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Mission Statement

P4LO (Positioning For Lunar Operations) is a prototype network 
of software defined radios that demonstrates an architecture for the 

lunar communication and positioning system LunaNet.
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Project Description
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Develop a prototype to demonstrate positioning, timing, and 
communication systems feasible for use on the surface of the Moon

● Lunar Positioning System (LPS)

● Communications

● Risk Reduction for Future JPL/LunaNet Projects



Concept Of Operations (CONOPS)
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Concept Of Operations (CONOPS)
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Functional Block Diagram
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System Objectives
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● FR 1: System must operate under a scalable Lunar Positioning Model 
● FR 2: System will provide two-way SMS-like texting capabilities 
● FR 3: System will provide architecture for navigation solutions to within 10 

meter positioning accuracy, and 30 nanosecond 1-𝝈 transfer time 
● FR 4: System will transmit and receive data at 2.4 - 2.48 GHz 
● FR 5: System framework must be extendable to 170 users communicating 

simultaneously 
● FR 6: Systems communication link must have a channel bandwidth of no more 

than 1 MHz  

Functional Requirements



Baseline Design
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Critical Design Elements
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Pseudolite Architecture

Communications Link

Antenna Type

LimeSDR



Pseudolite Architecture

12

Project Overview Baseline Design Feasibility Summary



Link Baseline Design: Modulation 
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● Design Choice: Phase Shift Keying (PSK)
● Reasoning:

○ Low bit error rate (BER)
○ Option of scaling data rate with cost of 

complexity
○ Able to use carrier phase to get even more 

precise signal time of arrival
○ Currently used in GPS implementations



Link Baseline Design: Multiplexing
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● Design Choice: Code Division Multiple Access
● Reasoning:

○ Able to use phase of spreading code to 
calculate time of arrival (TOA)

○ Single Frequency
○ Asynchronous CDMA
○ Low cross-interference
○ GPS uses CDMA



Antenna Type
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Dual Band-TE Connectivity 

● Peak Gain 2dBi
● Embedded Antenna Style
● Freq Range: 2.4-3.8GHZ
● Low Weight (<3.3gram) 
● Low Cost (5 USD)
● Voltage Standing Wave 

Ratio (VSWR) - MAX 3:1 

 



LimeSDR (Software Defined Radio)
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● LimeSDR (Hardware)
○ Customer requirement
○ Reception and Transmission of signal
○ Ability to work with 

modulator/demodulator software 
packages

○ Functions at 2.4-2.48 GHz

● GNU Radio (Software)
○ Suggested by customer
○ Able to implement all communication 

schemes and all frequency ranges
○ Able to do simulation and testing



Evidence of Feasibility 
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Critical Project Elements
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Positioning System - Requirements 
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FR3: The system will be able to provide an architecture for a navigation solution with a 

10 meter position accuracy and a 30 nanosecond 1-σ transfer time

● DR 2.3.2 : Provide LPS coverage to the Moon’s South Pole

● DR 2.3.3 : Architecture must provide a Dilution of Precision (DOP) value below 5



Positioning System - Architecture
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Possible Solutions 

● Trilateration & Time of Arrival (TOA) 
● Hyperbolic Positioning & Time Difference of Arrival (TDOA)
● Angle of Arrival (AOA)
● Received Signal Strength (RSS)
● Hybrid Method FEASIBLE

DR 2.3.2
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Positioning System - Architecture
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Positioning System - Architecture
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Positioning System - Error Sources

● Pseudolite locations (we’ll assume we know these well)
● Multipath

○ Signal reflections off of features in the environment (rocks, solar 
panels, mountains, habitats, etc…)

● Receiver and Transmitter clock errors 
○ One-way vs. two-way ranging

● Geometry of pseudolite configuration
○ HDOP 
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Positioning System - HDOP

30

Project Overview Baseline Design Feasibility Summary

Horizontal Dilution Of Precision
Definition: “Used to specify error propagation as a mathematical effect of 
navigation pseudolite geometry on positional measurement precision”.



Positioning System - Evidence of Feasibility 
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FEASIBLE

DR 2.3.3



Communications - Requirements 
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FR 2: The prototype will provide two-way SMS-like messaging

● DR 2.1: Device must have wireless transmission and reception of data

● DR 2.2: Communication data rate must be at least 200 bits/s

FR 3: The prototype will provide path to navigation solution with 10 meter 

positioning accuracy and 30 nanosecond 1-sigma transfer time

● DR 3.1: Receiver Signal to Noise Ratio must be at least 20 dB

FR 4/5: The communication link must operate at 2.4-2.48 GHz

FR 6: The architecture must be extendable to 170 simultaneous users

FR 7: The communication link must have 3 dB channel bandwidth of 1 MHz 



Communications - Link Budget 
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Link Budget (Single User):
● Data Rate: 1 kbps
● Frequency: 2.4 GHz
● Modulation: BPSK
● Distance: 10 km
● Transmit Power: 2 mW
● Minimum Receive SNR: -12 dB

○ BER: 10-8, Eb/N0: 12 dB
● Link Margin: 9 dB

FEASIBLE

DR 2.1, 2.2, FR4, FR 5



Minimum Ranging SNR
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● FR 3: System will provide path to a position to 10 m 
accuracy (30 ns transfer time)

○ DR 3.1: Received SNR (Signal-to-Noise Ratio) must be at least 20 
dB from following formula

● FR 7: Link must operate at 1 MHz bandwidth
● Link Budget operates on a 48 dB-Hz minimum C/N0 

Pulse Error
Signal + Noise

True Signal

FEASIBLE

DR 3.1, FR7



Modulation: Phase Shift Keying
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● Modulation Scheme must be 
compatible with SDR
○ Compatible with LimeSDR
○ Compatible with GNU Radio

● Low Bit Error Rate
● Single Frequency
● Use carrier phase for additional position 

accuracy
● GPS uses Phase Shift Keying

FEASIBLE

DR 2.1, 2.2, 3.1, FR4, 5, 7
SDR Compatibility 



Multiplexing: CDMA
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● CDMA used in GPS
● CDMA code rate relates to first level of 

position accuracy
● CDMA can operate on single frequency
● Receiver can receive multiple signals 

simultaneously
● CDMA with 1023 bit chip code:

○ One way ranging: more end users overall, 
more precise timing requirements

○ Two way ranging: each user contributes to 
multiple access interference FEASIBLE

DR 2.1, 3.1, FR 4, 5, 7

One Way Ranging: FR 6

MORE ANALYSIS

Two Way Ranging: FR 6

MORE ANALYSIS



Antenna - Requirements 
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FR4: The system will transmit data on the S-Band frequency.

● DR 2.4.1 : Demonstrate uplink transmission at a frequency range between 

2.4-2.48 GHz

FR5: The system will receive data on the S-Band frequency.

● DR 2.5.1 : Demonstrate downlink reception at a frequency range between 

2.4-2.48 GHz



Antenna - Selection Analysis
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Customer Requirement: S-Band (due to radio silent far side of the moon)

Frequency Range PROS CONS

S- Band: (2-4 GHz) ● Previous 
communication 
satellites (NASA)

● Unlicensed 
bandwidth 
(2.4-2.483 GHz) 
good for testing

● Low Cost system 

● Large amount of 
interference 
(Many devices at 
this bandwidth)

● Mainly used for 
large antennas 
(transmission)



Antenna - Evidence of Feasibility 

39

Project Overview Baseline Design Feasibility Summary

FEASIBLE

DR 2.4.1, 2.5.1



Antenna - Evidence of Feasibility 
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SDR - Requirements 
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● FR1: The system must operate under a scalable LPS model

○ DR 2.1.3: The system will operate using the LimeSDR electronics device

● FR2: Demonstrate SMS-like communication

○ DR 2.2.1: Device must demonstrate wireless transmission and reception of data

● FR 4: System will transmit and receive data between (2.4 - 2.48 GHz )

○ DR 2.4.1: Demonstrate uplink transmission at 2.4-2.48 GHz

○ DR 2.5.1: Demonstrate downlink transmission at 2.4-2.48 GHz



● Cyclone IV Altera FPGA: Allows 
for iterative development and 
testing 

● 4 Tx Channels (Transmission)
● 6 Rx Channels (Reception)
● 100kHz to 3.8GHz frequency 

range
● Works best with Linux based 

systems
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FEASIBLE

Scalable LPS : FR 1
FEASIBLE

TX/RX at 2.49 GHz : FR 3



SDR - Evidence of Feasibility on Software Side
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GNU Radio

● Transmission
○ QPSK Modulation
○ Multiplexer through gr-modtool

● Reception
○ Second order phase corrections using 

Costas Loop
○ QPSK Demodulation
○ Demultiplexer through gr-modtool

FEASIBLE

FEASIBLE

QPSK Modulation : FR 1

SMS-like TX/RX : FR 2



SDR - GNU Radio Flight Fidelity
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This is an example of the flow graph 
framework for QPSK modulation 
through GNU Radio

GNU Radio can perform QPSK 
modulation and has a defined 
framework for implementation

FEASIBLE

QPSK Modulation : FR 1



Software - Evidence of Feasibility 
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Design 
Requirement

How is it satisfied Feasible?

2.1.3 GNU Radio supports LimeSDR Feasible

2.2.1 Fulfills all elements of the LimeSDR stack through 
modulation/multiplexing/phase corrections

Feasible

2.4.1/2.5.1 LimeSDR and GNU radio support 100kHz-3.8GHz frequencies Feasible



Schedule
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Schedule
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Schedule
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Schedule
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Schedule

50

Project Overview Baseline Design Feasibility Summary



Budget
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Feasible



Summary
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Design Choices and Feasibility
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● LimeSDR
● QPSK
● CDMA
● Lunar Pseudolite System Architecture
● Dual Band-TE Connectivity Antenna



Planned Work for Future
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- Ranging and Clocks 
- Multiple Access Interference analysis for two-way ranging

- Improving on the LPS Model
- Finalize and optimize Pseudolite Positioning Model
- Trade study on positioning algorithms

- Power Budget 
- Actual implementation of communication on the SDR 

- Get familiar with the LimeSDR this semester 
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Backup Slides/ 
Question Support
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Testing Set-Up



Critical Element 3
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LPS
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Orbit 2 Parameters:

Altitude = 6000 km
Eccentricity = 0
Inclination = 80°
Ω = 120°
ω = 0°

3 satellites 120° out of 
phase
(40°,160°,280°)

Orbit 3 Parameters:

Altitude = 6000 km
Eccentricity = 0
Inclination = 80°
Ω = 240°
ω = 0

3 satellites 120° out 
of phase
(80°,200°,320°)

Orbit 1 Parameters:

Altitude = 6000 km
Eccentricity = 0
Inclination = 80°
Ω = 0°
ω = 0°

3 satellites 120° out 
of phase
(0°,120°,240°)

CPE 1: LPS - Parameters
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LPS - Orbital vs Pseudolite
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Customer Requirements:

● < 10 m positioning error
● 30 ns 1-sigma transfer time

Problems:

● Not enough satellites visible
● Insufficient coverage
● Unstable Orbits
● Large error in positioning



CPE 1: LPS - Error Analysis

Baseline Model GDOP Results

Average GDOP: 24.047
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CPE 1: LPS - Error Analysis

Improved Baseline Model GDOP Results

Average GDOP: 1.979
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Pseudolite Architecture on STK

(0,0,-1737.4)km

(0,2.123,-1737.4)km

(0,-2.123,-1737.4)km

(2.123,0,-1737.4)km

(-2.123,0,-1737.4)km

(0.179,-0.351,-1737.4)km

Target Height: 2m

Facility Height: 5m

HDOP: 0.982037

Average Positioning: 4.910185 meters

~ 2.1 km
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LPS - Mathematical Computation of GDOP
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Global Navigation Satellite System (GNSS) Basics

- A constellation of satellites constantly send out signals from space. By 
measuring how long these signals took to travel through space, we can 
determine how far they are. 

- These signals contain modulates data messages with the location of the satellite and 
corrections for the satellite clock. 

- Through a process known as trilateration, receiver position can be determined.
- Four unknowns (x, y, z, and clock correction) which means we require at least 4 

visible satellites.
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GNSS: Error sources

- Error sources can be divided into two categories: 
- Ranging error: signal quality, errors in transmitter location, environmental effects, receiver 

design, etc....
- Geometry: Geometric Dilution of Precision (GDOP). Measures the quality of the geometric 

distribution of the satellites visible to the receiver. 

https://www.polyu.edu.hk/proj/gef/inde
x.php/glossary/dilution-of-precision/
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GNSS: Architecture

- 3 segments:
- Ground control segment

- Provides satellites with ephemeris data and almanac
- Provides clock-correction factors and data on atmospheric effects
- Keeps satellites “in check”

- Space segment
- Satellites which send out coded ranging signals, ephemerides, correction parameters and 

almanac. 
- User segment

- Receiver (which in the case of this project, can also transmit SMS messages)
- Acquires and track satellite signals.
- Computes position solution.
- For this project, THIS is the segment we’ll be working with. All other segments will be 

assumed as working.
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http://allaboutgps101.blogspo
t.com/2010/12/what-are-3-se
gments-of-gps-systems.html
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Positioning Solution 

Tentative Trade/Analysis Aspects 
- Will we need accurate clocks 
- How complicated the positioning algorithm will be / is it feasible for us to 

implement 
- Antenna requirements 
- Near Far problem 
-
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Time of Arrival (TOA)
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Time of Arrival (TOA)
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Time of Arrival (TOA)
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Angle of Arrival (AOA) 
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Time Difference of Arrival (TDOA) 
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Time Difference of Arrival (TDOA) 
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Communications
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One way ranging

- Requires accurate clocks on both ends to 
determine the distance based on time 
differences.

- Lots of research/documentation available 
supporting the algorithms and systems.

- Only satellite transmits. 
- The energy and time required is low due 

to only one transmission of data.
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Two way ranging

- Requires clocks on both ends but does 
need them to be synced up with each 
other.

- Receiver must transmit data BACK to the 
transmitter - multiple times. 

- Both the satellite and the receiver know 
the location of the satellite.

- The energy and processing requirements 
are high due to the fast data transmission 
requirements.
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One way vs Two way ranging
One way Two way

Power required Low High

Position information Only receiver Both receive info

Clock synchronization Required Not required
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Bit Error Rates of Modulation Schemes

Bharati et. al. Carey et. al.
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Pseudolite Link Budget 1
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Pseudolite Link Budget 2
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Satellite Link Budget 1

87



Satellite Link Budget 2
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Antenna
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Antenna
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VSWR Equations
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= Absolute Reflection 
Coefficient



Antenna Tradestudy BU-Slides (Table 1)
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Antenna Tradestudy BU-Slides (Table 2) 

93



Antenna Tradestudy BU (Effective Area Equations)

Eq#1 is assuming Linear Gain  and Eq#2 Assuming dB Gain

94



95



Antenna TradeStudy BU-Slides (Table 4)
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