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Over the past 30 years, NASA's Jet Propulsion Laboratory (JPL) has been at the 
forefront of developing and advancing Radio Occultation (RO) technology for space-
based atmospheric and ionospheric measurements. 

Since the first JPL-developed radio occultation receiver flew on the GPS/MET mission, 
JPL has continually improved its instrumentation and processing techniques with the 
goal of returning the highest-quality atmospheric observations.  JPL is ready to support 
and innovate with the next generation of GNSS RO Instruments for the next 30 Years!

KEY JPL GNSS INNOVATIONS: 

• Wrote the book on GPS Earth Radio Occultations1: Melbourne et al.,.
• Autonomous scheduling and tracking of dual frequency GPS occultations
• First GPS dual frequency phase-based radio occultation from space
• Reprogrammable Digital Processing – Providing SW and FW on orbit updates
• Multi-antenna dual frequency processing, 16 sats, ~10 Watts
• Integrated microwave crosslinks with GPS POD timing and position for gravity
• Open-loop model for lower altitudes. Demonstration of first rising RO obs
• Digital beamforming for highest RO SNR with operational NWP processing
• PAZ mission launched with Polarimetric RO (PRO) on a TriG reciever and validated with help from JPL
• Licensed TriG technology to GeoOptics and co developed a low SWaP Cion for RO on CICERO
• First known GLONASS RO observations from space
• Top to bottom open-loop processing of radio occultations

(D)

JPL has been producing and delivering high quality GNSS flight receivers, often with an industrial partner, for over 30 years with continuous innovations in on orbit 

updatable software and firmware for RO instruments that demonstrate new and innovative observations with publicly available algorithms.  The advent of software 

defined radios and System on a Chip technology, like the RFSoC, will enable a new class of GNSS receivers that can receive and transmit a variety of frequencies 

and modulation schemes with precision time tagging to enable a new class of mission enabling space flight instruments. 

1. Radio Occultations Using Earth Satellites: A Wave Theory Treatment
William G. Melbourne  et al., ISBN: 978-0-471-71222-0, November 2004

2. Wickert et al., (2006) GPS BASED ATMOSPHERIC SOUNDING WITH CHAMP: RESULTS ACHIEVED AFTER FOUR YRS 
J. Wickert (1), G. Beyerle (1), T. Schmidt (1), S.B. Healy (2), S. Heise (1), R. König(1), G. Michalak(1), M. Rothacher (1) 
(1) GeoForschungsZentrum (GFZ) Potsdam, Germany
(2) European Centre for Medium-Range Weather Forecasts (ECMWF) 

CONCLUSIONS

NTS-3 SunRISE SNOOPI
INSTRUMENT: Track GNSS signals from above the 
constellation (Geo) next to a GNSS Transmitter to 
provide autonomous on orbit position and time
INNOVATIONS: Weak Signal Acquisition with Donut 
Patterned GNSS antenna above the GPS 
constellation and on orbit PNT with RTGx

SunRISE Cion
Six Satellites 

NTS-3 for L3Harris /AFRL 
GPS Demo Satellite in Geo SNOOPI Cion

P-Band Reflections

The JPL TriG GNSS Science Reciever was developed in collaboration with Moog BroadReach in 2005. It was designed with a 

flexible architecture with the POD processor card (Nav CPU) based on the legacy BlackJack design and a new Linux based 

Science processor (RO DSP) for Radio Occultations and Surface Reflections.  Each RF card has 4 RF inputs with four 
downconverters each providing the ability to track GPS, GLONASS and Galileo.  Up to four cards could be used in this design for 

a total of 16 antenna inputs.  

 

BlackJack, TriG, Cion and the Future – Intellectual Property (IP) and hardware flow over time

INSTRUMENT: Schedule, record and Time-tag 
Solar high frequency (HF) emissions 
INNOVATIONS: Six small-sats forming a large 
aperture and selectively sampling in unison

INSTRUMENT: GPS POD with P-Band direct and 
reflected signal recording with precise time-tags
INNOVATIONS:  Demonstrate water content in 
snow using MOUS transmitter as a signal of 
opportunity

Six Cubesats in GEO Graveyard orbit 

Timeline of  JPL GNSS Instrument InnovaQons

COSMIC-2 Implementation of the TriG:
• JPL designed a highly efficient RO antenna with three arrays of four elements that are RF phased to focus on Earth’s limb and 

digitally beam steered for azimuthal combining of arrays increasing the SNR’s to over 3000 V/V. 
• The canted choke-ring antennas are optimized for space weather ionospheric observations and combined for the POD (precise 

orbit determination) solution.  

• Filters specifically designed to filter out in band transmitters.

Cion Development and Missions: Low Size, Weight and Power (SWaP) designed for low-cost missions
While this design has not supported any Radio OccultaQon implementaQons, it is well suited to do so

TANGO: Transceiver for Advancing New Geoscience Observations 

 

Cion – New IP 
and Inherited IP

 

BroadReach 
IGOR version of the BlackJack

•COSMIC
•Jason III
•KOMPSAT-5*
•Terrasar*
•PAZ*

                JPL Block Buy – MBR Procurement

Deep Space Atomic Clock
TriG Lite 
Precision Timing

TriG COSMIC-2 

(7 Units for 6 s/c)

JPL TriG - GRACE Follow-On
5 flight units – 2 per satellite 

NASA TriG – Moog BroadReach        (MBR) CollaboraQon       
 

JPL BlackJack (BJ Nav IP)

•  SRTM
•  SAC-C
•  Champ
•  GRACE
•  GRAIL

 

Spectrum Astro
version of the BlackJack

•  Jason 1
•  OSTM
•  ICESat
•  FedSat

Open loop 
Software 

JPL  DSP Firmware

PPC 750 Hardware 

SenQnel 6
POD and Radio 

OccultaQon

SWOT
- PNT for 

Radar 

BlackJack NavigaQon IP
PPC 603 hardware design

Rogue OS & Applica^on (so_ware)
BlackJack So_ware tracking loops

TurboRogue ASIC fab for Digital Signal Processing
K, Ka, and S Band Ranging tones and tracking 

(GRACE and Grail)

Sci P IP BlackJack Navigation IP

1553 IF 

NISAR 
- PNT for 

Radar

Sci-P IP
PPC 750 hardware design

TriG RF downconverters & clock distribution.
Linux OS

Sci P Applications software
Sci P DSP Firmware

TurboRogue GeodeQc Ground Reciever
CollaboraQon with Allen Osborne Associates

Tech Transfer

Tyvak Cion - CICERO
Sci-P Software

MBR TriG’s

Linux OS 

CSP Board JPL Cion

1553 IP
BroadReach 1553 system controller

Jason 1553 Updates
TriG 1553 updates

PicoZed Board Trig RFDC

Linux OS 
and Dev 
System

RTGx

Reflections 
FPGA 

Algorithms

Dolores 
Tracking 
Software

Cion IP
Linux on Ultra-Scale with build system

Updated Models for Open Loop Tracking
Modernized Tracking Software (Dolores)

Genesis  Instrument Incubator Program (IIP)
RTGx Integra^on for Real Time POD
Reflec^ons firmware and so_ware

Next GeneraQon Wideband So]ware Defined Radio
RFSoC based system – UltraScale + is backward compa^ble with the Cion
Mul^ple off-the-shelf configura^ons with minimal design changes
Wide Band I/O with built in RF mixed signal design blocks

ApplicaQons: 
1. GNSS RO and or Surface Reflec^ons
2. Bi-Sta^c Radar Receiver with Crosslinks
3. GNSS POD and ^me-tagged ‘signals of opportunity’ tracking

Update GNSS tracking Algorithms
Addi^on of Real Time Gipsy X (RTGx)
RF Mixers in FPGA & wideband samplers

TANGO
RTGx Integration for Real Time POD

Mission Specific Firmware and software

Legend:
JPL IP Evolution  Mapped to Hardware 

Platforms and missions

Tech    
Transfer

* Direct from Vendor to Customer

Direct from MBR to additional missions: PAZ, TerrraSAR X, Tandem X, and GEDI 
with Software and Firmware support from JPL

1553 

Genesis  IIP
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Summary and Innovations

Instrument Generations and Missions

Many existing industry-available options for an ‘off-the-shelf’ rad 
tolerant software defined radio, like this one from Trident 

Tech    
Transfer

Pentek RFSoC 
Dev card

Current Instrument Developments

Planned Instrument Developments

RFSoC IP:
Downconverter Blocks

Filters 
Updated correlators 

and accumulators

Update Inherited 
software and add 

drivers.
Reconfigure for 

each mission

CION – RECENT MISSIONS – BEYOND POD AND RO

TurboRogue Repackaged for GPSMET

BJ Nav IP

K & Ka 
Band 

Ranging 
tones and 
tracking 

BJ Nav IPBJ Nav IP Sci P IP BJ Nav IP Sci P IP

1553
•  Jason 1
•  OSTM  

RF Blocks

One of six COSMIC-2 RO systems delivered to NSPO and funded by NOAA and USAF SMC 
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