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INTRODUCTION
The design methodologies used to build electronic systems
for space have historically changed very little
mission-to-mission, for good reason. When venturing beyond
the atmosphere, such value is placed on first-pass mission
success that efficiency and performance must by necessity be
considered secondary priorities to simplicity and reliability.
Within this engineering trade-space, it is no small feat for a
new design approach to scale the barriers to entry and claim
position amidst the tried and true "flight qualified" space
technologies. As technological capabilities continue to
advance and ambitions expand, the advantages associated
with adopting new and innovative approaches become
increasingly difficult to ignore. This trend is readily apparent
when considering recent developments in the area of
cold-capable Integrated Circuit (IC) technologies.
Currently, the extreme temperature and radiation
conditions endured by NASA exploration missions are
circumvented by the use of centralized system architectures
installed within protective "Warm Electronic Boxes"
(WEBs) (Figure I). While WEBs are capable of effectively
mitigating the temperature problem, they do so at substantial
cost. Excessive point-to-point wiring, increased system
weight and complexity, elevated power budgets, lack of
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Fig. 1. Cabling for the Centralized System Architecture
of the Mars Exploration Rover (MER)
modularity, and perhaps most importantly, an overall
reduction in system reliability are all results of this
well-entrenched electronic design paradigm. The engineer's
ability to create a truly distributed, modular electronics
system within such architectures is limited at best, raising the
question: Would the advantages of a departure from this
design strategy, specifically by directly attacking the issues
faced by operating electronics in wide-temperature and/or
radiation environments, outweigh the associated costS?
To determine the answer to this question, the "SiGe
Integrated Electronics for Extreme Environments" project
(SiGe EEE) was funded under the NASA Exploration
Technology Development Program (ETDP). Its task was to
develop electronic systems in state-of-the-art SiGe platforms
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to meet the challenges posed by complex initiatives such as
planetary colonization. The Remote Health Node (RHN),
originally designed at BAE Systems for the envisioned X-33
space plane, was chosen as a starting point in order to
demonstrate the numerous advantages that can be potentially
leveraged. The original RHN design sought modularity by
combining multiple types of sensor interfaces into a single
hardware implementation that was usable throughout a
spacecraft or exploration vehicle to provide mission critical
environmental and health data to engineers in an efficient,
reliable manner [1].
Advancing this concept one step further, the SiGe EEE
team has developed a fully integrated version of the RHN
that not only reduces its form-factor and power draw
dramatically, but also completely eliminates the need for
isolation from the environment by dispensing with the WEB.
The SiGe Remote Electronics Unit (REU) is designed to be
housed within a single connector or multi-chip package and
utilized throughout the space vehicle in quantity, as required
by the modem sensor systems used in such vehicles [2].

Fig. 2. The Original BAE Remote Health Node
The Remote Health Node
In the 1990s, NASA began development of a reusable
launch vehicle (RLV) called the X-33 space plane. The
Integrated Vehicle Health Management (IVHM) system for
the X-33 consisted of a pair of host processors and 50
Remote Health Nodes (RHN) distributed around the
periphery of the X-33 to collect telemetry data from a variety
of sensor types. The RHN, shown in Figure 2, was a 5 pound
(11 kilogram) box measuring 3" x 5" x 6.75" that dissipated
17 watts of power. The mixed-signal data acquisition unit
was assembled from a combination of commerciat integrated
circuits and custom hybrids for the analog front-end arranged
on three cards interconnected by ribbon cables. On one end
of the box, a pair of large multi-pin connectors provided the
sensor interface. On the other end, a pair of optical
connections provided a redundant interface to the host
computers. The RHN communicated with the hosts via a
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token-ring network topology, and power was provided
through a +28 V bus [3].
The RHN architecture combined up to 40 inputs
supporting a variety of different sensor types. It included
three primary data channel configurations. Twenty-four
identical low data rate channels were designed for sensors
with data rates no higher than 200 Hz, with that data rate
selectable on a channel-by-channel basis. These low-speed
channels were designed for use with resistive temperature
devices, thermocouples, and strain gauges. There were four
higher data rate (high-speed) channels supporting resistive
accelerometers and vibration sensors with frequencies up to 5
kHz. Both of these channel types included a programmable
Wheatstone bridge input followed by signal conditioning,
programmable gain, and a common ADC [4].
The four charge amplifier channels comprised the third
primary channel type. These accepted piezoelectric
transducer inputs and also utilized programmable gain.
Several ancillary channels were also provided to support
unique interfaces. The back-end digital control circuitry of
the RHN consisted of a PowerPC architecture
microprocessor, memory, and a reprogrammable FPGA that
interfaced to the analog channels. The FPGA provided the
control signals required to configure and calibrate the
channels and processed the incoming digitized data samples.
It could be programmed in either functional or system test
mode. The microprocessor supported communication with
the host computers [4].
While the X-33 space plane program was terminated prior
to flight, RHN box operation was demonstrated on an F/A-18
aircraft [5]. Over 50 missions were flown during 1999 and
2000 with over 25 Gigabytes of information gathered. With
the advancement of integrated circuit technology, the
opportunity existed to miniaturize the key functions of the
RHN into one or more integrated circuits with dramatic Size,
Weight, and Power (SWaP) reductions [4]. Leveraging SiGe
BiCMOS technology, the analog circuitry could be
implemented using high performance bipolar transistors
while the digital functions took advantage of high density
CMOS and a standard cell implementation methodology. It
was estimated that miniaturization would result in roughly
two orders of magnitude improvement in volume, a lOx
improvement in weight, and a 5x decrease in power
dissipation. In addition, the circuitry could be simultaneously
optimized for support of an extremely wide temperature
range and resistance to the effects of radiation inherent in the
space environment.
TECHNOLOGY PLATFORM
The specifications of the program required the use of a
silicon technology that exhibited intrinsically favorable
performance metrics at cryogenic temperatures and was
simultaneously capable of high levels of integration. IBM's
SiGe 5AM BiCMOS platform, which integrates a 50 GHz,
self-aligned HBT into a 0.5 !lm CMOS lithography node
proved well-suited for the task. This commercially-available

IEEE A&E SYSTEMS M AG AZINE, JUNE 2012

platform includes a 1.35 fF/f.lm2 Metal-Insulator-Metal
(MIM) capacitor, a low temperature coefficient polysilicon
resistor, and thick aluminum on the top layer for low-loss
routing. Despite well-documented experiments indicating that
the SiGe RBT used in the process performs well at low
temperatures due to the beneficial effects of the
Ge-grading-induced drift field in the base [6], it was still
necessary in early phases of the program to produce models
that could accurately represent its perfonnance (as well as the
CMOS) at temperatures well below the minimum bounds of
the available IBM design kit models (-55°C) [2]. An SEM

resilience to this degradation has been attributed to its lateral
and vertical structure, which allows it to absorb doses
exceeding 1 Mrad (Si02) without exhibiting a significant
decrease in device performance (DC and AC) at bias levels of
interest [9, 10]. nFETs are inherently more susceptible to TID
exposure, and some consideration had to be given to the
expected leakages at the edges of the Shallow Trench
Isolation (STI) such that they would not induce a noticeable.
degradation in performance. In general, the conservative 1
f.lm nFETs used do not suffer from these effects to a degree
that would pose a major challenge for circuit design [2].

Fig. 3. SEM Cross-Section of a SiGe HDT [6)
cross-section of a typical SiGe RBT structure is depicted in
Figure 3.
In addition to the wide-temperature performance, the
reliability of the active devices at cryogenic temperatures had
to be carefully considered. The SiGe RBT has been
previously shown to exhibit robust operation under stress at
both cryogenic and high temperatures, with no indication of
reliability degradation [7]; however, it is well-documented
that the performance of nFETs can be compromised by Rot
Carrier Effects (RCE) and become a significant reliability
risk at low temperatures [8]. To mitigate this potential
reliability issue and to simultaneously reduce leakage effects
from radiation-induced shallow-trench oxide interface traps,
a conservative minimum nFET gate length of 1 f.lm was
enforced for all designs. The pFETs did not require this
consideration, as they are inherently less suscept�ble to both
RCE and leakage effects caused by prolonged radiation
exposure [2].
Two types of radiation effects in particular are capable of
producing critical failures in unprotected flight systems. The
first, and perhaps most extensively investigated, manifests
itself as leakage currents induced at oxide edges by Total
Ionizing Dose (TID) exposure. The SiGe RBT's proven
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Fig. 4. Digital Layout with Additional Well Contacts
and Partial (top) or Full (bottom) Guard Rings
The second critical failure is caused by energetic particles
that penetrate the silicon near active regions of alternating
polarity in close proximity. These particles induce substrate
currents and modulate potentials in a manner that can lead to
an uncontrolled latched state, and possibly circuit and system
burnout. Known as Single Event Latch-up (SEL), this is a
catastrophic failure that must be carefully protected against in
all systems exposed to heavy-ion radiation, particularly in
technologies that use low resistivity substrates (such as the
5AM process). Sensitivity to SEL was reduced by
maximizing the use of well and substrate contacts along
supply rails and making liberal use of guard rings to help .
control the substrate potential and provide alternative paths
for the flow of single-event induced currents. Figure 4 shows
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possibility for system designs to utilize the SiGe HBT in this
process for Radio Frequency (RF) circuits that must operate
external to the WEB; a valuable added capability for future
extreme environment exploration missions.

examples of these layout techniques as they were
implemented for this project.
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Current (left) and Base Current (right) vs. Base-Emitter
Voltage Across Temperature (Simulated vs. Measured)
WIDE-TEMPERATURE MODELING
The most fundamental issue facing IC design for
applications exposed to extreme temperature ranges is the
capability of the compact models to accurately predict the
perfonnance of the devices and circuits near the extreme
limits of those ranges. In reality, models do not exist in
commercial processes that extend below -SsoC, so the initial
phases of the project focused on the extensive
characterization of the SiGe HBTs and CMOS devices across
the target temperature range (- 180°C to + 120°C). With this
data, compact models were created that would not only
enable the development of the REU, but also provide a
foundation on which future designs for a wide array of
applications could be built.
The HBT models were based primarily on the 0.5 x 2.S
�m2 device, from which larger emitter areas were realized
without compromising the integrity of the models by
arranging multiple devices in parallel. DC modeling was
perfonned first, with results shown in Figure S. The plot
depicts both measured and simulated Gummel curves (Ie and
IB vs. VBE) spanning a temperature range from 393 K down to
43 K. The quality of the model-to-data match is evident,
particularly at moderate-to-Iow current densities, which is
typically the bias regime of interest for power-limited analog
applications.
In addition to DC modeling, AC device parameters were
extracted from measurement in order to match the AC
perfonnance of the devices in simulation. Figure 6 contains
both measured and simulated unity gain cutoff frequency
curves plotted against varying collector current and
temperature. Simulated curves use the custom models
developed to extend down to -180°C (93 K). The accurate
match between model and measurement opens up the
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Fig. 7. Measured (yellow) vs. Modeled (red)
Output Characteristics for Short Channel
(10 flm x 1 flm) nMOS Devices at -180°C
Further modeling efforts focused on the modification of
the design kit's BSIM3v3 models to accommodate CMOS
design at low temperatures as well, Figures 7 and 8 show
output characteristics for measured and simulated nMOS and
pMOS devices, (respectively) at -180°C. The parameters
shown were extracted from short channel (1 �m) devices;
however, long channel (S Ilm) device parameters were
extracted and simulated as well, with similar results. A
process called model "binning" was used to cover the full
temperature specification with three distinct models: + 120°C
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to -55°C, -55°C to - 1 11°C, and -1 1 1°C to -180°C. Anned
with accurate, wide-temperature compact models for both the
SiGe HBTs and CMOS, designers could then begin to tackle
the mixed-signal and digital circuit designs that would
provide the functional framework of the Remote Electronics
Unit. The scope of this will remain focused on the
mixed-signal systems contained in the first of two SiGe chips
in the REU: the Remote Sensor Interface (RSI).

externally generated 80 MHz signal, counting 4,096 states
per sample and guaranteeing 4x oversampling of the
high-speed and charge amplification channels (20 kSps). To
further minimize power dissipation and form factor, only 6
bits of the Wilkinson ADC's output are read at a time,
selected by a signal from the digital control ASIC [4].
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Fig. S. Measured (yellow) vs. Simulated (red)
Output Characteristics for Short Channel
(10 JIm x 1 JIm) pMOS Devices at -ISO°C
THE RSI ARCHITECTURE
The mixed-signal functionality of the SiGe Remote
Electronics Unit is provided by a monolithic, 16-channel
sensor interface consisting of 12 low-speed channels, 2
high-speed channels, and 2 charge amplification channels.
Each of the low-speed and high-speed channels include an
integrated Wheatstone bridge input that allows them to
interface to sensors in full-, half-, or quarter-bridge modes.
The low-speed channels operate over an input bandwidth of
200 Hz, while the high-speed and charge amplification
channels are designed to support input signals up to 5 kHz.
The channel types selected for the RSI allow it to cover a
significant range of sensor varieties including temperature,
pressure, rate (RPM and flow), angle (resolvers), angular
rate, voltage, current, linear position, strain, and acceleration

[4].
Figure 9 depicts a block diagram of the RSI architecture.
Serial shift registers are programmed by the digital control
ASIC (the second chip in the fully-assembled REU package)
to select gain, bridge configuration, stimulus current, and
cut-off frequency individually for each channel. The channel
outputs are routed to a 16-input, 12-bit Analog-Digital
Converter (ADC) utilizing a Wilkinson architecture for
power and area efficiency. The ADC is clocked by an
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UNIVERSAL CHANNEL
The universal channel is a low-speed instrumentation
channel that is capable of interfacing signal processing
circuits with a wide array of sensor types. Figure 10 depicts a
simplified schematic of the entire channel, with the
Wheatstone bridge and flying capacitor circuits forming the
front-end of the sampling channel. The Wheatstone bridge
provides an externally reconfigurable interface consisting of
three well-matched 350 n resistors and an off-chip resistive
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Fig. 10. Simplified Block Diagram
of the Universal Channel [12)
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sensor that completes the four element bridge. The circuit
works on the principle that any change in the bridge
resistance is converted into a differential voltage that can be
sampled and processed [11, 12].
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Fig. 12. Measured Output of the Universal Channel
Produced from a 200 Hz Input Signal (Gain 10) [12)
=

The flying capacitor network performs the analog
sampling of the converted output voltage from the
Wheatstone bridge. The circuit includes a sampling or
"flying" capacitor (Cs) and uses a general purpose, high-Z
input operational amplifier with capacitive feedback that can
be bypassed to provide programmable gain. The flying
capacitor's built-in calibration and correction circuitry, along
with the low-offset drift op-amp, ensure that the sensor
signals are accurately sampled before being transmitted to
one channel of the Wilkinson ADC. A reference voltage
applied to the positive terminal of the op-amp centers the
output of the channel at 600 mV so as not to exceed the 1.2 V
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input swing of the ADC. Output voltage is plotted against a
range of input resistances for various gain states in Figures
11 and 12 shows the output produced by an input signal
varying at 200 Hz [11, 12]. The channel has a maximum
sensitivity of 2.6 mn RMS.

Fig. 13. Block Diagram of the High-Speed Channel
HIGH-SPEED CHANNEL
The high-speed channel shares a similar front-end
architecture with the universal channel; however, it is
designed to support higher frequency sensor types. Its design
allows a maximum signal bandwidth of 5 kHz. The channel's
input bridge, gain settings, and stimulus current are
reconfigurable in order to make the channel as flexible as
possible. As shown in Figure 13, each high-speed channel
supports a 5 wire bridge interface including three input signal
wires that allow the bridge to be connected in various
configurations. 350 n quarter- and half-bridge interfaces as
well as a 120 n quarter-bridge interface are provided with
internal resistors. Full-bridge configurations are also possible
using external resistors. Figure 14 shows test results from a
350 n quarter-bridge configuration with respect to various
gain settings.
The interface is set by the control signals ENl, EN2, and
EN3, which are taken from outputs QO-Q2 of the 8-bit
bridge-gain shift register. Bits Q4-Q7 are used to tune the
channel gain from Ix to lOx through a Variable Gain
Amplifier (VGA). Two separate 8-bit shift registers provide
rme-tuning control of the voltage calibration DAC and the
stimulus current DAC. Voltage calibration is used to center
the DC level of the channel and the stimulus current is
controlled through a high voltage ( 12 V) current mirror
which provides current bias to the Wheatstone bridge. All
control signals are serially loaded and contain a scan path for
use in test mode.
The voltage across the two sides of the bridge is sampled,
filtered, and amplified through a high voltage switch sampler,
a 6th-order Butterworth switched capacitor filter and a VGA.
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capacitor (Rf and Cf) on the channel front-end [2]. For charge
amplification, the output voltage is determined to first order
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The operating frequency of the switch sampler and
Butterworth filter can be configured from 5 kHz to 500 kHz
with respect to a signal bandwidth ranging from 50 Hz to 5
kHz. The level shifter in the final stage is used to shift the
channel output signal to match the ADC input range of 0 V to
1.2 V. The full range resistance can be measured from 260 n
to 440 n at lOx gain. The maximum sensitivity is
approximately 15.7 mQ RMS in the high gain configuration.
CHARGE AMPLIFICATION CHANNEL
A charge amplifier functions by converting charge stored
on a capacitor to voltage at its output node. The nature of this
process allows a charge amplifier to maintain signal integrity
in highly capacitive environments that would normally
prohibit a voltage amplifier from properly functioning due to
strong attenuation of the AC data presented by the sensor.
The complete charge amplification channel architecture is
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continuous output. This signal is further amplified by a
switched-capacitor VGA, with gain selected by bits from one
of two programmable registers. The signal is then
conditioned by a Butterworth filter and level-shifted before
being sent to the ADC [2].
In Figure 16, output voltage is plotted against time for a
500 nA square wave current input at 1 kHz. The channel
integrates the input current producing a triangle wave output.
Two gain states (lOx and SOx) are shown, as set by the
channel programming. Figure 17 depicts the output of the
charge channel for the same input waveform, now varying
the programme d cut-off frequency of the 6th-order, low-pass
Butterworth filter. It can be seen that for the lowest filter
frequency (below 1 kHz), the data is heavily attenuated
into a sine wave. The channel is designed for input signals
up to 5 kHz with a minimum detectable signal of 1.6 pc.
It utilizes wide-temperature biasing circuits that maintain
its operation from -IS0°C to + 20°C [2].
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temperature specification. The low-power ADC also
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detection and mitigation against heavy-ion radiation using a
Radiation Aware Power Management (RAPM) scheme. To
protect against burnout, the voltage regulator used in this
system collapses the rail that provides power to the ADC's
digital circuitry upon detection of a latch-up event [16].
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A typical output waveform is shown in Figure 19. The
ADC's conversion cycle begins with a sampling phase,
wherein the analog input is sampled directly by the
comparator while also auto-zeroing the comparator's offset.
The integration capacitor in the ramp generator is also reset
during this phase. Next, the comparator is connected to the
ramp generator and subsequently, the Gray code counter is
enabled. This generates a ramp voltage that linearly varies
from 0 to 1.2 V and is proportional to the digital count. When
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The architecture of the low-power, multi-channel,
Wilkinson ADC is based on [14], and the functional block
diagram is provided in Figure 18. The main components of
the ADC include a single-slope ramp generator and a 12-bit
Gray code counter that are shared across the multiple
channels, thereby reducing total power consumption.
Additionally, an auto-zeroing comparator is integrated within
each channel to provide the analog sampling function within
the ADC. The clock signal to the Gray code counter is
supplied via a Low-Voltage Differential Signaling (LVDS)
link to minimize noise injected into the system [15]. A
PLL-based temperature compensation scheme is incorporated
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Fig. 20. The Fabricated SiGe Remote Sensor Interface (2)

undergoing testing as part of a Materials International Space
Station Experiment (MISSE) Project, depicted in Figure 22,
in an effort to validate total-dose hardness and
wide-temperature operability. Terrestrial test results for the
RSI at cryogenic temperatures and under radiation conditions
using an FPGA-based digital control system is described in
the companion publication [17].
The monolithic 16-channel system with integrated data
conversion occupies an area of 10 x 14 mm2 and consumes
0.5 W + 0.25 W per universal/high-speed channel actively
stimulated. These metrics represent an approximate lOx
reduction in power consumption and a 100x reduction in
form factor when compared to the Remote Health Node on
which the RSI was based. Most notably, each of these gains
has been achieved while simultaneously producing an
integrated circuit so rugged as to be uncompromised by the
extreme conditions present on the lunar surface (both wide
temperature and radiation). The technology'S capabilities
make it a viable candidate for continued investment targeting
a wide range of environments on the NASA roadmap,
including near-Earth objects, Mars, Titan, and Europa. The
SiGe Integrated Electronics for Extreme Environments
research team has shown that a paradigm shift to the use of
distributed electronics systems in space exploration vehicles
is not only possible, but eminently probable.

Fig. 21. The Complete Remote Electronics Unit
mounted as a Multi-Chip Module (MCM)
the sampled input voltage becomes equal to the ramp voltage,
the comparator trips and the value of the counter is latched
for reading out the digital data [13].
SUMMARY

We have described the modeling, circuit design, system
integration, and measurement of a Remote Sensor Interface
(Figure 20) that took place over a span of 5 years and 8
fabrication cycles. It was conceived as part of the Multi-Chip
Module (MCM) shown in Figure 21, which also includes a
digital control chip for clocking, programming, and read-out.
Further work beyond the scope of this was performed to
validate the RSI for the extreme environmental conditions of
a lunar mission, and individual blocks are presently
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Fig. 22. Photograph of the MISSE-6 Experiment taken by
the Astronauts Aboard the International Space Station
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