
Assured PNT 
Strengths and Synergies 
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Will be updated at this 
meeting 



So what is the Problem? 
• High-level USG Official: 

 “GPS is much too vulnerable, we must  replace it with new    

 Inertials [Instruments] and Chip Scale Atomic Clocks [CSAC]” 

• Indeed, GPS has a very weak signal, and also depends  
  on Line of Sight to at least 4 satellites,     
   But… 

• IMHO – Better Statement – the ”PTA” solution: 
 

“We must Protect, Toughen, and Augment GPS to ensure that it 

   meets User’s PNT needs” 
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A matter of Record - 
Strengths and 

Synergies 

•  GPS/GNSS 

•  Inertial Systems and  
  Components 

•  eLoran 



Summarizing GPS Characteristics 
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Jam Resistance - the “Nibbles”  
Improving Jamming Resistance Performance 

Technique 
Range of 

improvement 
Resulting Jammer Area as 

% of Original 

Inertial And Averaging 
(MEMS, CSAC, Kasovich Devices)  

8-12 dB 16% - 6% 

Wider Spreading GNSS 
Signal (e.g. L1C) 

5 dB 32% 

Digital Beam Forming 
Antenna 

20-30 dB 1.0% - 0.1% 

Aircraft Shading  
(commercial Aircraft) 

5-10 dB 32% - 10% 

“Spilker” Vector Receiver 
(A powerful form of frequency 

diversity) 

Up to 10 dB 10% 

Potential Total 
Improvement 48 –67 dB 0.0016% - 0.00002% 

Digital Technology is making beam steering and 
vector receivers much more affordable 

Believe This is a trend that will continue 

 
 
 

Require > 60,000 
Jammers to cover 

Original Area 



The GPS 
Characteristics  



Inertial Navigation 
Systems and Components 



The simple view of Inertial Navigation 

• Double integrate vector acceleration and you 
have vector position (i.e. 3D) 

 

 

 

• So with a perfect “accelerometer” you end up 

with perfect position…    But - 

 

 
 



The user has to know the Initial 
Position and Velocity 

• So we have: 

Current position is known no better than Initial 
position and the error increases with time if initial 
velocity is not known--- 
 
Where does an inertial PNT find initial position? 



“Perfect” accelerometers: What does 
an “Accelerometer” actually measure? 

Clearly an un-accelerated 
“accelerometer” senses the lift to 

overcome gravity An upward 
compensation (-    ) 𝒈 



The gravity vector – 
“Down” is only Local 

Geodetic Earth 
Surface 

The gravity vector, near the 
surface, is quite quixotic for high 

accuracy 



Another complication for inertial 
components 



Finding Initial Attitude 

• Null two cross axis accelerometers to find 
“level” 

• Orient East/West gyro to sense no earth rate 

• Typically takes 15 to 20 minutes to find 
orientation to about an arc minute 

• At 100km, an arc minute in azimuth is about 
30 meters. 



Inertials - the fundamental Challenges 
– even with a “perfect” accelerometer 

• Initial Alignment 

• Accurate knowledge of Local Gravity (             ) 

• Most errors unbounded with time 

• Result - inertial horizontal errors : 

– Typically grow at 0.1 nm/hr (~ 200m/hr) 

–  Very good ones grow at 0.01 nm/hr ( ~ 20m/hr) 

• And the new technology typically takes 20 
years to field and is initially very expensive 



Summary of 
Characteristics 

of Inertial 
Navigators 



eLoran Sytem Overview (courtesy UrsaNav) 

eLoran 
•  Powerful Signal 100 kHz (up to 100kW) 

•  2 D 
•  In real-time calibrated area ~10m 
 accuracy 



2D Positioning with eLoran 
(Courtesy UrsaNav) 

How is transmission time synchronized? 



Must account for Phase lag associated 
with Earth and Sea conductivity 



𝑇𝑂𝐴𝑖 =
𝑅𝑖

𝑐
+  𝑃𝐹𝑖 + 𝑆𝐹𝑖 +  𝐴𝑆𝐹𝑖 + 𝐵 + 𝜖𝑖 

Basic eLoran Equation for ith Range Measurement 
(Very similar to GPS range equation) 

Great Circle 
Range to 

Transmitter – 
Needed to 
determine 

Position 

Actual error in 
Measurement 
and the three 

“Factors” 

User Clock 
Error – 

common to all 
measurements 

Standard Adjustment for 
signal delay of 

Atmosphere – “Primary 
Factor” 

Measured 
Time of Arrival 

Standard Adjustment for 
signal delay at Sea Level 

over Salt Water  
“Secondary Factor” 

Additional Tailored 
Adjustment for particular 
signal path over terrain 
“Additional Secondary 

Factor” 



At 100 Km, eLoran has substantial variability over land 

400 
Meters 



Figure 10: Cumulative distribution functions of 
absolute ASF spatial gradients 

Over mountainous 100 Km, 
delay gradient ranges from 

10m/Km (20%)  
to 90m/Km (80%) 



ASF Variation 
as ship 

enters the 
Thames River 

Variation = 1.85 m sec 

Equals 300 x 1.85 = 

550 Meters 



Technique for handling Variation in ASF 
(Calibrate over terrain for each Transmitter) 



Examples of Terrain induced Variability 
at 600 Miles 0 to 6.6 μsec 

(0 to 2000 meters) 



Differential eLoran 
Improves Accuracy in a limited region 

10 to 20 Meter Accuracy 
is claimed 



 



eLoran Accuracy 

•  Good News – Differential Technique can improve 
 accuracy to ~20 meters or better 
•  Less Good News – Corrections typically only help in small 
 area, like a harbor – no analogy to WAAS corrections 
•  Good news – GPS can provide continuous corrections, 
 and then user can ‘Flywheel” through brief outages of 
 GPS using eLoran 

GPS Correction 



Summary of 
eLoran 

Charcteristics 



Grand Synergy 



Preamble to Toughening and Augmenting 

The Synergies 
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The Goal: 
Assured 

PNT 
T – Def: Ranging to GPS 
         in spite of interference 
A – Def: Providing PNT without  
         range to GPS (could be Sky- 
            impaired or Signal-denied) 

Inertial 
Components/ 

Chip Scale Atomic 
Clock 

T – Longer Averaging 

Additional 
Signals & 

Other 
GNSS 

T – Iono Correction &   
         Vector Processing 

A – Alternative PNT 

Priority PNT 

A – Flywheel PNT 

• eLoran 
• DMEs 

A – Frequency  
    Diverse PNT 

GPS Initialization 
and 

Calibration 

Assured Availability 

of PNT  - "PTA" 



Synergy 



The Grand Comparison 



Even Perfect “Accelerometers” can 
only be perfect non-field force sensors 

They sense      not  

• So system has to accurately know  

• Initial Alignment errors within “local” 
coordinate frame propagates errors 

• Inertials are unstable sensors of altitude 

 

 

 

𝒈 





“There are approximately 3.5 million professional truck drivers in 
the United States, according to estimates by the American 

Trucking Association. “ 

Robotic Trucks are 
coming 

GPS Guided Trucks 
- Wheels 3 meters high 

• Productivity    
      Savings: 
 Robotic Mining 
Trucks in Australia 
 

• But… 







 


