of collector currents at minimum noise at
cryogenic temperature in SiGe HBTSs, design for low-power
dissipation results in a more optimized design for low-temper-
ature applications. Future work will focus on exploring this
design strategy for wide-band cryogenic receiver front-ends
using SiGe HBT technology.
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