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MISSION STATEMENT
RAMROD will utilize an autonomous UAS and self-contained 

sensor payload to localize Radio Frequency Interference and 
Emerging Threat sources in a GPS-denied environment to allow 

civilian and military GNSS endeavors to continue without 
disruption.
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ACRONYMS
Acronym: Meaning:
AGC Automatic Gain Control
ET Emerging Threat
FAA Federal Aviation Administration
GNC Guidance Navigation and Control
GNSS Global Navigation Satellite System
GPS Global Positioning System
IMU Inertial Measurement Unit
INS Inertial Navigation System
MCU Microcontroller
PDOA Power Difference of Arrival
PPD Personal Privacy Device
RFI Radio Frequency Interference
UAS Unmanned Aerial System
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BACKGROUND

• Personal Privacy Devices and Emerging Threat 
Devices (spoofers) are becoming a more common 
issue in military and commercial settings

• Utilizing a UAS is the most efficient method for 
localizing these RFI sources

• Flying a UAS in GPS denied conditions is problematic 
due to most autopilots reliance on GPS
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CPE Description Solution
Algorithm Maintain autonomous flight while in a 

simulated GPS denied environment for 
an extended period of time

Use PDOA to determine GPS denied 
conditions and use an Inertial 
Navigation System to estimate UAS 
location and orientation 

UAS Develop a UAS platform capable of 
maintaining flight in a GPS denied 
environment while supporting all RFI 
measuring equipment

Choose and modify a UAS platform 
that can maintain flight for at least 
60 minutes

Payload Self-powered sensor payload that can 
monitor, store and transmit RFI signal 
data while interfaced with the UAS 
platform

Rigid structure containing RFI 
measuring equipment that will fit 
inside the payload bay of the UAS   



FUNCTIONAL REQUIREMENTS – PT. 1
Functional  
Requirement

Description

FR 1.0 The UAS shall have a flight time of 60 minutes
FR 2.0 The UAS shall fly in maximum winds of 30km/hr
FR 3.0 The UAS shall fly in a GPS denied environment for a 

distance of up to 2 km and a time of 200 seconds

FR 4.0 The UAS shall support all flight hardware and 
instrumentation

FR 5.0 The UAS and its testing shall adhere to FAA and CU Boulder 
regulations

FR 6.0 The UAS shall be capable of flying the operational payload
FR 7.0 The system shall fly autonomously given a pre-programmed 

flight plan
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FUNCTIONAL REQUIREMENTS – PT. 2
Functional  
Requirement

Description

FR 8.0 The system shall have the ability to switch between the 
GPS and GPS-denied flight modes within 1 second of RFI 
detection

FR 9.0 The system shall transmit data for all six degrees of 
freedom

FR 10.0 The system shall create a profile of RF signal power

FR 11.0 The payload components shall be in a stable self-
contained structure

FR 12.0 The payload shall have the ability to measure and localize 
an RFI source in GPS denied environments
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Signal Strength
Step 1:

Launch UAS with payload

Step 2:
Start autonomous flight on pre-

planned path

Step 3:
Simulate GPS denied 

environment over designated 
area

Step 5:
Transmit signal strength and 
positioning measurements to 

ground

Step 4:
Collect data on signal strength

Step 6:
Land UAS and localize signal 

source at ground station

1

2

3

4
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Operational 
Payload

Autopilot 
Communication

GPS 
Denied

Payload 
Receiver

Autopilot 
Communication

Ground 
Station

UAS

GPS Denied Area      
Signal Source

3 km
3 km
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Project 
Description

Baseline
Design

Evidence of 
Feasibility

Status
Summary

Future
Studies

11



FUNCTIONAL BLOCK DIAGRAM
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BASELINE DESIGN
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UAS Platform Algorithm Payload



UAS PLATFORM
Key Features
• Long Flight Times (1+ hr)

• Stable Flight (Tri-tail)

• Large Payload Bay

• Native Autopilot Compatibility

• Affordable

• IRISS Supported

X-UAV Talon

500 mm

80 m
m

500 mm 100 m
m

Battery

Battery
BatteryPayload PayloadAutopilot

Autopilot

ESC

R/C

Top View Side View
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• The flight algorithm will use 
the ArduPilot code base for 
flight with access to GPS 
signal

• When GPS band power 
increases above threshold, 
switch to RAMROD INS-
assisted flight mode
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BREAKDOWN



• Position and RFI 
power data will be 
combined for post 
processing

• RFI source will be 
located using a least-
squares method of 
curve-fitting
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INERTIAL NAVIGATION SYSTEM
• Results of the GPS denied navigation trade study indicate INS 

as the most feasible for this project

• Key Features:
• Three dimensional state 

estimations
• Output data rates ≥ 100	𝐻𝑧
• Can increase accuracy with 

additional sensor inputs 
• Small size and weight
• Detailed documentation
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INERTIAL NAVIGATION
SYSTEM

• Unaided INS: IMU only
• IMU: six degrees of freedom

• 3 accelerometers
• 3 gyroscopes

• Aided INS: integration 
with additional sensors
• Altimeter (barometric)
• Pitot tube
• Digital compass
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Design Drivers
• Measures an RFI power source 

on multiple GPS bands

What can it do?
• NT1065 takes RF power 

readings
• Interface for external antenna 
• Filters raw data 
• Sends data to a processor

What must be done:
• Board must be redesigned to 

have internal splitting.

OPERATIONAL PAYLOAD
NT1065
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Design Drivers
• RFI source data must be 

stored
• RFI data must modified and 

downlinked

Why this board?
• Stores data from NT1065 on 

microSD card
• Interface for cellular 

modem for data downlink
• Proven to interface with 

NT1065
• Sufficient processing power

OPERATIONAL PAYLOAD
MICROZED
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OPERATIONAL PAYLOAD
Design Drivers:

• Must fit inside UAS Payload Bay

• Must weigh below 1 kg

• Temperature must remain below 
electrical components’ operating 
temperature

Included Components:

• Redesigned NT1065 signal filter

• MicroZed micro-processing unit

• Power Supply

• Power Switch and additional wiring
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OPERATIONAL PAYLOAD
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EVIDENCE OF FEASIBILITY

UAS ENDURANCE
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UAS PLATFORM
X-UAV Talon

500 mm

80 m
m

500 mm

100 m
m

Battery

Battery

Battery

Payload

Payload

Autopilot

Autopilot

ESC

R/C

Top View

Side View 25

Talon Payload Bay

Requirement Feasibility 
FR 4: The UAS shall support all flight hardware and instrumentation

FR 6: The UAS shall be capable of storing the operational payload

feasible

feasible
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UAS ENDURANCE  MODEL
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1. Can the selected UAS platform achieve a 63-
minute flight time? 

2. How do we optimize for minimum power?
3. How much will the UAS weigh?

Assumptions

E = 63 min (inc. 5% buffer)

Worst-case headwind is 10 m/s

Steady, level flight throughout

Battery discharge depth is 80%

Overall system efficiency is 85%



UAS ENDURANCE ESTIMATION
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• Endurance as a function of battery 
weight and velocity 

• Max Endurance :~ 109 mins @ 11.4 m/s 
(21000 mAh battery)

• 14000 mAh battery yields 84 min 
endurance @ 10.2 m/s



UAS WEIGHT – RAMROD TALON
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Component Mass [g]

Talon Airframe 1050

Battery 845

Payload 900

Additional 
Hardware

537

TOTAL 3,332
RECUV Talon Mass 3,343 g
RAMROD Talon Mass w/ Same Battery 3,332 g

Requirement Feasibility

FR 1: The UAS shall support all flight hardware and instrumentation

FR 2: The UAS shall fly in maximum winds of 30 km/hr (8 m/s)

feasible

feasible



EVIDENCE OF FEASIBILITY

ALGORITHM
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FEASIBILITY STUDY: ALGORITHM 
• Feasibility Study: The algorithm shall create an RFI Power 

Profile and the algorithm shall localize the RFI source within 
a 40 meter radius

• Assumptions: 
• Signal decays with free-space attenuation
• Transmitter and receiver antenna gains are 0.80
• There is an average position error of 10m per measurement 
• All other losses are ignored

• Theory: free space loss equation

R:	Distance	from	transmitter	to	
receiver
Pr:	Power	Received	
Pt:	Power	Transmitted	
Gt:	Transmitter	Antenna	Gain
Gr:	Receiver	Antenna	Gain
𝜆 :	Signal	Wavelength
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ALGORITHM
RFI POWER PROFILE

• The power profile will 
show measured 
position and power 
data

• The power profile will 
be created in MATLAB 
during post-processing

• Based on simulated 
flight data using free-
space loss theory and 
simulated position data, 
the profile is

Project 
Description

Baseline
Design

Evidence of 
Feasibility

Status
Summary

Future
Studies

feasible



LOCALIZATION USING OF PDOA

• Monte Carlo simulation with 
30 trials

• +/- 40m error in each x and y 
coordinate

• Average distance error: 8 m

• Based on simulation, the 
localization is
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LOCALIZATION USING OF PDOA

• Non-linear least squares 
method repeated for 10-
300 samples with 5 trials . 

• Each trial had a randomly 
placed RFI source within 
the search grid 

• Sampling at 1 Hz over the 
GPS denied area is 
sufficient

feasible

Acceptable Error Threshold
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EVIDENCE OF FEASIBILITY

GPS DENIED FLIGHT
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INS ERROR MODEL
• Motivation: 

• Show that an unaided INS can achieve the required accuracy of 40m

• Assumptions:
• Two dimensional
• Earth effects negligible

• Coriolis effect
• Rotation

• Sensor bias and random walk 
parameters are most significant uncertainties

𝑓)*

𝜔,
𝑓-*
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INS ERROR MODEL

36

Honeywell IMU ($1594.67) 
𝛿𝑝 = 35.4𝑚
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Error < 40m
feasible



SCHEDULING

Design Margin
UAS Subsystem 
Payload Subsystem 

Software Subsystem 
Administration

Critical Path
Legend
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PRELIMINARY 
BUDGET

System Expenditures 
($)

Total Budget 5000

UAS 3004.8

Payload 970

Manufacturing 600

Total Expense 4574.8

INS 1500
Microzed 220
NT1065 500

Most Notable Expenses ($)

Note: An Additional 20% was added to UAS expenses to 
accommodate for potential losses due to component failure.
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FEASIBILITY SUMMARY AND FUTURE WORK

Functional Requirement Feasibility Shown Future Work
FR
1.0

The UAS shall have a flight time of 60 
minutes

Power Estimate Refine power estimate as 
components change

FR
2.0

The UAS shall fly in maximum winds of 
30km/hr

RECUV Headwind 
Model

Flight demonstration and 
PixHawk simulations

FR 
3.0

The UAS shall fly in a GPS denied 
environment for a distance of up to 2 
km and a time of 200 seconds

INS Error Model 3D Error model with 
additional sensors

FR 
4.0

The UAS shall support all flight hardware 
and instrumentation

Weight Estimation CG / weight balance 
analysis and full payload 
bay CAD model

FR
5.0

The UAS and its testing shall adhere to 
FAA and CU Boulder regulations

Obtain certification 
through FAA and CU

FR 
6.0

The UAS shall be capable of flying the 
operational payload

Weight Estimation CG / weight balance 
analysis
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FEASIBILITY SUMMARY AND FUTURE WORK
Functional Requirements Feasibility Shown Future Work

FR 
7.0

The system shall fly autonomously 
given a pre-programmed flight plan

Additional PixHawk
simulations

FR 
8.0

The system shall have the ability to 
switch between the GPS and GPS-
denied flight modes within 1 second of 
RFI detection

Signal switch testing for Wi-
Fi signals and simulations 
using previous data

FR
9.0

The system shall transmit data for all 6 
degrees of freedom

Data transmission test and 
link margin

FR
10.0

The system shall create a profile of RF 
signal power

Free Space Loss Theory Create RF power Profile 
using past data

FR 
11.0

The payload components shall be in a 
stable self-contained structure

Preliminary CAD Model 
and Talon Payload 
Analysis

Full CAD model, structural 
and thermal analysis

FR 
12.0

The payload shall have the ability to 
measure and localize an RFI source in 
GPS denied environments

PDOA Model PDOA simulations with past 
data
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BACK UP SLIDES
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DETAILED FALL SCHEDULES
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DETAILED FALL SCHEDULES
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DETAILED FALL SCHEDULES



48

DETAILED FALL SCHEDULES



PRELIMINARY SPRING SCHEDULE
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BUDGET BACKUP SLIDE
Item System Quantity Total Price

Talon Airframe UAS 1 $130
Pixhawk Px4 UAS 1 $150

7000mah LiPo UAS 2 $200
INS UAS 1 $1500

Motor UAS 1 $70
Propeller UAS 1 $5

ESC UAS 1 $90
Camera UAS 1 $60
Charger UAS 1 $100
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BUDGET BACKUP SLIDE
Item System Quantity Total Price

Charger Case UAS 1 $13
HS-5055 Servo UAS 2 $36

HS-5065 UAS 2 $70
Reciever UAS 1 $40

Wing Extension UAS 1 $40
Microzed Payload 1 $220
NT1065 Payload 1 $500

Aluminum Block Payload 1 $50
LTE Modem Payload 1 $200
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Multi-Rotor

Outdoor Blimp

BASELINE DESIGN
UAS PLATFORM

Faults:
� Flight Times Under 1 Hour

� Payload Capacity too Small

Faults
� Poor Performance in adverse weather and High 

winds

� Expensive (Over $5000)

� High Maintenance and Launch Preparation

52



BASELINE DESIGN
UAS PLATFORM

Capabilities:
� Over 1 hour of flight time

� High Payload Capacity

� Good Adverse Weather and High Wind 
Performance

� Cost effective and Low Maintenance

� Customer Approved

Type of fixed wings:

� Conventional

� V-tail

Fixed-Wing

� Delta

� Dual Boom

53



54

100 sec
1 km

3 km

3 km



INERTIAL NAVIGATION
EXTENDED KALMAN FILTER

• EKF vs standard Kalman
Filter

• Proven for a Pixhawk
powered fixed-wing 
platform

• Increased state 
estimation accuracy 

• Ability to integrate sensors 
in addition to the IMU 
(e.g. magnetometer, flow 
field, lidar, etc. )

“Application of Extended Kalman Filter Towards UAV Identification.”
Studies in Computational Intelligence



INS ERROR MODEL
• 2D Equations of Motion using 

IMU measurements*

𝜓̇ = −𝜔,*
𝑓)9 = 𝑓)* cos𝜓 + 𝑓-* sin𝜓
𝑓-9 = 𝑓)* sin𝜓 − 𝑓-* cos𝜓

𝑣̇)9 = 𝑓)9
𝑣̇-9 = 𝑓-9
𝑥̇9 = 𝑣)9
𝑦̇9 = 𝑣-9
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INS ERROR  MODEL
• General uncertainty propagation of independent random 

errors in a function 𝑞 = 𝑓 𝑥,… , 𝑧

𝛿𝑞 =
𝜕𝑞
𝜕𝑥
𝛿𝑥

G

+⋯+
𝜕𝑞
𝜕𝑧
𝛿𝑧

G�

• Then let 

𝛿𝒒 =

𝛿𝜓
𝛿𝑣)9
𝛿𝑣-9
𝛿𝑥9
𝛿𝑦9
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INS ERROR MODEL
• Adapted EOM as uncertainties:

𝛿𝒒̇ =

𝛿𝜓̇
𝛿𝑣̇)9
𝛿𝑣̇-9
𝛿𝑥9
𝛿𝑦9

=

−𝛿𝜔,*
𝛿𝑓)* cos 𝛿𝜓 + 𝛿𝑓-* sin 𝛿𝜓
𝛿𝑓)* sin 𝛿𝜓 − 𝛿𝑓-* cos 𝛿𝜓

𝛿𝑣)9
𝛿𝑣-9

where,

𝛿𝜔,* = 𝐺*L + 𝐺9L +
MNO
G P�

→ 	
𝐺*L = 𝐺𝑦𝑟𝑜	𝑏𝑖𝑎𝑠	𝑟𝑒𝑝𝑒𝑎𝑡𝑎𝑏𝑖𝑙𝑖𝑡𝑦	[𝑑𝑝𝑠]	

𝐺9L = 𝐺𝑦𝑟𝑜	𝑖𝑛	𝑟𝑢𝑛	𝑏𝑖𝑎𝑠	[𝑑𝑝𝑠]	
𝐴𝑅𝑊 = 𝐴𝑛𝑔𝑙𝑒	𝑟𝑎𝑛𝑑𝑜𝑚	𝑤𝑎𝑙𝑘	[∘/ 𝑠� ]

𝛿𝑓)* = 𝛿𝑓-* = 𝐴*L + 𝐴9L +
𝑉𝑅𝑊
2 𝑡�

	→ 		
𝐴*L = 𝐴𝑐𝑐. 𝑏𝑖𝑎𝑠	𝑟𝑒𝑝𝑒𝑎𝑡𝑎𝑏𝑖𝑙𝑖𝑡𝑦	[g] 

𝐴9L = 𝐴𝑐𝑐. 𝑖𝑛	𝑟𝑢𝑛	𝑏𝑖𝑎𝑠	[𝑔] 
𝑉𝑅𝑊 = 𝑉𝑒𝑙𝑜𝑐𝑖𝑡𝑦	𝑟𝑎𝑛𝑑𝑜𝑚	𝑤𝑎𝑙𝑘	[𝑚/𝑠/ 𝑠� ]58



INS ERROR MODEL
Derivation of the MNO

P�
and lNO

G P� 	
terms:

𝛿𝜓 = 𝛿𝜓 + 𝐴𝑅𝑊× 𝑡�
𝑑𝛿𝜓
𝑑𝑡

= 𝛿𝜓̇ +
1
2
×𝐴𝑅𝑊×𝑡n

o
G	

⇒ 𝜔, = 𝐺*L + 𝐺9L +
𝐴𝑅𝑊
2 𝑡�

Similarly,
𝛿𝑣 = 𝛿𝑣 + 𝑉𝑅𝑊× 𝑡�

⇒ 𝛿𝑓 = 𝐴*L + 𝐴9L +
𝑉𝑅𝑊
2 𝑡�
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INS ERROR MODEL
• Apply the general error propagation formula to the 𝛿𝒒̇ equations, get:

𝜔,* = 𝐺*LG + 𝐺9LG +
𝐴𝑅𝑊
2 𝑡�

G�

𝛿𝑣̇)9 = cos 𝛿𝜓 + sin 𝛿𝜓	 𝐴*L G + cos 𝛿𝜓 + sin 𝛿𝜓	 𝐴9L G + cos 𝛿𝜓 + sin 𝛿𝜓	
𝑉𝑅𝑊
2 𝑡�

	
G
+ 𝐴*L + 𝐴9L +

𝑉𝑅𝑊
2 𝑡�

−sin 𝛿𝜓 + cos 𝛿𝜓 𝛿𝜓
G�

𝛿𝑣̇)9 = sin𝛿𝜓 − cos 𝛿𝜓 𝐴*L G + sin𝛿𝜓 − cos 𝛿𝜓 𝐴9L G + sin𝛿𝜓 − cos 𝛿𝜓
𝑉𝑅𝑊
2 𝑡�

	
G
+ 𝐴*L + 𝐴9L +

𝑉𝑅𝑊
2 𝑡�

cos 𝛿𝜓 + sin 𝛿𝜓 𝛿𝜓
G
	

�

𝛿𝑥̇9 = 𝛿𝑣)9
𝛿𝑦̇9 = 𝛿𝑣-9

These equations were then numerically integrated using ode45 in MATLAB to obtain characterization plots and total error values

60



INS ERROR MODEL
Pixhawk IMU
($2.01 – Gyro, $1.43 – Acc.)
𝛿𝑥 = 4015𝑚, 𝛿𝑦 = 4034𝑚
𝛿𝑝 = 5742𝑚

61



INS TRADE STUDY
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INS TRADE STUDY
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INS TRADE STUDY
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UAS SELECTION 
TRADE STUDY

Metric RV Jet Skywalker Tech Pod Sky Hunter Talon
Cost ($): 170 170 140 140 120

Max Payload 
(kg): 2 2.3 1 1.2 1

Payload 
Volume (mm3):

175 x 170 x 
70 300 x 150 x 70 200 x 80 x 70 N/A 500 x 100 x 80

Flight Duration 
(hr): 1 2 1.5 1.5 1.5

Cruise Speed 
(km/hr): 60 40 60 N/A 50

Max Speed 
(km/hr): 100 85 100 N/A 90



Metric: 1 2 3 4 5
Cost: 320 270 220 170 120

Max Payload: 1 1.33 1.65 1.98 2.3

Payload Volume: 1 1.75 2.5 3.25 4

Autopilot 
Compatibility:

Not 
Compatible Delta Wing Dual Boom V-tail Conventional

Spare Part 
Availability: No Spare Parts Limited Under 

$100
Limited Under 

$50
All Parts under 

$100
All Parts under 

$50

Flight Duration: 1 Hours 1.25 Hours 1.5 Hours 1.75 Hours 2 Hours

Complexity of 
Frame:

4+ Hour 
Assembly

Less Than 4 Hour 
Assembly

Less Than 3 Hour 
Assembly

Less Than 2 Hour 
Assembly

Less Than 1 Hour 
Assembly

Adverse Weather 
Performance:

Less than 50 
kph max speed

50 kph max 
speed and 
below 3 kg

50 kph max 
speed and 
above 3 kg

90 kph max 
speed and 
below 3 kg

90 kph max 
speed and 
above 3 kg

IRISS Support: Not Supported N/A N/A N/A Supported

UAS SELECTION 
TRADE STUDY - JUSTIFICATION



UAS TRADE STUDY
Metric: Weights Skywalker x8 Talon Sky Hunter RV Jet Tech Pod
Cost: 0.2 4.00 5.00 4.60 4.00 4.60

Max Payload: 0.1 5.00 2.54 1.62 4.08 1.00
Payload
Volume: 0.1 3.76 2.96 1.00 5.00 1.00

Autopilot 
Compatibility: 0.15 2.00 4.00 3.00 2.00 5.00

Spare Part 
Availability: 0.1 4.00 3.00 2.00 5.00 1.00

Flight Duration: 0.05 5.00 1.67 1.00 1.00 2.33
Complexity of 

Frame: 0.05 5.00 4.00 1.00 4.00 3.00

Adverse 
Weather 

Performance:
0.1 4.00 3.00 3.00 3.00 2.50

IRISS Support: 0.15 1.00 5.00 1.00 1.00 1.00
Totals: 1 3.43 3.78 2.38 3.21 2.64



MULTI-ROTOR SPECIFICATIONS

Home BuiltProprietary

Flight Time 55 Minutes

Battery Lithium Silicon

Frame Carbon Composite

Payload Capacity None

Flight Time 2 hours

Battery Lithium Ion

Frame Aluminum

Payload Capacity None



BLIMP SPECIFICATIONS

Flight Time 1 Hour

Battery Lithium Polymer

Frame Polyurethane 
envelope and Helium 
Filled

Payload Capacity 2 kg

Cost $5510

Weather Performance Under 15 kph winds



LTE MODEM
• Used for transmitting IF 

data to the ground 
from the payload.

• Still in the process of 
doing research to pick 
one out.

• Digi XBee Cellular LTE 
Cat 1 is a possible 
modem suggested by 
the customer.
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SPECS ON THE DIGI XBEE CELLULAR LTE 
MODEM

• UART, 921 kbps

• 4 ADC Lines

• 15 GPIO Lines

• Programmable with 
24KB RAM. 8KB Flash

• Can add external 
antenna

• Transmit Power at 23 
dBm

• Receive Sensitivity at 
-102 dBm
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SPECS ON THE DIGI XBEE CELLULAR LTE 
MODEM

• Deep Sleep Mode 
draws 10 UA

• Supply Voltage 3.3-
5.5V

• Transmit Current 
around 530 mA at 
3.3V
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MICROPROCESSOR PROS AND CONS
Pros

• High Clock Speed

• Easily Programmable

• Low Power Consumption

• Small in size

Cons

• More expensive than a 
microcontroller

• External Components

• Cannot be used in 
compact systems
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MICROCONTROLLER PROS AND CONS
Pros

• Small in size

• Reduced cost

• Low power consumption

• Can be used in compact 
systems

• Power save mode

• Open source

Cons

• Lower clock speed

• Limited I/O

• Limited code space
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MICROCONTROLLER VS 
MICROPROCESSOR TRADE STUDY
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MICROCONTROLLER VS 
MICROPROCESSOR TRADE STUDY 
CONTINUED

76



MICROCONTROLLER VS 
MICROPROCESSOR TRADE STUDY 
RESULTS

• Microcontroller will be 
chosen based on the 
results of the trade study.

• MCU is cheaper than an 
MPU.

• MPUs are faster on their 
own, but with external 
components, they are 
slower than an MCU.
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MICROCONTROLLER VS 
MICROPROCESSOR TRADE STUDY 
RESULTS

• MCUs are easier to use 
than an MPU.

• All MCUs are 
programmable. 

• Not all MPUs are 
programmable.

• Stand alone, MPUs use 
less power than an MCU, 
but when the additional 
components are added 
it tends to use more 
power than an MCU.
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EVIDENCE OF FEASIBILITY: METHOD
ALGORITHM– LOCALIZATION USING PDOA

Simulated	trajectory	of	UAS	with	+/- 10	meter	
random	error	in	location	measurements

In	this	example,	200	samples	are	taken	along	
the	UAS	path,	giving	an	estimation	error	of	
only	6.86	meters.

Objective	function	provides	a	likelihood	for	
each	(x,y)	coordinate	on	the	grid

The	coordinate	that	minimizes	this	function	is	
where	the	algorithm	estimates	as	the	RFI	
source	location



NONLINEAR LEAST-SQUARES
CURVE-FITTING

• The distance to the receiver can be estimated using nonlinear least-squares curve fitting. If 
we assume an unknown transmitter location at position (x,y) on a finite search grid, we 
can use the free space loss principle from the previous slide. The space loss coefficient 𝜶 is 
determined by obstructions and ground reflections in the environment. 

• The objective function Q measures the difference between the actual measured power 
between two grid points and the predicted power difference between two grid points. 

• The (x,y) grid point where the objective function Q is minimized is the estimated transmitter 
location
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LINEAR LEAST-SQUARES
CURVE-FITTING

• In order to reduce computation time for localization, the objective 
function Q can be linearized by comparing every measurement to 
the very first measurement. 

• The following equation can be solved analytically for point (x,y,z) 
assuming that the power measurement and corresponding grid 
coordinates are known. 

• Where index l defines every grid location that the UAS travels 
through and every power measurement taken 
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COMPUTATIONAL TIME COMPARISON
LINEAR VS NONLINEAR LEAST SQUARES

• The final algorithm will most likely 
need to evaluate hundreds of times 
more samples 

• 300 samples brought computational 
time up to over an hour for the 
nonlinear model, and MATLAB 
became unresponsive when the 
simulation was run with 100,000 
samples.  
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SIGNAL ATTENUATION IN FREE SPACE
• The path-loss for a given environment can be 

approximated by: 

Where 𝛂 is the path-loss exponent. 

• Ideally, signal intensity decreases 
proportional to the inverse square of distance 
between transmitter and receiver in three-
dimensional space. (𝛂 = -2)

• Factors such as noise interference, ground 
reflection, obstacles, and imperfect antenna 
gains can increase signal attenuation. 

𝛂 can be determined by 
measuring actual signal 
attenuation in the test 
environment with known 
transmitter/ receiver locations 
and known transmitter signal 
power. 
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LOCALIZATION ACCURACY

• Localization Accuracy is 
shown here for both the 
linear and nonlinear 
model 

• The linear model is highly 
inaccurate at low number 
of trials

• The nonlinear model is 
very accurate even at 
low sample numbers 
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AUTOPILOT TRADE STUDY
METRICS

85



AUTOPILOT TRADE STUDY
METRICS AND RESULTS
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LOCALIZATION TRADE STUDY METRICS AND 
RESULTS:

87



LOCALIZATION TRADE STUDY
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RECUV Talon eCalc Screenshots
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RECUV Talon eCalc Screenshots

90



RECUV Talon eCalc Screenshots
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Foundational Questions
1. Can the selected UAS platform achieve a 60-minute flight time? Which 

airframes can/can’t?
2. What is the upper limit of endurance for our UAS platform?
3. How can we optimize for minimum power consumption onboard the 

UAS?
4. How much will the UAS weigh given airframe and electronics? How 

heavy does the battery need to be? How much power is required?

UAS Model
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Assumptions

E = 63 min (inc. 5% buffer)

Worst-case headwind is 10 
m/s

Steady, level flight 
throughout

Battery discharge depth is 
85%

Overall system efficiency is 
85%

UAS Model - Overview
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UAS Model - Overview
Equations Quantity [Units]

Battery Mass [kg]

Total Weight [N]

Parasite Drag Coefficient [none]

Power Required For Steady, Level 
Flight [W]

Propulsion System Power Required 
for Steady, Level Flight [W]

Endurance [s]
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Name Variable Value

Density 𝜌 [kg/m3] 1.047

Wing Area S [m2] 0.545

Wingspan b [m] 1.718

Efficiency Factor e [%] 80

Propulsive
Efficiency

𝜂overall [%] 85

Battery
Discharge Depth

Db [%] 85

Endurance E [min] 63

Capacity Density 𝜎
[mAh/kg]

16600

Battery Voltage Vb [V] 11.1

UAS Model - Overview

Name Variable

Velocity V [m/s]

True Power Req’d Ptrue [W]

Parasite Drag 
Coeff.

CD,0
[none]

Battery Weight Wb [N]

Total Weight W [N]

Total Drag D [N]

Still Need to Determine:
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UAS Model
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Parameters

Well-Known Parameters
• S - Wing Area (given by manufacturer, easy to measure)
• AR - Wing Aspect Ratio (easy to measure b (wing span) and 

then calculate)
• W - Total Weight (easy to measure on a scale)
• E - Endurance (easy to measure with a timer)
Unknown Parameters, Fairly Easy to Measure
• 𝜌 - Air Density (Take temp + pres measurements)
• V - Airspeed (use total + static pressure from pitot tube 

measurement)
Unknown Parameters, Difficult to Measure
• CD,0 - Parasitic Drag Coefficient (difficult to estimate and 

measure)
• e - wing efficiency factor (difficult to measure/estimate)

UAS Model
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Most Impactful Parameters
Which parameters will have the largest impact upon the Power Required (and 
hence endurance?)

• V -> V3 in first term, 1/V in second term (Which terms will dominate for given 
airframes? How much effect does a given velocity increase have on required 
power?)

• W -> W2 in second term (how much of a power increase is required for a given 
weight increase?)

• b -> 1/b2 in second term (does increasing wingspan (also increases weight) 
produce an appreciable decrease in required power?)

• 𝜂 - Overall efficiency of the propulsion system could be extremely low

Less important parameters

• CD,0 - wide range of values, could significantly impact power required

UAS Model
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Drag Buildup

Drag Buildup

k is form factor
cf is skin friction coefficient
Swet is wetted area
N = 3 (wing, fuselage, tail)
Sref = Swing

Wing and Tail

Fuselage

Wing and Tail

Fuselage
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RECUV Talon Drag Buildup 
Screenshots from Excel
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RECUV Talon Drag Buildup 
Screenshots from Excel
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RECUV Talon Drag Buildup Screenshots 
from Excel
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Evidence of Feasibility
UAS Endurance – Drag Buildup

Velocity [m/s]

• CD,0 = f(V,airframe)
• CL = f(W,S,V)

• Choose endurance optimization to reach 63+ 
minute flight time
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• RECUV operates XUAV 
Talon in long-endurance 
configuration with suite of 
sensors and antennas

• Serves as excellent point of 
reference for RAMROD 
Talon-based UAS

UAS ENDURANCE – RECUV 
TALON

60 min+ Flight time is 
feasible on this 
airframe

Component Weight [g]

Battery Weight [g] 422 (x2)

Total Weight [g] 3343

Motor Power Rating 
[W]

700 (1250 Kv)

Motor Power Rating 
[W]

700 (1250 Kv)

Battery Capacity 
[mAh]

7000 3S 11.4 V (x2) 

Optimal Cruise Speed 
[m/s]

14-17

Endurance [min] 60-90

Component Type
Motor E-Flite Power 25BL (1250 Kv)
Battery Thunder Power RC TP7000-3SH 

(14000 mAh)
ESC Phoenix Edge HV 80A
Propeller APC 9x7 10x7

RECUV Talon OverviewRECUV Talon Drive System
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Propeller Throttle Current 
(DC)

Voltage 
(DC)

El. 
Power

rpm % A V W

7200 57 8.2 11.1 89.4

8100 65 11.5 11.1 125.8

Thrust Sp. 
Thrust

Pitch 
Speed

Speed 
(Level)

Motor Run 
Time

g g/W km/h km/h (85%) min

859 7.4 66 55 (15.3 
m/s)

87.5

834 6.6 74 68 62.1

Ecalc Calculations also show feasibility of 
60+ min flight time on RECUV Platform

Airframe

Motor

Battery

ESC

Prop

RECUV
XUAV 
Talon

See Backup Slides for List of RECUV Talon 
components

UAS ENDURANCE – RECUV 
TALON
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UAS WEIGHT BREAKDOWN

Component Mass [g]

Talon 
Airframe

1050

Battery 845

Payload 900

Additional 
Hardware

537

TOTAL 3,332

Component Mass [g]

MicroZed 100

NT1065T 250

Casing 400

Battery 150

TOTAL 900


