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PNTAB	Charter	
The	NaConal,	Space-Based,	PosiConing,	NavigaCon,	and		
															Timing	(PNT)	Advisory	Board	(PNTAB)	provides:	
• 		Independent	advice	to	the	U.S.	government	on	
	 	 	GPS-related		

Ø 		policy,		
Ø 		planning,		
Ø 		program	management,	and		
Ø 		funding	profiles	

	In	relaCon	to	the	current	state	of	naConal	and		
																	interna+onal	satellite	naviga+on	services.	
•  Fundamental	Purpose:			

				Assured	PNT		(At	required	availability,	accuracy	and	integrity)	
	
	

u 			PNTAB	Generally	meets	1	to	2	Cmes	per	year.	
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•  		Recent	well-intended	statement	:	
	“	The	result	would	be	a	GPS	of	things	–	akin	to	the	Internet	of	things	–	where	
objects,	including	our	military	systems,	keep	track	of	their	posi+on,	
orienta+on,	and	+me	from	the	moment	they	are	created	with	no	need	for	
updates	from	satellites.”	
			Perhaps	beAer	said…	

•  To	Assure	PNT–	the	PTA	soluEon:	
	

“We	must	Protect,	Toughen,	and	Augment	GPS	
to	ensure	that	it	con+nues	to	provide	Economic	
and	Societal	Benefits”	

Current	PNTAB	Assessment:	
“No	current	or	foreseeable	alternaCve	to	GNSS	(Primarily	GPS)	
can	deliver	equivalent	accuracy	(to	millimeters,	3D)	and	world	
wide	24/7	availability”	
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Augment:		A	Review-	
Strengths	and	Synergies	

•   GPS/GNSS 

•   Inertial Systems and  
  Components 

•   eLoran 
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GPS/GNSS		SituaEon	
Summary		

	

Characteristic 
GPS/GNSS 
Simple Civil 

Set 

System 
Availability Worldwide 

Accuracy 1 to 5 
meters 

Time to First 
Fix ~ 2 Minutes 

Vulnerability  
to  Deliberate – 

1 kW 
Interference. 

About 
150 Miles 

Cost 
$20 + 

Display& 
Ant 

•  SuscepCbility	to	
interference	can	be	virtually	
eliminated	with	inexpensive	
iner+al	navigator	and	
direc+onal	antennas	

•  Costs	to	toughen	and	
augment	are	dropping	
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InerCal	Systems	and	Components		
Strengths	and	Synergies	
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The	simple	view	of	InerCal	NavigaCon	

•  Double	integrate	vector	accelera8on	and	you	
have	vector	posi8on	(i.e.	3D)	

•  So	with	a	perfect	“accelerometer”	you	end	up	
with	perfect	posiCon…				But	-	
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ComplicaCon		#1	
User	requires	Ini+al	Posi+on	and	Velocity	

•  So	we	have:	

Current	posi+on	is	known	no	be^er	than	IniCal	
posiCon	and	the	error	increases	with	Cme	if	iniCal	
velocity	is	not	known---	
	

Where	does	an	inerCal	PNT	find	iniCal	posiCon?		
	 	 	 	 	 	 	 	 	 	(Hint:	Usually	GPS!)	
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ComplicaCon	#2	-	“Perfect”	accelerometers:	
What	does	an	“Accelerometer”	actually	measure?	

Clearly	an	un-accelerated	
“accelerometer”	senses	the	lid	to	
overcome	gravity	An	upward	

compensaEon	(-	g				)	

Doc	Draper,	the	Father	of	
InerCal	NavigaCon	always	
called	these	Devices	
	“Specific	Force	Receivers”	
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The	gravity	vector	–	“Down”	is	only	Local	

GeodeCc	Earth	
Surface	

The	gravity	vector,	near	the	
surface,	is	quite	quixoCc	for	

high	accuracy	
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Another	complicaCon	for	inerCal	
components	
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Finding	IniCal	Ahtude	–	User	StaConary	
(either	physical	rotaCon	or	“strap-down”)	

•  Null	two	cross	axis	accelerometers	to	find	“level”	
•  Orient	East/West	gyro	to	sense	“no	earth	rate”	
•  “Good”	InerCals	take	15	to	20	minutes	to	find	
orientaCon	to	about	an	arc	minute	

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

Note:	With	GPS	aiding,	iniEal	alignment	can	occur	in	the	first	30	
minutes	of	flight	with	no	waiEng	on	the	flight	line.		During	
flight,	biases	can	be	calibrated	
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Maintaining	OrientaCon	-	Gyroscopes	

•  InerCal	Quality	Gyros	:		0.1	–	0.001	deg/hr	
•  In	one	hour	drid	6	arc	minutes	down	to	0.06	
arc	minutes.			

•  At	1000	km,	angles	equivalent	to	1700	meters	
down	to	17	meters.	
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The	Points:			
•  Even	very	good	Gyroscopes	cannot	hold	ahtude	induced	errors	to	GPS	levels	

ader	a	few	hours	of	travel.	
•  All	instruments	must	be	aligned	to	the	common	coordinate	frame	



Summary:		Hi	Performance	InerCal	Navigator	
(error	growth	at	0.3	nm/hour)	

Errors about 
600 meters after 

1 hour of 
operation 

OpCmisCc	IniCal	
posiCon	error	–	

20	meters	

Logarithmic	
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Wrap-up:		Even	Perfect	“Accelerometers”	can	only	be	
perfect	non-field	force	sensors:	They	sense						not		

•  So	PNT	system	has	to	accurately	know		
•  IniCal	Alignment	errors	within	“local”	
coordinate	frame	propagates	errors	

•  InerCals	are	unstable	sensors	of	al+tude	–	
	i.e.	2	Dimensional	only	

For fully robust receivers, all approaches 
benefit enormously with GNSS as an 

essential part 
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Key	InerCal	Systems	
CharacterisCcs	

	

Characteristic 
Top Grade 

Inertial 
Navigator 

System Availability 
Worldwide 

when 
Initialized 

Accuracy 
Horizontal 

20 meters 
(?) + 300 

Meters/Hr. 

Vertical No 
vertical 

Time to First Fix 15 to 20 
Minutes 

Vulnerability  
to  Deliberate – 1 kW 

Interference 
Not 

Jammable 

Cost $100K 

•  IniEal	Alignment.		Both	a	Cme	and	
an	accuracy	problem.		Requires	at	
least	15	minutes	(unaided	)	to	align	
to	a	local	reference	frame	

•  IniEal	PosiEon.		Accuracy	is	no	
be^er	than	iniCal	knowledge	of	
posiCon	(and	Velocity!)	

•  No	AlEtude.		The	third	dimension	is	
inherently	unstable.		

•  Errors	unbounded	-grow	with	Cme	
and	Cme	squared.	

•  	Accelerometers	only	measure	part	
of	acceleraEon.			Must	know	gravity	
direcCon	and	magnitude.	
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Promising new DARPA Devices will not fix these 
weaknesses and are at least 15 years away… 



Synergy	Level	2	–	
Tightly	coupled	GPS	Iner8al	
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The	Goal:	
Assured	
PNT	

InerCal	
Components/	

Chip	Scale	Atomic	
Clock	

Longer	Averaging	
Be^er	Jam	Resistance	

AddiConal	
Signals	&	
Other	
GNSS	

Iono	CorrecCon	&			
									Vector	Processing	

A	–	AlternaCve	PNT	

Priority	PNT	

		Flywheel	PNT	

• 	eLoran	
• 	DMEs	

	Frequency		
				Diverse	PNT	

GPS	
IniEalizaEon	

and	
CalibraEon	

Assured	Availability	

of	PNT		-	”PTA”	



Summary:	Synergy	of	GPS/InerCal	
AugmentaCon	Provides	Manageable	errors		
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eLoran		
Strengths	and	Synergies	
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eLoran	Sytem	Overview	(courtesy	UrsaNav)	
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eLoran	
• 		Powerful	Signal	100	kHz	(up	to	100kW)	
• 		2	D	
• 		In	real-Eme	calibrated	area	~	15m	

	accuracy	



2D	PosiConing	with	eLoran	
(Courtesy	UrsaNav)	

How	is	transmission	Eme	synchronized?	
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Must	account	for	Phase	lag	associated	
with	Earth	and	Sea	conducCvity	
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​𝑇𝑂𝐴↓𝑖 = ​​𝑅↓𝑖 /𝑐 + ​𝑃𝐹↓𝑖 + ​𝑆𝐹↓𝑖 + ​𝐴𝑆𝐹↓𝑖 +𝐵+ ​𝜖↓𝑖 	

Basic	eLoran	EquaCon	for	ith	Range	Measurement	
(Very	similar	to	GPS	range	equaCon)	
Great	Circle	
Range	to	

Transmi^er	–	
Needed	to	
determine	
PosiEon	

Actual	error	in	
Measurement	
and	the	three	
“Factors”	

User	Clock	
Bias–	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”	

AddiConal	Tailored	
Adjustment	for	parCcular	
signal	path	over	terrain	
“AddiConal	Secondary	

Factor”	
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At	100	Km,	eLoran	has	substanCal	variability	over	land	

400	
Meters	
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Figure	10:	CumulaEve	distribuEon	funcEons	of	
absolute	ASF	spaEal	gradients	

Over	mountainous	100	Km,	
delay	gradient	ranges	from	

20m/Km	(20%)		
to	90m/Km	(80%)	
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ASF	VariaCon	
as	ship	

enters	the	
Thames	River	

Variation = 1.85 µ sec 
Equals 300 x 1.85 = 

550 Meters	
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Technique	for	handling	VariaEon	in	ASF	
(Calibrate	over	terrain	for	each	Transmi^er)	
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DifferenCal	eLoran	
Improves	Accuracy	in	a	limited	region	

10	to	20	Meter	Accuracy	
is	claimed	
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eLoran	CharacterisCcs	
•  Unjammable.	(virtually)	

•  Regional	–	But	not	currently	deployed	

•  Horizontal	Only.		No	third	dimension		

•  Accuracy	over	landmass	subject	to	large	errors		Variable	

speed	of	signal	–	errors	can	be	¼	mile	or	more			

•  Can	Achieve	15	meter	accuracy	in	small	areas		(within	

about	5	miles	of	calibraCon	point)	must	use	con8nuous	

updates	of	DifferenCal	Accuracy		
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For	Assured	PNT	–	an	integrated	GPS	
and	eLoran	
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eLoran	Accuracy	
• 		Good	News	–	DifferenCal	Technique	can	improve	

	accuracy	to	~20	meters	or	be^er	
• 		Less	Good	News	–	CorrecCons	typically	only	help	in	small	

	area,	like	a	harbor	–	no	analogy	to	WAAS	correcCons	
• 		Good	news	–	GPS	can	provide	conCnuous	correcCons,	

	and	then	user	can	‘Flywheel”	through	brief	outages	of	
	GPS	using	eLoran	

GPS	CorrecCon	
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Conclusion:	GPS/GNSS	is	the	backbone	of	
“Assured	PNT”			[e.g.	Availability,	Accuracy,	&	Integrity]		
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•  Maximize	Synergies	between	GPS	and	InerCal	
Systems	
–  Virtually	eliminates	VulnerabiliCes	of	GPS/INS	to	
Jamming	Threats	

–  Eliminates	INS	iniCal	condiCon	errors	and	long	term	
error	growth	

•  Emergency	AugmentaCon	with	eLoran	
–  10/15	Meter	Horizontal	Accuracy	in	small	calibrated	
region	

– ¼	to	½	mile	accuracy	over	irregular	terrain	
–  Two	Dimensional	(Horizontal)	only	
– Not	suitable	for	aircrad	–	should	use	DME	

	



PNTAB:	Looking	Forward	

•  ConCnue	focus	on	assured					
					PNT:			The	PTA	Program	

•  ConCnue	Efforts	to	exploit		
	all	GNSS	systems	for	economic,	safety,					
	societal	and	security	value	

•  New	Task:		Assessment	of	the	potenCal	
	user	market	for	a	terrestrial-based	PNT		
	system;	e.g,	eLoran.		

•  Protect	the	radio	
spectrum	+	idenCfy	+	
prosecute	interferers	

•  Toughen	GPS	receivers	
against	natural	and	
human	interference	

•  Augment	with	addiConal	
PNT	sources	and	
Techniques	
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QUESTIONS?	

Thank	You	
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Backups	
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eLoran	CharacterisCcs		

Characteristic 
eLoran 

Non- 
Differential Differential 

System 
Availability 

Regional 
Local only  

– e.g. 
Harbor Area 

Ac
cu

ra
cy

 

Horizontal 50m to 
>500m 

10m to  
20m 

Vertical No Vertical  
(Use Baro?) 

Time to First 
Fix 

1 to 2 Minutes (?) 

Vulnerability 
to Interference 

Nearly 
Invulnerable 

Cost $20 + 
Display& Ant 

$20 + 
Display& Ant 

•  Unjammable.	(virtually)	

•  Regional	–	But	not	currently	deployed	

•  Horizontal	Only.		No	third	dimension		

•  Accuracy	over	landmass	subject	to	large	

errors		Variable	speed	of	signal	–	errors	can	

be	¼	mile	or	more			

•  Can	Achieve	15	meter	accuracy	in	small	

areas		(within	about	5	miles	of	calibraCon	

point)	must	use	con8nuous	updates	of	

DifferenCal	Accuracy		
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The	Grand	Comparison	
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