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Partnership

e Connection between MSU and DSN
— via Lunar IceCube/Exploration Mission 1
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Human Exploration & Operations Mission Directorate

Human Exploration and Operations Mission Directorate
Organizational Structure
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EM-1

EXPLORATION MISSION-1

The first uncrewed, integrated flight test of NASA’s Orion spacecraft and Space Launch System rocket, launching from a modernized Kennedy spaceport

spLAsHDowN @ . RE-ENTRY INTERFACE ENTER EARTH ORBIT . OUTBOUND TRAJECTORY CORRECTION (OTC)

Pacific Ocean landing Enter Earth’s atmosphere Perform the perigee raise maneuver As necessary adjusttrajectory .

within view of the U.S. for Lunar jnsertion to DRO

Navy recovery ships

1 — . 2 45 FINAL RETURN TRAJECTORY
LAUNCH CORRECTION (RTC)

SLS and Orion ) sy .
\ P ¢ ti fi

lift off from pad ; = -~ E:':r:s;?ryarge ing for

39B at Kennedy 70 # /‘\

Space Center / "

JETTISON (2
ROCKET
BOOSTERS
Solid rocket
boosters h we o
separate N ey ARG v P OUTBOUND TRANSIT
L Pa— \ Requires several attitude maneuvers

EARTH oRBIT ) o 3 e s 48 _ and Optical Navigation Checkout

Systems check

and solar panel Lo - ‘

adjustmen':s ~\ , . . . . ﬁ‘
: g CUBESATS DEPLOY

TRANS LUNAR . g ICPS deploys 13 CubeSats total

INJECTION (TLI) BURN g

Burn lasts for approximately

14

JETTISON LAUNCH ABORT SYSTEM

16 RETURN POWER FLY-BY (RPF)
RPF burn prep and return
coast to Earth initiated
W
Heliocentric Disposal
Precludes re-contact

@ orBIT INSERTION

Enter Distant Retrograde
Orbit for next 6-10 days

. DISTANT
RETROGRADE

-~ ORBIT (DRO)
Burn maneuver and
solar panel
adjustment;

37,000 miles from

the surface of

the Moon

OUTBOUND POWERED
FLY-BY

Results in DRO insertion;
62 miles from the Moon

20 minutes ‘ ' RETURN TRAJECTORY BURN 13 RETURN TRANSIT /\

A Y & CORE STAGE SEPARATION Precision Trajectory Burn Return Trajectory Correction
INTERIM CRYOGENIC . The LAS is no longer needed, aiming for Earth’s burn prep; travel time 6-10 days

PROPULSION STAGE (ICPS) Orion could safely abort at anytime; atmosphere

SEPARATION core stage separation and engine

The ICPS provides enough thrust to shut down

circularize orbit and commit Orion to TLI [ — Launcn Earth Orbit — Trans Lunar — Lunar Orbit — Trans Earth

—— Earth Re-entry --- Payload Orbit/Disposal

Total distance traveled: 1.3 million miles - Mission duration: 25.5 days - Re-entry speed: 24,500 mph (Mach 32) - 13 CubeSats deployed

https://en.wikipedia.org/wiki/Exploration Mission-1#/media/File:EM1-Mission

-Map Update.ijpg

" Jet Propulsion Laboratory

California Institute of Technology

Government sponsorship acknowledged

Copyright 2019 California Institute of Technology and Morehead State University.



Lunar IceCube
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Background on MSU Capabilities

The Morehead State University Ground Station
* Relatively quiet RFI environment in eastern Kentucky

e 21-m ground station operational since 2006

— Few in the US large enough for deep space tracking
— Built under university funding

 Experienced RF and telecom engineers and scientists
» Experienced staff/students in mission operations
— LRO, ISEE-3, Planet Lab, KySpace, ASTERIA
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21 Meter System at Morehead

eSpecifications by MSU faculty with NASA assistance
eDual Purpose Instrument
eGround Station for Smallsats
eRadio Telescope for Astronomy Research
eFunded $3.4 M -a variety of sources- Morehead State, Federal and State Funds, KSTC, NASA
*Built and Installed by VertexRSI (General Dyngsics)
sFeeds Designed and built by VertexRSI, APL, |




ojects Create Opportunities fo

e Undergraduate Research Experiences
e Instrumentation Experience

e Engineering Design

e Observational Astrophysics Research
e Ground Ops (TT&C)

e Project Management Experience

e Systems-level Engineering Experience




Exploring spacecraft throughout Solar System
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2013
: LADEE Launch/Ol Moon
: Juno FB Earth

. Nov: Mar ér Mission Launch

Dec: Chang'E 3 Launch/SL M

FB: Flyby; Ol: Orbit Insertion; App: Approach; Dep: Departure;
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(US Mars Rover) Launch (2020)
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Deep Space Communications Challenges

« Deep space - Interplanetary communications
— Extended to the edge of Solar System
* Voyager spacecraft ~130 AU
» Difference between deep space and LEO communications

— LEO: ~1000 km
— Deep space: ~400,000 km (0.003 AU) — 130 AU

Distance Power reduction
Moon 1.5E+05
Larange points 2.3E+06
Mars 2.3E+10
Jupiter 6.1E+11
Saturn 2.0E+12
Pluto 2.0E+13

Heliosphere 3.3E+14

12
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NASA Deep Space Network

Jet Propulsion Laboratory | California Institute of Technology

NAA
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https://eyes.nasa.gov/dsn/dsn.html
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A~} California Institute of Technology

Transition from LEO to Lunar Orbit

» Distance: 1000km >> 400,000 km
— Signal power reduction proportional to distance squared

* Require better link performance

— Higher frequency: UHF (400 MHz) >> X-band (8 GHz)
— Lower system noise temperature: 300K >> 100K
— Higher perform FEC: RS >> Turbo

' Jet Propulsion Laboratory

Copyright 2019 California Institute of Technology and Morehead State University.
Government sponsorship acknowledged
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Implementation Objectives

 Upgrade MSU 21-m antenna to
support Lunar IceCube and other
EM-1 Cubesats

— X-band operations
* Deep space and near Earth
— Full TTC functions
o 3 kW power amplifier
— Deep space specialization ‘ T
. Highly efficient FEC (e.g., | |
turbo code, LDPC)
* Pseudo-noise/sequential

Power (Relative to Total Signal Power), dB

Bit Error Rate (BER)

ranging o Louulhibl I (-
— Interoperability with DSN and :
CCSDS compliant T
-1 0 1 2 3 AEb/NS0 (dBS) 7 8 9 10 "
N‘;;?.»A Jet Propulsion Laboratory Pl o . S . - S
f* California Institute of Technology opyright 2019 California Institute of Technology and Morehead State University. 17
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System Attributes

* Minimize implementation cost

— Leverage on DSN-developed equipment

» Specialized deep space signal processing
for telemetry decoding and ranging

» Adapt the already-built equipment to only

necessary functions Rt
— Implement the rest with COTS equipment X-band Eeed
and LNA

* New and surplus components

 Adopt common user interfaces

— Data delivery at JPL, as with other DSN
antennas

 Create opportunity for student-developed projects
— Station monitor & control

— System Integration and testing NONNY
— Equipment operations DSN Hydrogen
Equipment MASER
N(é A "C’::tmzr%ﬁ:lﬁ:&g ;ang: fgloogg Copyright 2019 California Institute of Technology and Morehead State University. 18
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System Architecture

* IF/RF—Intermediate . . .
Frequency/Radio Frequency O Geograph|ca”y dIStrIbUted
Upconverter
* TXR-Transmitter - = =
e e Common interface to missions that use DSN & MSU
* LNA - Low Noise Amplifier
* RF/IF DC - Radio * SPS —Service Preparation * MOC - Mission
Frequency/Intermediate Frequency Subsystem Operation Center
Downconverter * UPL-Uplink * DCD - Data Capture & Delivery * CMD - Command
* NDA — Noise Diode Assembly + DTT - Downlink Tracking & Telemetry « TTD-—Tracking & Telemetry * TRK—Tracking
*  M&C - Monitor & Control * DCD - Data Capture & Delivery Delivery * TLM - Telemetry
i = IF signal i E E i Ehilten i i
: -~ 1 : . T || T
5 L : b TRK data | | | ! i
E sssssssss i e éreb’ictedpainring, E Predicted Doppler i i Eoh . E !
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! fink configuration, * { | spt.:cecraft-event-s ¥
i m + — & link configuration, |
RF i 1 i = . [ i i Spacecraft/antenna E
signaj l Hointing ol - i __, schedule !
i | : i < ¥
e e R LU : 5 g
- - : : i i
i i E . Predicted Doppler & i i
| b - P : configuration : P i i
""""" ‘ | : TRK dat > TRK dat
: IFsignall | > i
l : i I TLM datp ;'LM data
_ i . . i Deep Space Operation Center | A
MSU equipment at MSU 5 DSN-supplied equipment at MSU i Bl | Missions
Jet Propulsion Laborator , o , N
P y Copyright 2019 California Institute of Technology and Morehead State University. 19
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Operation Concept

 Antenna scheduling via DSN

Few weeks
before track — Transition to operational multi-mission support
» Schedule conflict resolution
Few days » Prediction data generation by DSN
SEaieirack — Data retrieved by MSU
—+ Data delivery via DSN interface points
Real-time — Command, telemetry, radiometric data
during track _| - - e
— WAN Connection to JPL via NASA mission
backbone } |
L * |T security clearance by NASA
Real-time & | * System monitor control and diagnostics
Posttrack | — Locally controlled and archived
— Voice network communications with MOS
= team

N(Q\SA Jet Propulsion Laboratory

Copyright 2019 California Institute of Technology and Morehead State University. 20
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System Performance

Performance Measure Pre-Upgrade Post-Upgrade

7.0-7.8 GHz 7.0 -8.5GHz
70K <20K

215K <100 K

62 dBi (@7.7 GHz) 62.7 dBi (@8.4 GHz)

System N0|s§ Spectral -175 dBm/Hz <-178 dBmM/Hz
Densit

37.5 dB/K 40.4 dB/K

GPS (40 ns) Hydrogen maser (1 ns/day)
N/A 93.7 dBW

0.124 deg 0.115 deg

N/A Yes

RGEd SOIOmonlconVOIUtional Reed So|omon/Convolutional’

Forward Error Coding Turbo, Low Density Parity
Check

Angle, Doppler Angle, Doppler, Ranging

‘~wa_ Jet Propulsion Laboratory

NASA Copyright 2019 California Institute of Technology and Morehead State University. 21
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System Validation, using Internal Test Signal

First Deployment (9/2017)

- Installed DSN equipment
- Conducted loopback tests between uplink and downlink equipment

- Validated key TTC processing

IF signal CMD data
| E = TRK dat
-------- i &L Predicted pointinEg, Predicted Doppler Ephemeris
Doppler, . & configuration P '
lin configurationi sp_acecraft_ evenFs
fracking scheduld & link conflgurath}fl,
RF H Spacecraft/antenne
1 Pointing 5 schedule
signal .
< P ... a1 C e i
? - H
Predicted Doppler
& configuration =

TRE

IF signg

TL

: . Deep Space Operation Center P
MSU equipment at MSU DSN-supplied equipment at MSU . Missions
MQE}A g:ﬁf(z:zq:lﬁ:&g cl;faTgco; fgggg Copyright 2019 California Institute of Technology and Morehead State University. 22
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System Validation, using Internal Test Signal with

E2E flow

First Deployment (9/2017)
- Installed DSN equipment
- Conducted loopback tests between uplink and downlink equipment

- Validated key TTC processing

IF signal

CMD data

RF
signal

f

TRK dat

Predicted pointinEg, Predicted Doppler
Doppler, & configuration
link configuration;

tracking schedule

Predicted Dopplei
& configuration =

Ephemeris,
spacecraft events

& link configuration,

Spacecraft/antenne
schedule

NA SA

7§' :  IFsignd

Jet Propulsion Laboratory
California Institute of Technology

DSN-supplied equipment at MSU

Deep Space Operation Center

at JPL

TRE

TL

Missions

Copyright 2019 California Institute of Technology and Morehead State University.
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System Validation, with spacecraft

Second Deployment (5/2018)
- Additionally installed antenna feed, LNA, RF/IF downconversion
- Conducted testing with spacecraft downlink

- MarCO, Osiris Rex, Maven, Hayabusa?2

7—//\\_( IF signal

CMD data
€
| E - TRK dat.
--------- S Predicted pointinEj, Predicted Doppler Ephemeris
Doppler, . & configuration P '
link configuration, spacecraft events
fracking schedula & link configuration,
RF H Spacecraft/antenne
J Pointing schedule
signal
B *(— .................. M&EC e
= an s :
Predicted Doppler
¢ & configuration =

TRE

TL

CCCEEEEED E RK data:
ﬁ 1 IF signa

Deep Space Operation Center
at JPL

Missions

DSN-supplied equipment at MSU

(vwa Jet Propulsion Laboratory
California Institute of Technology

N‘Q SA
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> )& California Institute of Technology

Shadow Tracking Spacecraft

Currently in progress

« Expected 10-dB G/T difference between DSN and MSU antennas
- Antenna Gain: MSU (21m)= 0.4* DSN (34m)
- System Noise Temperature: MSU(100K) = 4*DSN(25K)

« Shadow DSN tracking of missions with sufficient SNR (>10 dB link margin)
- Hayabusa2, Osiris and Maven

A < Jet Propulsion Laboratory

Copyright 2019 California Institute of Technology and Morehead State University. 25
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Results with Hayabusa?

» Expected signal strong enough for carrier, subcarrier and symbol locks
* Not strong enough for telemetry decoded
 Observed 11.3 dB difference between MSU and DSN antennas, based on
carrier SNR and symbol SNR
« Within bounds of 10 dB expectation

Hayabusa2, DOY277, Carrier SNR Hayabusa2, DOY277, Symbol SNR
40 10
o

36 6

34 4

» ‘ 0 DSS-17, Avg=27.2 e DSS25, Avg=38.5 ‘ 5 ‘ o DSS-17, Avg=-5.7 e DSS25, Avg=5.7 ‘
@ @
o S
S 30 < 0
= =
S 5
S 28 “ a

% o . 4
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20 -10
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Time, Hr Time, Hr
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P

Results with Osiris

» Expected signal strong enough for carrier, subcarrier and symbol locks
» Insufficient bit SNR (Eb/No) for telemetry frame decoding
* Observed
» Achieved carrier lock, but not subcarrier nor symbol locks
« 10.3 dB difference between MSU and DSN antennas
« Consistent with expectation

J. California Institute of Technology

Osiris-Rex, DOY277, Carrier SNR
40

38

36

o o ‘4 [
%o e [
5 ] ‘ o DSS-17, Avg=23.9 -DSSZA,Avg=34.2‘

30

PcNo, dB

28

26 °
24

o
22

20
21.00 21.50 22.00 22.50 23.00 23.50 24.00

Time, Hr

Jet Propulsion Lahoratory Copyright 2019 California Institute of Technology and Morehead State University.
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P

Results with MAVEN

» Expected signal strong enough for carrier, subcarrier and symbol locks

and telemetry decoded

e (Observed

o Carrier lock - 11.0 dB difference between MSU and DSN antennas
o Subcarrier lock — Not achieved

« Symbol lock — 17 dB difference, due to lack of subcarrier lock

» Telemetry decode — Not achieved, due to lack of subcarrier lock

Pc/No, dB-Hz

.~ California Institute of Technology

MAVEN, DOY278/2018, Carrier SNR MAVEN, DOY278/2018, Symbol SNR

ST CIIONIP D S 00 g I 25 SRR 30y NN L0 NSO NN PO NABGr oI S S0 20 . — .
0" ad I ALY PP e PP PN AT P O st TN g o /-".

‘ » DSS17, Avg=20.7 oDSSZS,Avg:SlJ‘ 15

‘ ® DSS-17, Avg=1.7 e DSS-25, Avg=18.7 ‘

B i e

SSNR, dB

-10

Time, Hr
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Recent results with Osiris & Stereo

e Success!!!
» Fully decoded telemetry data

-25000

CARRIER i

Spectrum

Frequency Offset (H2)
CARRIER FFT Info

8443523259.918043  Offset Frequency
20 andwidth

FF

1t
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«x Jet Propulsion Laboratory

» J California Institute of Technology

What makes it works

 AES programmatic support

o Staff & students expertise

— Previous Cubesat operations
— Core engineering staff with RF experiences
— Small focused team

 Ownership of system
— Shared responsibilities
* Available funding support

Government sponsorship acknowledged
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