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Overview — TARANIS

Tool for the Analysis of Radiation from Lightning and Sprites

TARANIS Mission Summary

* French satellite mission in development by Centre
National d’Etudes Spatiales (CNES)

= Mission to study coupling between the
Magnetosphere, lonosphere, & Atmosphere

® Launch planned for 2011, expected 2+ vyear
scientific lifetime

TARANIS Overall Mission Objectives

1.Estimate rate of occurrence of Transient Luminous
Events (TLE) and associated emissions

2.Characterize “runaway electrons” that escape the
lower atmosphere and enter the magnetosphere

3.ldentify effects of TLE on coupling between the
ionosphere and magnetosphere

4.Specify the role of precipitated electrons in
magnetospheric/ionospheric coupling

0* Detector Contribution to Mission
= Instrument operates in “always-on” mode for long
duration statistical gathering

= Characterization of the electromagnetic
environment (transient signals and background
levels) associated with TLE events

= Operates in conjunction with Main Experiment
Instrumentation & Control (MEXIC)



Overview — 0* Signals

0+ are radio signals generated by lightning strikes; the 0+ mode refers to the first upward path into the magnetosphere

Generation of 0+ Whistler Signal Characteristics: 0+ Whistlers

=  Mostly impulsive above 5 kHz

1. Lightning strike on ground discharges
8 8 8 8 50 to 100 milliseconds of dispersion in low-

high current, generating impulsive frequency (1 kHz) regime

radio signal =  Exact dispersion profile allows scientific analysis
2.  VLF component of signal can of plasma environment

propagate hundreds of miles through
Earth-lonosphere Waveguide

3. At some location, complex physical
interaction allows VLF wave to inject
vertically through ionospheric

boundary and into magnetosphere =N
4. First upward propagation in ionized '
plasma environment disperses the 4]
impulsive radio signal
5. Detection and analysis of this signal -
by satellite instrumentation allows o

classification as a 0+ mode whistler s0°
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0+ Signal Examples
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Example 0* sferics observed from the DEMETER satellite at
670 km orbital altitude. This broad-band data illustrates the
high-frequency impulsive character of 0* signals. Note the
presence of clusters, or rapid successions of sferics.
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This plot shows a zoom of a 0+ dispersion signature
between 0 and 4 kHz. Note the signal time-span of
~150 milliseconds.



Detection Methodology

Ultra-Low-Frequency Analyzer
= Downsample signal to 8 kHz

= (digital antialias and
decimation)

= Take 128-point FFT to obtain
spectral content

= Apply pattern-matching
technique to time-frequency
envelope of bands-of-interest

= Potential to detect waveguide
TE/TEM mode "gap" detection
for range finding).

Simulation Results in MATLAB
compared against a large
human-observed detection
database

Hardware prototype is compared
to simulation results for
benchmarking purposes

Preliminary benchmarks indicate
that hardware has successfully

implemented the MATLAB
simulated algorithm



Ultra-Low-Frequency Analyzer

* Low-order FFT generates power .-
in each spectral bin

* Adjacent FFT bin outputs are
combined to form bands of
particular interest
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Hardware Prototyping Platform

Altera DE2 FPGA Prototype Board
= Cyclone ll FPGA
= 100 mW power consumption

= Numerous I/O peripherals for
data input and output

= System code written in Verilog

=  On-FPGA CPU implemented, with
additional control code written as
embedded software, in C
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= Eventual port to radiation-
tolerant chip is necessary



System Layout

* Highly parallelized data pipeline with many
interconnected signals

= Specialized digital hardware for specific
computational tasks

" Prototype mirrors the space-flight system to
the best capability given available resources



SYSTEM LAYOUT

Hardware Systems Data

Data Acquisition Acquisition

Digital signal conditioning/filters
Analog and digital clock timing
Hardware FFT unit

Matrix calculator Clock
Automatic Gain Control control
Data Control CPU

Signal
Conditioning

Dataflow

© N Uk wWwNPRE

Data Output Block

Chart Coloring

Data Path

oo
R

Matrix
Calculator

Data Output Block




System Use

=  Capture analog input signal in from PC over 3.5mm audio cable
DATA ACQUISITION =  Enables digital synthesis or direct playback of recorded

Hardware Systems DEMETER data for algorithm
1. Data Acquisition =  Mimics flight-hardware data capture system from MEXIC
=  Currently acquires 2 channels; only one channel is necessary

Implementation

=  Use on-board WM8731 Analog-to-Digital Converter CODEC

=  Communicate over SPI communication link to set up data
sample rate and bits-per-sample

=  Buffer serial data input to generate parallel data output

PC audio data playback
or synthesis

Specifications v
WM8731 Analog-to-Digital
PAQ i 48.000 kHz sample rate (2 Channel) Converter CODEC

A

12 bits per sample

A 4

90 dB dynamic range

Digital SPI
Interface

Analog noise < 1 bit Y

Data Input

Buffer

128-sample FIFO buffer i
PGA 12 bits @ 48 kHz

FPGA




SIGNAL CONDITIONING
Hardware Systems

Data Acquisition

Digital signal conditioning/filters
Analog and digital clock timing
Hardware FFT unit

Matrix calculator

Automatic Gain Control

Data Control CPU

Data Output Block
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PGA

System Use

=  Flight hardware will provide parallel data in at 1 MHz
=  (O*Detector needs 8 kHz data for detection
=  Necessary to significantly down-sample input data.

Implementation
=  Digitally anti-alias and downsample
= Buffer serial data input to generate parallel data output

Specifications

Stage 1: 48 kHz -> 24 kHz

Stage 2: 24 kHz -> 8 kHz

2-tap IIR anti-aliasing filter at Fs;op = 0.9375%(F / 2)

[IR
(in-place)




ANALOG/DIGITAL PLL
Hardware Systems

3.

Analog and digital clock timing

PGA

System Use

Tight control of Analog Clock input allows for precise system timing
and coherency

Digital system requires additional signal conditioning for clean clock
input

Generation of VLF clock signals (8 kHz) cannot be attained via PLL,
so digital counters are used for slow clocking

Implementation

Specifications
Analog crystal input:

PLL Divisor:

Digital Clock Counters Parameters:

Analog clock input from prototype board crystal

Phase-Locked Loop implemented on FPGA in analog hardware with
digital configuration interface

Digital counter implemented in Verilog for 8 kHz count via 2-stage
down-count (50,000,000 ticks per second)

50 MHz @ Q=15.2x10° (+ 5Hz)

1:1 Altera on-board Phase-Locked Loop

50% duty cycle
6250 ticks @ 50 MHz = 8 kHz
8000 ticks @ 8 kHz = 1 pulse/sec




FFT BLOCK

Hardware Systems

4.

Hardware FFT unit

PGA

System Use

Parallel computation of spectral signal information
CPU-controlled hardware FFT algorithm

Implementation

32-bit complex floating-point representation, pre-casted by
data control CPU

Multi-stage (5-folding) FFT algorithm implemented in Verilog

Altera Quartus technique to map directly to multiplication
hardware

Specifications

128-point complex FFT with 64-point real data output
64 spectral bins spanning 0 — (F./2)
62.5 Hz per bin

Hamming Window applied before data processing via SIMD
instruction to minimize side-band effects

171-clock cycles @50MHz per 128 data-points @ 8 kHz (stalls
for data input only, never for calculation results)

Measured at least 70 dB dynamic range detection in spectral
output with injected sine-wave @ 440 Hz; side-bands detected
with f,,; less than one spectral bin



MATRIX CALCULATOR
Hardware Systems

5.

Matrix calculator

PGA

System Use

=  Specific algorithm for 0+ detector, moved to parallel
computation unit and controlled by CPU

=  Compares spectral band signal intensity vs. time in a 2-D matrix
multiplication process

Implementation

=  5x5 FPGA logic register bank matrix tightly coupled to output
via multiplication unit

=  Qutputincludes a single detection-flag bit (directly indicates 0*
signature detection)

=  Eventually will have software-configurable constants — requires
additional complexity not yet implemented

Specifications

Inputs: Direct stream from FFT unit, merged and averaged inside
Matrix Unit

Outputs:

=  25-element reduced spectral profile for 0* signature

=  Detection Flag

=  Threshold Settings from AGC unit



System Use
=  Simulation results indicated that background noise-fluctuation

AUTOMATIC GAIN CTRL were significant interferences with the detection method

=  Solution — monitor the background noise environment and
Hardware Systems parameterize the detectability sensitivity threshold accordingly

Implementation

=  Parallelized computational unit monitors raw input signal and
estimates noise level and characteristics

=  Two-tap lIR plus cascade-stage for spectral estimation

6. Automatic Gain Control =  (Closely matches simulation results in long-duration noise
injection tests (further benchmarking is definitely necessary)

=  Low-order estimate reduces computational complexity and
requires minimal memory (stores limited to 3x 32-bit registers)
without sacrificing significant accuracy

Specifications

Two-parameter output directly coupled to matrix detector
thresholds

=  Noise Level (|E|? estimator) [dB]

=  Noise Spectral Distribution (0% estimator) [dB/Hz]

=  Minimal O+ detected at 30 dB/noise-floor
ouTe PGA =  System saturation at 65 dB/noise-floor




CONTROL CPU

Hardware Systems

7.

Data Control CPU

PGA

System Use

System-wide data flow coordination
Real-time clock (“GPS” or running-counter since orbit start)

Data conversion for different hardware sub-blocks, which
require many different data formats (raw signal input; standard
IEEE754 floating point; integer; unsigned integer; gain/level
normalization)

Command processing, data output

Implementation

Currently using an Altera Nios Il CPU for ease of development

Earlier implementations used an OpenRISC 1000 OR1K entirely
implemented in Verilog (for platform portability)

System software in C is portable to any GCC-compatible
compiler/CPU with minor modifications

Specifications

50 MHz clock
20 kB memory (data RAM + code text)
8 kB data cache, 4 kB instruction cache

Also controls off-FPGA peripherals for user interface,
debugging



System Use
=  Data downlink suitable for 10 kBps output

DATA OUTPUT =  UART (“serial port”) output
Hardware Systems

Implementation

=  On-FPGA 16550A-compatible UART controller
=  Off-FPGA MAX2232 UART/RS232 level-shifter
=  Connects to personal-computer through serial port

Specifications

=  115kbps (software-limited to lower rate per TARANIS spec)
= 8-bit word + 1 stop-bit

=  No Parity

8. Data Output Block

»  Hardware Flow-Control (“No Flow Control”)

= Can connect via Windows or Linux PC using any Serial-Port
compatible software (MATLAB, PuTTY, HyperTerminal, Java)

PGA




Further Work

Port to Radiation-Tolerant Platform (S)
Further Testing, Benchmarking
Progress towards flight-ready hardware and qualifications process

Possible improvement: port to a unified data-passing bus
architecture (e.g. Wishbone or Avalon) — to eliminate need for CPU
entirely — can save power and use a cheaper FPGA

= Questions?
nwmoussa@stanford.edu
Nader Moussa, Ph.D. Student
System Architect




