National Aeronautics and Space Administration

High Temperature Electronics:
Reapplying a Lost Art

Mike Krasowski

Senior Research Engineer
Mobile And Remote Sensing Lab

Optical Instrumentation and NDE Branch
Communications, Instrumentation and Controls Division
NASA Glenn Research Center

Michael.j.krasowski@nasa.gov
216 433-3729

www.nasa.gov


mailto:Michael.j.krasowski@nasa.gov�

National Aeronautics and Space Administration

Efficient Power and Propulsion (EPP)
Distributed Engine Control (DEC)

DEC Objectives:

» Create a sustainable high temperature electronics infrastructure which will
allow growth and integration of new control system technologies thus enabling
a pathway to new engine technologies consistent with EPP goals.

 Create new tools which advance and help validate soft and hard control
technologies which improve vehicle performance metrics and reduce specific
energy consumption.

Silicon Carbide (SiC) Electronics Technology helps achieve these objectives
by extending the operational limit of electronics to temperatures of 500 °C or
more. This extends the capability of existing control hardware and enables
entirely new control technologies to be applied in turbine engines.

SiC Objectives:
 Create the technologies for the high temperature electronics infrastructure to
exist at an operational temperature range greater than 300 °C.
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The Birth of Digital Logic Integrated Circuits

1959 - First Practical Monolithic Integrated Circuit Concept Patented
« Fairchild co-founder Robert Noyce

1960 - First integrated circuit manufactured in 1960
 Semiconductor device-and-lead structure

1961 - NASA Apollo Guidance Computer (AGC) - Fairchild Micrologic:
* Designed by MIT in 1962, built by Raytheon.
 Block I: 4,100 single 3-input NOR gate integrated circuits.
» Block II: 2,800 dual 3-input NOR gate integrated circuits.

These early logic technologies were of the Resistor Transistor Logic (RTL) type
- No Complementary (e.g. CMOS) Device Technologies

« Simple concept: Single transistor can be used to invert (NOT) a signal

« Transistors in parallel can NOT OR (NOR) a set of signals

* Transistors in series can NOT AND (NAND) a signal

All digital logic functions from individual gates to microprocessors Are
synthesized from NOR and NAND gates
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Block Il Apollo Guidance Computer
Digital Logic Integrated Circuit

Resistor-Transistor
Logic Technology

TWO GATES PER IC

FAIRCHILD SEMICONDUCTOR
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Apollo AGC Example: 16 Stage Binary Counter@/

57 ICs to create
16 D-Type Flip Flops.

- Schematic Represents
- Approximately
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The Birth of Silicon Carbide (SiC) Digital Logic
Integrated Circuits

1996 - Silicon Carbide Junction Field Effect Transistor Digital Logic Gates
Demonstrated at 600 deg. C., Neudeck, et al., NASA GRC

2000 - High Temperature Packaging for SiC Devices Demonstrated, Chen, et al.,

NASA GRC
2008 - Prolonged demonstrations at 500 °C operational testing - Neudeck, et al.,
NASA GRC
NOT (Inverter) gate - 3600 hours
NOR gate - 2405 hours
NAND gate - 3380 hours

2010 - “N-Channel, JFET-Based Digital Logic Gate Structure Using Resistive
Level Shifters” - US Patent 7688117, Krasowski, March 30, 2010

2011 - “Source-Coupled, N-Channel, JFET-Based Digital Logic Gate Structure
Using Resistive Level Shifters,” US Patent Application, LEW-18636-1,

Krasowski
2011 - Ring Oscillator Based Pressure Sensor, Meredith et al.
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Silicon Carbide (SiC) Digital Logic

Resistor Transistor Logic (we also have no complementary devices)
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Here we have a SiC NAND gate, an RTL device
operating from -125 ° C. to +600 ° C.
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DIGITIZATION AT THE SOURCE:
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“High Temperature Capacitive Pressure Sensor Employing a SiC Based Ring
Oscillator”, Meredith, et al., 2011
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High Temperature Electronics:
Reapplying a Lost Art

SILICON CARBIDE (SiC) DIGITAL LOGIC is RTL

As noted earlier, Great Tasks can be Accomplished with RTL (Apollo
AGC) SiC logic is, by necessity RTL

If we are going to support Distributed Engine Control needs we cannot
accept hardware as immense as an Apollo AGC

To that end we are designing SiC integrated circuits containing
hundreds of transistors (not 6), dozens of gates (not 2) and capable of
performing complex (sub)tasks within a process!
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In Process
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4 bit Analog to Digital Converter with 6 D-type Flip Flops, an Oscillator, a
Comparator and assorted Glue Logic PLUS Word and Pulse Width
Modulation Outputs

ALL ON ONE IC!!
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In Process: Building Blocks for Digital and
Mixed Signal Processors

Demonstrated: Designed:

o 2input NAND Gate, e 2input XOR Gate
Buffered, Direct Coupled D Flip Flop (ala 7474)
FET Logic 4 Bit Dto A Converter (scalable word length)

o 2input NOR Gate, * 4 bit Ato D Converter (scalable word length) with
Buffered, Direct Coupled word wide and PWM outputs
FET Logic * 4 Dbit X 4 static Random Access Memory (RAM)

* Inverter, Buffered, Direct » 3 stage (15 state), 2 polynomial Pseudo Random
Coupled FET Logic Binary Sequence (PRBS) generator

* Ring Oscillator * Analog Operational Amplifier /Comparator with

» Differential Amplifier Complementary Outputs

What Can We Do With All This?
Create any small scale to medium scale logic functions on a chip

» Registers » Data Selectors » Decoders
» State Machines » Arithmetic Logic Units
» Universal Asynchronous Receiver/Transmitters » More
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57 Apollo Era ICs Become 2 ICs in SiC
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Using a demonstrated SiC RTL gate structure, we
can produce dense analog, digital and mixed signal
Integrated circuits - the building blocks for high
temperature processing.
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Nasa
SiC Distributed Sensor Networking Techniqu
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AN EXAMPLE SUBSYSTEM:

Selectable 2 polynomial 4 bit Pseudo Random
Binary Sequence (PRBS) Generator
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Example SiC Subnet

RS485 BUS
Sensor Nodes

225 ° C. Region

500 ° C.+ Region

SiC Smart Sensors

Specialty Node

Power Bus to SiC smart sensors

» SiC frequency output sensors (measurand to variable frequency

oscillators).

o OQOutputs amplitude modulated by bit patterns unique to each SiC sensor

(PRBS?)

* Multiple SiC sensor signals summed as signal perturbations on power bus.
» Specialty Sensor node in cooler part of engine separates out individual SiC

sensor signals.

 SiC sensor data delivered to data concentrator via low(er) temperature bus.
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Conclusion

 Developed and demonstrated a workable SiC RTL logic gate
structure.

 Developed and demonstrated functional SiC analog structures

» Created designs for SiC ICs with digital, analog and mixed
signal capabilities - the building blocks which enable smart
engine control components operational to 500 °C

* Achieved the equivalent of medium scale integration (MSI)
process functions (hundreds of transistors, dozens of gates)

* Future circuit designs in process - ALUs, MUXs, UARTS, etc.
* Developing the roadmap to achieve a 500 °C minicomputer

SIC microcircuits represent an extension of the high temperature
electronic infrastructure available to help meet the objectives of
EPP.
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