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Section 1: Introduction/Overview

David Enlow
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Themes/Goals

• “Enterprise Need” Driven:  Developing Technology for Acquisition
and Dissemination of Earth Science and Space Science Data and
Information

• Means :
A) Sensing
B) Computation
C) Communication

• Method:  Progressive Evolution ------------Revolution
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Case for Evolution

• High Probability of Payoff

• Progressive Technical Steps

• Few Variables in Play

• “New science” generally not needed

• Refinement of Knowledge Base
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Case for Revolution

• New mission potential

• Bandwidth utilization

• Data proliferation

• Data exploitation

• LCC improvements

• Throughput/unit resource -> 50% improvement

• Facilitate cross agency collaboration

• Enables self-healing

• Needs:simulation and test beds to minimize costs - low level of
infusion assessment.
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Evolution vs Revolution
Evolution

• Lower Noise- Psuedomorphic  MHEMPT

• 50W->100W->120W TWTA

• High Power SSPA (>25W)

• On Board Processing

• Low Noise MBA 7 Feeds

Revolution

• RF-MEMS

• Superconductivity

• Lasercom

• Space-based Server (SBS)

• Internet in Space

• “Receiverless” Architecture

• Photonics

• Nanotechnology

• Quantum Computing

• Distributed Mission Ops

• Autonomy

Evolution
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• On Board Processing
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Recent Trends Technology Development

• Research and development $  versus $ for J2 fuel and Goretex
jackets

• Advanced Concept Technology Demonstration ACTD ( DOD version
of NMP) usage as means to accelerate technology nugget into
service

• ACTD program  under active control by elements of homeland
defense.

• Technology umbrella to cover Civil, DOD, National Technical Means,
and Commercial.
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External  Factors

• Spectrum  allocation
– Encroachment
– Congestion

• UAV-Space-Ground  Connectivity

• “ Hard Problems”

• Transformational Communications Study ( cross agency )

• Recognition of pooled resources may be cost of revolution
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Technology Convergence

DOD/USG
Space

Civil Space

Commercial 
Space

New Issues

• Homeland Defense

• Closed Technology

• Budget Growth- Mission
Breathe
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Systems Architectures

NASA Systems Communications
Architecture & Technology Gap
Assessment Study Flow

Missions

Systems &
Communications
Architectures

Analysis &
Evaluation

Technology
Evaluation &
Assessment

Phase 1(definition) Phase 2 (Sensitivity) Phase 3

Prelim NASA Mission &
Comm Needs Assessment

Formation Flying Missions
Requirements Assessment

Comm Architecture
Identification & Prelim
Assessment

Example Missions (e.g. Leonardo &
Deep Space Relay) Comm  & Formation
Flying Systems Requirements

Prelim Arch & Network Evaluation,
Communication Link Analyses, Trades

Prelim Comm/FF  Hardware/Software
Requirements

Prelim Comm /FF Technology  List
(hardware&software)

TRL Evaluation/Ranking

Prelim  Tech.  Roadmaps (Comm,
FF)

Comm Architecture& Formation Flying
Evaluation & Trades

On Board Processing  vs Link Bandwidth

End-to-End Information Sys. Approach

Example Missions Link Analysis &
Trades

Cost Benefit Assessment (System,
Architecture, Links)

Comm  & Formation Flying
Technology Evaluation & Ranking
Update

Technology Roadmaps

Optimization

Technology
Investment Plan

Implementation
Methods

7/00-12/00 Q2,3 FY 2001  FY 2002

Evolutionary Mission
Development

Sensitivity to Adv.
Missions
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Programmatics

• Phase 1 6/00-12/00 160K CPC/ATC

• Phase 2 5/01-2/01 400K CPC/ATC

• Supplemental Activities
–NOAA-GOES Adjunct Study (ATC)
–Pascal Definition (Mars-based Proximity Networks)
–Internal IR&D- FF, Advanced networks, Advanced Communication
Technologies, and Simulation

–Collaboration with Dr. Warren Wiscombe, PI- LEONARDO GSFC



ATC

Phase II Final 1/29-30/02 Section 1  pg.14

Phase II Executive Summary

• Key Objectives
– Identify most promising architecture, corresponding

communications and formation flying key and tall-pole
technologies, current and needed TRL required, technology gaps
and development approach for Future NASA missions.

– Use strawman mission Leonardo as point of reference.

• Results
– Collaboration with PI is very beneficial process for increasing the

utility and affordability of the science mission goals
– The most demanding element of Leonardo 2015 (L2015) mission

is Mission Ops in a Distributed Environment (large integrated
cluster of low TRLs and long development times)

– Architecture for L2015 is Space Based Server/ Sensor Web
– The Formation Flying Technology Assessment is that a broad

range of elements need parallel effort. TRL level
– The Communications Technology Assessment is that key

technologies/ components are identified. TRL level
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Integrated Technology Development
Roadmap

Process methods

A) Systematic
– Systems engineering (Goals->Requirements->Performance

Specs)
– Technology Listing & Options
– Technology Performance  vs Resources Trade
– MOE; FOM; Resource/Risk

B) Non-systematic - “Mission is King”
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Splinter Session Topics

• Space Network Simulation:  N. Butts

• FF-Ground Based Test Bed Concept: E. Byler
– Capital Investment (Distributed Space Systems Lab)
– IRAD (Formation Flying)

• Resource Management Development– GSFC:  M. Enoch

Relevant Lockheed Martin IRAD Topics
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Section 2: Requirements Definition:
Mission and Architectures

Jeff Sroga
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Presentation Outline
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7.0 Summary, Recommendations & Phase 3
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Leonardo BRDF Mission
• BRDF-Bidirectional Reflectance

Distribution Function
–angular distribution of reflected solar
radiation

–spectral components; temporal &
spatial distributions

• BRDF importance-global climate
monitoring/change

–TOA net radiation flux: integral of BRDF
over angle space (large angle range)

–BRDF uncertainty- largest error
contributor for instantaneous TOA
fluxes

• Mission goal: survey and
characterize range of BRDF

Coordinated, Multiple Spacecraft Required to Obtain BRDF Data
over Large Angular Range

Coordinated, Multiple Spacecraft Required to Obtain BRDF Data
over Large Angular Range

http://climate.gsfc.nasa.gov/~wiscombe/LeoBRDF/LeoBRDFhome.html
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Leonardo “2015” Sensor Observing
Geometry

Qobs

Geometrical Cross
Track Pixel “Growth”

S/C #1
(nadir) S/C #N

(Zenith Obs)
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Leonardo “2015 and Beyond” Mission
Requirements/Specifications

• Phase II  effort looked at a
future Leonardo type mission
(Leonardo “2015 and Beyond”)
that will push the envelope for
formation flying technologies,
data communications
(crosslinks, dowlinks), on
board and distributed data
processing, autonomous
operations, and advance space
network access architectures.

• Leonardo “2015 and Beyond”
requirements and
specifications are the
“baseline” formation flying
science mission on Phase II.

Leonardo "2015 and Beyond" Mission Requirements/Specifications

Formation/Spacecraft: Description
#  S/C in Formation: 6 minimum- maximum 12 

S/C Orbit: 400Km Equatorial Orbit (Current Leonardo Concept)

Formation Type: Loosely coupled (nominal); tighter constraints for higher 
ground resolutions 

Science Operational Requirements Daytime measurements, simultaneous sampling from 
constellation S/C along same ground track; 

Maximum Link Range: 2000Km (longest link distance)

S/C Pointing Knowledge: 5-10Arcsec (1 Sigma each axis)

S/C Pointing  Control: 0.2-0.05 Deg. (1 Sigma each axis)

Timing/Synchronization <1.0ms 

Formation Crosslink Operations: Autonomous acquisition and tracking
Minimum of 2 crosslinks/spacecraft 
Capable of crosslinking  to all formation members

Crosslink Data Rates (Intracluster): 300-3000 Mbps (raw)
(possible lower data rate for fewer selected channels)

Network Access Data Rate up to >3Gbps (TBR)  
(Ground/Space) (dependent on # connections, architecture)

Network Access Protocols IP (intra formation & internet) e.g. MobileIP, etc.

Instrument:
Type: UV/Vis/Near IR Imaging Spectrometer (pushbroom)

100s-1000 wavelength channels
Ground Track Resolution: 1Km @ 62.5 Deg Nadir (70 Deg Target Zenith)

100-150m resolution @ nadir

Swath Width: 600-700Km nominal

Dynamic Range: 12 bit ADC (minimum)

Raw Instrument Data Rate ~300Mbps- 3.0 Gbps (max)- (depends on # selected
 channels)

On Board Processing:
Formation Flying/Maintenance: Autonomous Operations

OBP Science Data: Process data to common gridpoint (first level)
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BRDF Data Integration Problem

S/C #1
(nadir)

S/C #N
(Zenith Obs)

Common,
uniform

BRDF Grid

Variable Cross Track Resolution
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Leonardo Mission Lifecycle

Mission Definition
Spacecraft

Development
Initial

Deployment(s)

Constellation
Formation,

Initialization &
Calibration

Nominal Mission
Operations

Anomolous
Mission

Operations

Replacement &
Enhancement
Deployment(s)

Dispersal,
Disposal or

Redeployment

Data Modeling and Analysis
Visualization
System Development Tools (Expert Systems)
Phenomological Modeling

Design Automation and Optimization Tools
Resource Planning Tools
End to End Verification Tools

Launch & Transfer Vehicle
Information Distribution Network

Navigation
Planning
Data Reduction
Resource Management
FDIR

Navigation
Planning
Resource Management
Data Analysis
Data Reduction
Communications

Navigation
Planning
Resource Management
Data Analysis
Communications
FDIR

Navigation
Planning
Resource Management
Communications

LEONARDO-BDRF Mission Lifecycle Phases
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Leonardo Deployment and Initialization

Deployment

Ÿ Collision Avoidance
Ÿ Orbit Determination
Ÿ Attitude Determination

Spacecraft StartUp

Ÿ Subsystem Start Up
Ÿ Diagnostics & Test
Ÿ Recovery (if needed)
Ÿ Comm Acquisition 
      (Extra Cluster)
Ÿ Orbit Determination,
Initial
Ÿ Attitude Determination,
Initial
Ÿ Navigation Planning
Ÿ Manuever Planning and
Execution

Constellation StartUp

Ÿ Comm Acqisition
(Intra-Cluster)

Ÿ Formation Acquisition
Ÿ Navigation StartUp

Constellation Formation

Ÿ Navigation Planning
Ÿ Manuever Planning and
Execution
Ÿ Resource/Capability
Registration (Info Sharing)

Calibration/CheckOut

TBD

Position HandOff
Attitude HandOff
Relative Position Info
(From Deployment
Platform or Ground)
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Leonardo Nominal Operations

Goal Setting
(Identify Targets of Interest)

Determine Tasking

Prioritization
Resources
Geometry

Value and Cost
(Observation)

Communications

Allocate Resources

Prioritization
Resources (fuel, power,
data storage & comm,

thermal load)
Geometry

Value

Perform Tasking

Preparation
(Spacecraft &
Instruments)

Registration
Calibration

Attitude
Sensitivity

Data Storage
Computational
Configuration

Collect Data

Navigation
Manuevering

Attitude
Registration
Calibration
Sensitivity

Data Storage
Computational
Configuration

Process Data

Registration
Calibration

Attitude
Sensitivity

Data Storage
Computational
Configuration

(See Sroga OBP charts)

Deliver Information

Processing
Compression

Transformation
Analysis

Analyze Information

Automation
Data Mining

Signal Processing
Visualization

Determine Objectives

Automation
Data Mining

Signal Processing
Visualization

PI Requests
SensorWeb Requests

Autonomous Analysis Requests
Affiliated Data Users (Consumers)

Data Analysis Systems
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Mission Anomalous Operations

Fault Detection
Isolation and Classification

On-board Reaction On-board Compensation Cluster Notification
Cluster Reaction and

Compensation

Anomalous Mission Operations Process Flow

Telemetry Point Monitoring, Limit Checking
Telemetry Point Monitoring, Trending
Expert System
Neural Network

Built In Self Test (BIST) Processes
Expert Systems
Neural Network

Algorithm/Software Modification
Hardware Modification
Resource Reallocation

Communications, Explicit
Beacons

Distributed Diagnostics
Re-planning
Re-scheduling
Resource Allocation Modifications (Reassignments)
Algorithm/Software Modification (Distributed)
Hardware Modifications (Distributed)
Assistance (Replacement) Request & Decommissioning
New Baseline Establishment
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Mission Impact on Comm & S/C Flow
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Phase 1 Architectures
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Phase II Architecture Selection

• Space Based Server Communications Architecture most promising
from Phase I

• Advantages:
–incorporates features of other Phase I architectures
–open system design (OSI layer model)
–standard protocols and interfaces (operations, software
development/testing)

–standardized internal S/C C&DH interfaces
–scalable architecture- growth potential
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Leonardo “2015 and Beyond” Network
Access Requirements Trades

Task 1.5 Communications Network Access Assessment
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Leonardo “2015 and Beyond” Point Design
Baseline for Network Access Trades

• Multi-purpose Hyperspectral Imager (HSI) utilized for BRDF measurements

•  “Feasible HSI” specifications for Leonardo mission - 1Km resolution at 70
degrees zenith angle observation

• Daytime measurements only (50% instrument duty cycle)

# Formation Spacecraft 6
Spacecraft Altitude 400Km
Instrument Type Pushbroom Hyperspectral Imager
# Spectral Channels 100
# Cross Track Pixels 4096
Instrument Cross Track FOV 82 Degrees (full angle)
Instrument Swath Width (nadir pointing) 707Km
Cross Track Resolution @ 70 Deg 1Km
Ground Resolution @ Nadir Pointing 139m
# Bits/Pixel 12
Raw Instrument Data Rate 271Mbps (each)
Instrument Duty Cycle 50% (Daytime Only)
Raw Data Volume/Orbit per S/C 753 Gbits or 94 GB
Raw Data Volume/Day per S/C 11,715 Gbits or 1,464 GB
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Network Access for Processed
Leonardo “2015” BRDF Data Output

• Leonardo 2015 On Board Processing Concept for Top Level, System
Data Link Requirements Trade
– data accumulated/interpolated to common, uniform 1Km x 1Km
“BRDF” science grid spacing (along, cross track binning)- focus only
on end OBP results

–assume on average 50% of instrument swath width in overlap of the
formation S/C FOVs

–assume 24bits/”BRDF pixel” to account for increased dynamic
range/resolution due to OBP

–OBP for each wavelength channel separately

• Per S/C “Processed” Data Rate: 6.5Mbps; Data Volume:18Gbits/Orbit

•  On Board Data Compression (lossless and lossy) could provide
additional data volume reduction-same ratio for “raw” and “BRDF
processed” data (not included in this trade)

On Board “Science” Data Processing for Leonardo “2015” can
provide ~40X reduction in Sensor Data Volume

On Board “Science” Data Processing for Leonardo “2015” can
provide ~40X reduction in Sensor Data Volume
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Network Connectivity RF Bandwidth
Allocation/Data Rates

• Space-Ground, Space-Space frequency allocations from NTIA
frequency allocation data base

• TDRSS data rates for TDRSS H,I,J services

RF Frequency Spectrum Allocations/User Data Rates
Space-Ground Space-Space

S
79-90MHz BW (2130-2200, 

2020-2290MHz)
6Mbps (TDRS S-SA)

http://www.ntia.doc.gov/osmhome/allochrt.html 
http://nmsp.gsfc.nasa.gov/tdrss/services.html

X
150-185MHz BW (8025-
8175, 8215-8400MHz)

N/A http://www.ntia.doc.gov/osmhome/allochrt.html 

Ka 1GHz BW (20.2-21.2GHz)
1GHz BW (32-33GHz);  
800Mbps (TDRS Ka)

http://www.ntia.doc.gov/osmhome/allochrt.html 
http://nmsp.gsfc.nasa.gov/tdrss/services.html

V N/A 5GHz BW (59-64GHz) http://www.ntia.doc.gov/osmhome/allochrt.html

Frequency Band Reference
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Leonardo “2015” Network Access Trade:
Individual S/C Ground Station (GS)

Contact• Assumptions:
–each S/C separately downlinks data
to ground station

–8 minute GS contact time
–Raw Data: all raw data transmitted
to ground

–BRDF Processed: data in overlap
regions at 1Kmx1Km grid
downlinked

• Required downlink capability
vs # contacts/orbit

• Downlink Data Rate Capacity
(conventional technology)

–S,X and Ka bands
–max rates for QPSK and frequency
allocations

–encoding and error corrections will
reduce downlink “information” rate

Network Access Trade: Separate Ground Station 
Contacts for Each Spacecraft

X-Band QPSK

Ka-Band QPSK

S-Band QPSK
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Increased Ground Station Access and/or
OBP can Reduce Required Downlink Data

Rates for Leonardo “2015”

Increased Ground Station Access and/or
OBP can Reduce Required Downlink Data

Rates for Leonardo “2015”



ATC

Phase II Final 1/29-30/02: Section 2  pg.19

Leonardo “2015” Network Access Trade:
Central S/C to Ground Station Contact

Network Access Trade: Data to Central S/C & Central 
S/C to Ground Station

X-Band QPSK

Ka-Band QPSK

S-Band QPSK
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• Assumptions:
–each S/C transmits to “central” S/C
and “Central” downlinks data to
ground station

–8 minute GS contact time
–Raw Data: all raw data transmitted to
ground

–BRDF Processed: data in overlap
regions at 1Kmx1Km grid downlinked

• Required downlink capability
vs # contacts/orbit

• Downlink Data Rate Capacity
(Conventional Technology)

–S,X and Ka bands
–max rates for QPSK and frequency
allocations

–encoding and error corrections will
reduce downlink “information” rate

Raw data distribution demands higher order
modulation for allocated bandwidth

Raw data distribution demands higher order
modulation for allocated bandwidth



ATC

Phase II Final 1/29-30/02: Section 2  pg.20

Leonardo “2015” Network Access
Trade:Central S/C to Space Backbone Contact

Network Access Trade: Data to Central S/C & Central 
S/C to Space Backbone

TDRS Ku-SA

Ka Band QPSK

TDRS S-SA

V-Band QPSK
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• Assumptions:
–Each S/C transmits data to “central”
S/C and “Central” transmits to Space
Backbone (SB)

–Raw Data: all raw data transmitted to
Space Backbone

–BRDF Processed: data in overlap
regions at 1Kmx1Km grid transmitted

• Required IS data rate vs % time
connected to Space Backbone

• Space Backbone ISL Data Rate
Capability (Conventional
Technology)

–TDRS S, Ku Single Access
–Ka, V band max rates for QPSK and
frequency allocations

–encoding and error corrections will
reduce ISL “information” rate

Increased SB Access and/or OBP can
Reduce Required ISL Data Rates to SB for

Leonardo “2015”

Increased SB Access and/or OBP can
Reduce Required ISL Data Rates to SB for

Leonardo “2015”
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Conclusions
• Leonardo “2015 and Beyond” Mission Concept -> Large Raw Data

Volume Generator

•  “Send All Bits” Philosophy:
–stressing/exceeding conventional downlink capabilities (single S/C and
Central S/C concepts)

–exceeding current TDRSS crosslink capabilities
–will require reduction in # channels/# pixels/instrument duty cycle and/or
on board data compression to fit access capacity

• Bandwidth Utilization (BEM,coding): increased capacity of current
frequency allocations

• On Board “Science” Data Processing:
–concept affords >40X reduction in mission data volume
–  allows “science” data to fit current downlink/crosslink capabilities
–on board “HSI” compression techniques could further reduce access
bandwidth requirements

• On Board Processing Trade to Follow


