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LORAN/GPS INTEROPERABILITY: PAST, PRESENT AND FOTUR.E 

by 

Mark Morgenthaler 
and 

Russ Gordon 

Trimble Navigation, Ltd. 
Sunnyvale, CA 9408_6 

Abstract 

During the past few years, the Radio Tech
nical Commission for Aerona'utics (RTCA) 'has· 
been developing guidelines for GPS and 
LORAN equipment used in the Nat'ional 
Airspace System (NAS). .During this same 
period of time, Trimble Navigation has 
built a LORAN/GPS product called the lOX 
Navigator. In this paper we review our 
operational experiences with· this equipment 
and analyze established and pending FAA 
regulations. Based on .this survey of 
regulatory and technological considerations 
we make some predictions concerning the fu, 
ture of LORAN/GPS Interoperability. 

OPERATIONAL EXPERIENCE V.ITH A LORAN/GPS 
RECEIVER 

Figure 1 shows the block_: diagram of 
trimble's lOX Navigator. The lOX has both 
a LORAN and a GPS sensor. Both sensors are1

. 

independently powered ·and work f,rom 
separate clocks. Their outputs may be:com
bined together by 1a C'entral processor 
called the input.output processor (IOP) to 
provide position outputs. In addition to 
the radionavigatlonal sensors,. the lOX can 
also use speed and heading inputs derived 
from a number of external, devices such as 
synchros, gyros, steppers and speed-logs to 
operate in a dead-reckoning (DR) mode. 

The output from the lOX can be sent to one 
or two control/display units (CDUs), a num
ber of different auto-pilots, and up to 
three other external devices. 

The GPS portion of the lOX is a two chan
nel, sequencing, ·c/A code, Ll receiyer. It 
sequences at a 0.5 sec. rate and tracks all 
satellites in view. 

10X Block Diagram 

cou 

Figure 1 

The LORAN portion·pf the lOX uses Trimble's 
all-digitkl LORAN technology. This 
receiver uses a signal processing chip 
rather. than analog co.mponents to implement 
a l;ligh quality·, linear LORAN receiver witt 
extremely precise" bandpass characteristics 
and variable, high-Q1 notches. A comparisor 
ot the standard analog LORAN and the Digi· 
tal LORAN sensor blQck diagram can be seer 
in Figure 2. 

What Is the Digital LORAN? 

....... .. _ ... ..... . ..... . 

§ - . 
A,,.,•ttl•P••: 

t Aecluc•c:t compon•nt count 
Z. Slebllit1 und•r ••v•r• •nvlronm•nlal candlllon• 
:s. Ol9•t•• p•ecl•lon eft4t r•ll•blltty 

Figure 2 
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hrpoae•·o£ the lOX 

The lOX was designed three years ago for a 
marine environment-lortg before LORAN/GPS 
ln·terc>perability was· common terminology. .. 
The original goals of the Navigat~r had 
little to.do with the reasons for LORAN/GPS 
interoperability currently receiving so 
much attention. Nevertheless, the features 
listed below are still' valid in the en
vironment that will exist for the next: few, 
years until the full co'nstellation of GPS 
satellites is available. 

Extended Range for LORAN-

The· ability to obtain "oceanic" 
precision position fixes far from 
land and normal LORAN-coverage areas 
was and is of importance. The lOX 
provides this extended range by aug
menting the LORAN sensor with lines 
of position (LOP) obtained from the 
two GPS satellites hence requiring 
only one time difference (TD)· and 
frequently improving the geometry. 

Improved Precision for LORAN 

Another important mode for the lOX is 
its ability to provide extremely 
precise LORAN position fixes. This 

·mode is made possible by calibrating 
the LORAN receiver during periods of 
GPS coverage. • The LORAN 
repeatability numbers then become its 
absolute a!=curacy specs. This will 
typically give a fac~or of 5 improve
ments in absolute accuracy. 

Integrity Monitoring for LORAN 

Because the lOX is frequently used in 
poor coverage areas, GPS (when avail- ! 
able) is USed as a means Of I 

"confirming" the integrity of the 
LORAN solution. If the. actual LORAN 
TD measurement and the GPS predicted 
measurement agr'ee, "a TD is marked 
•confirmed" and cycle selection on 
the LORAN signal is discontinued. If 
the position fixes don't agree, the 
LORAN is allowed (and sometimes 
forced) to determine the .correct 
cycle. 

Extended Availability for GPS 

The most important advantage of the lOX is 
it's ability to extend GPS availability. 
CPS IS A BETTER, MORE ·ACct1RATE AND ROBUS~ 
NAVIGATION SYSTEM' THAN LORAN. A primar• 
goal of the lOX is t·o extend the period~ 
of time that GPS can be used in the posi 
tion solution. 

Additional information on the exact 
specifications of the sensors and Kalma1 
filter may be found in References 1-5. 

Performance Characteristics 

Figure 3 shows a comparison of LORAN and 
CPS data taken from the lOX over a threF> 
day period. The center of the figure is 
surveyed antenna location at Trimble 
Navigation in Sunnyvale, CA. 

We can see that both CPS and LORAN dat 
have roughly the same scatter characteris
tics,' but the CPS data contains con 
siderably less measurement bias. It shoul 
also be pointed out that the LORAN data has 
slightly smaller filter bandwidth than the 
GPS data. Nevertheless, it has been ou 
experience that LORAN and CPS measurement .. 
can be considered as equals with the excep· 
tion that LORAN measurements have biase 
that change (slowly) with position an_ 
time. This is an important observation, 
since it greatly influences the design o& 
interoperable systems. 

C--• i..-... 1r• UllPIW 
~ .1z~ z.aRlr 

- --.... --. ··
~-- --

\ I j 
·~ 

I . 

! 

M_. • ..-.... GPS 

Figure 3 

....... C*'- ,, ..... 

Figure 4 shows LORAN data after it has beer 
corrected by measurements made dur ii 
periods of CPS availability. The corre .... 



tions to the data col'lected in the LORAN 
only mode of operation are corrected in the ; 
state space of our filter. It is our in· 
tention to change this characte,ristic of 
our filter to make the bias corrections to 
the LORAN pseudoranges in measurement 
space. 

C.-• - .,. _,_ ._ .... ..-

~ '#Gitt ... .. ........ 
............ : JllM 

c-11....-: 2.u. 

Figure 4 

Our static tests, however, indicate that 
GPS derived LORAN bias estimation can be 
extremely effective over time. The quality 
of the bias estimate over space, i.e., when 
the receiver is moving, is more difficult 
to estimate and may cause some problems. 
Differences in the dynamic behavior of 
LORAN and GPS can be modeled in the filter. 
Rapid fluctuations of propagation anomalies 
in the LORAN measurements as a function of 
position, however, can't be eliminat~d. 

Nevertheless, dynamic performance of the 
lOX shows excellent agreement between the 
LORAN and GPS positions obtained. Figures 
5 and 6 show actual data obtained during 
operational testing of the lOX. Figure 5 
shows the LORAN and GPS positions obtained 
during departure from San Jose Airport and 
Figure 6 shows the results of a standard 
rate turn. 

THE PRESENT REGULATORY ENVIRONMENT 

Given that brief review of the performance 
of a combined LORAN/GPS receiver, we'd like 
to review the regulatory environment before 
making a set of recommendations concerning 
future architectures for interoperable 
receivers. 

o--. wotM ·- --

D....- wGllofl 
~ ••Ill.ca. 

Figure 5 

I 

ffi 
.......... ,... 

Figure 6 
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The 1984 Federal Radionavigation Plan6 

seems designed to accomplish two purposes. 
First, it calls for the phaseout of several 
obsolete and redundant navigation systems 
for the purpose of limiting the 
government's maintenance and operational 
expenses. Specifically, it recommends the 
VOR/DME system, currently used as a primary 
means of aircraft navigation, be phased out 
in 1997. Second, it specifies improved 
performance goals for systems used in the 
NAS. 

Both of these goals seem logical, espe -
cially since the GPS system is scheduled 
for full deployment by 1992. It may, 
however, be later than 1997 before the old 
systems can be obsoleted. 
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The requirements for navigation equipment, 
used in aircraft can be broken into two 
categories: supplemental navigation systems 
and sole-means navigation systems. 

R.agulations for Suppl~mental Navigation 
Sysu .. 

The FAA has released minimum perfor.mance 
requirements fo.r LO~ equipment when the 
equipment is us~d as a supplemental 1 mea~s 
of navigation. The RTCA has also completed 
its recommendations on a minimum aviation 
performance s~andard for GPS. 

We expect that manufacturers will increase 
production of equipment to meet these re
quirements since certification is a prereq
uisite to sales into high-end market seg
ments. Once software and' hardware have 
been designed which meet the requirements 
for high-end products, th'.e same designs 
will be cost-reduced and sold at the low
end. 

In order to comply with these requirements 
a complicated maze of regulations must 
first be understood. Environmental stan
dards are contained in D0-16087

. This docu-
' ment outlines the categories and test stan-

dards for various types of avionics. Ap
plicability of D0-1608 varies with type of 
equipment and level of certification 
desired. 

Software standards for all digital 
computer- based avionics equipment should 
conform ta the requirements of DO- l 78A5 . 
\rlhile compliance with this document is not 
the only means of FAA software approval, it 
is the most expedient9 . 

LOR.AN as a Supplemental Navigation System 

LORAN C units must meet the minimum perfor
mance performance standards prescribed in 
TSO C60B 10 to be· IFR certifiable. Uni ts 
not meeting TSO C60B standards may obtain 
field approval of installation through FAA 
Form 337, limiting their use to operation 
under VFR conditions. 

In addition .to TSO C60B approval, installed 
performance and accuracy standards in 
AC20-121A 11 must be 11et. Standards for IFR 
approval are stricter and more numerous 
than VFR. approval standards. 

Integrated navigation units using LORAN c 
in addi,tion to oi in conjunction with other 
navigation: sources. are addressed under 

· multi-sensor navigation devices. 

CPS as a Supplemental, Navigation System 

Currently there is no TSO outlining minimum 
performance st4ndards for GPS receivers. '. 
Special Committee 15~ o'f the RTCA has writ- i. 
ten a document 12 which combined with 00-
1608 and DO-l78A, will likely ·form the; 
basis of the GPS TSO. 

Multi-Sensor Navigation Devices 

Navigation devices using multiple sensors 
to derive position data are addressed under~· 
TSO Cll5 13 Current navigation management~ 
and flight management systems fall into 
this category. 

Examples of such systems include' 
BENDIX/KING' s KNS 660, Global-Vulfsberg' s 
GNS X ~nd Universal's UNS lA. These ~nits· 
combine LORAN C and GPS with VLF OMEGA, VOR i 
and DME. A hybrid LORAN/GPS system would be 
approved under the same TSO. 

Installed accuracy and performance of 
multi-sensor· navs must meet requirements, .. 
established in AC 90-45A14

. 

IFR Certification of LORAN/GPS 
Interoperable Systems 

Compliance with TSO CllS is a prerequisite 
far IFR certification. Additionally, opera
tional accuracy must conform to standards 
contained in AC 90-45A. IFR certification 
for a particular aircraft type may be ac
quired during· the initial certification of, 
type. In this instance the certified in
stallation becomes a part of the Type Cer
tificate. The more common form of approval 
is the Supplemental Type Certificate (SIC), 
which is obtained subsequent to Type Cer
tification. 



After an STC is obtained, approval in other 
types of aircraft begins with installing 
the unit in a similar manner. Performance 
and accuracy in other aircraft must be 
proven to equal the performance documented 
in the STC. An aircraft flight manual 
supplement is written for each installation 
and submitted with a Form 337 to the FAA 
Flight Standards District Office having 
jurisdiction over the installing facility. 

Navigation devices may be approved either 
on a sole-means or supplemental basis. A 
LORAN/GPS system cannot be approved as a 
sole-means navigation system under the cur
rent multi-sensor system specification (TSO 
CllS), because neither system is approved 
as a sole-means system15 

Regulations for Sole-Means 
Navigation Syste~s 

While the requirements for LORAN or GPS 
Supplemental Navigation Systems seem cl~ar 

and attainable, the requirements for sole
means navigation cannot be met by either 
system. This ·leaves the question, "'..lhat 
manner of system can meet the sole-means 
requirements and serve as the replacement 
for the VOR/DME network?". 

The sole means requirements that cause 
problems are the requirements for integrity 
monitoring and time to alarm. As designed, 
the GPS system is capable of providing con
tinuous, worldwide position ,fixes. It is, 
however, the recommendation of SC159 that 
the GPS system not only provide a position 
fix, but be cap-able of checking· its in
tegrity. The integrity and time to alarm 
requirements used by the committee were 
derived from VOR non-precision approach re
quirements. These requirements are shown 
in Table I below. Additionally, the FAA 
has taken the position t.hat the GPS system 
must work even in the absence of one satel
lite. 

The FAA's position is understandable. It 
is logical that any system, as important to 
the infra-structure of our society as the 
aviation system is, must be capable of 
fault detection. It must also be redundant 
enough to allow a single component failure. 
This should be true especially when the 
repair of the failure might involve a space 
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launch. It would also seem logical that any 
new system installed in the NAS be as 
robust and capable as we can make it given 
certain technological and economic con
straints. 

When the GPS system is put to this test, it 
fails to provide adequate coverage. A suf
ficient condition to meet the FAA's 
criteria is that five satellites be in 
view, where all combinations of four satel
lites have a position dilution of precision 
(POOP) of less than six12 . 

Some of the earliest GPS integrity work was 
done under the assumption that only 18 
satellites and 3 spares would be in the 
constellation. Recently, the Department of 
Defense has announced it's intention to 
return to the original 24 satellite con
stellation. \Jhile this increase in satel
lites greatly improves the number of satel
lites available at any given time, it still 
cannot prevent 5 percent lapses in the 
coverage necessary to do receiver 
autonomous integrity monitoring 
(RAIM) 12, 16, 17. 

A SUMMARY OF THE TECHNICAL SOLUTIONS 
TO THE SOLE MEANS INTEGRITY PROBLEM 

We have already noted only four satellites 
are necessary to obtain a three dimensional 
position fix, however, five are necessary 
to obtain an integrity check. It is also 
appropriate to mention that the periods of 
RAIM outage are predictable. Hence, what 
is required to solve .the integrity problem 
is a means of supplying other measurements 
to the receiver to assure the integrity of 
the position solution during those predict
able periods when GPS is not capable of 
'determining its own integrity. 

The proposed solutions to the GPS integrity 
issue can be divided into four categories: 

Internal Aiding 
External Integrity Monitoring 
Constellation Changes 
Requirements Changes 

We would 
technical 
solutions. 

like to briefly 
feasibility of 

summarize the 
each of these 
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Integrity Criteria 

Present Beg!>j ' arents 

Alarm Limit• 
Time to Alarm 

En Route 
Ocean D::mestic 

12. 6 nm.i 
120 sec 

l.S nmi 
60 sec 

l.l rmi 
l5 sec 

O.J rci 
10 sec 

Goals for I.nte;rity Criteria 

Alann Limit• 
Time to Alarm 

En Rcute 
oeean D:mestic 

5,000 m 
30 sec 

1,000 m 
30 sec 

'* Fadial horizartal p::6iticn error 

Table 1 

Internal Aiding 

GPS/LORAN 

One of the most prom1s1ng techniques for 
GPS aiding is to combine it with LORAN in
puts. Several arc hi tee tu res for such a 
receiver have been proposed18

. 

We feel the architecture shown in Figure 7 
below, involving a common clock for both 
the LORAN and the CPS sensors, is the most 
powerful combination and technically 
feasible. In this type of receiver, both 
LORAN and GPS pseudoranges are used in the 
position solution. The advantages of this 
type of receiver are: 

1) The common clock requires one 
less Line of Position (LOP) 
than designs with independent 
clocks for the two receivers. 

2) The use of pseudoranges in the 
solut~on is a natural form for 
LORAN/CPS filters as we 11 as 
Cross - Cha·in LORAN/LORAN fi 1-
ters. This is especially true 

3) 

500 m 
10 sec 

100 m 
6 sec 

once all LORAN master station emis
sions are synchronized to UTC. 

The creation of fault detection 
heuristics is simplified by th~ 

homogeneous treatment of all sig 
nals. 

4) The use of such a receiver wil 
provide the maximum coverage an; 
availability prior to full deploy
ment of the GPS system. 

In a paper ·by Brown and McBurney 18
, a sys: 

tern like the one we advocate was analyzed 
The analysis was primarily concerned wi~. 
the integrity monitoring capability of the 
interoperable system. While the system wa 
generally determined to work an obscut," 
mode was identified which could cause 
detection failure. This failure mode mus'" 
be studied further but we feel most of t~ 

internal aiding methods can have obscur., 
failure modes: the question becomes one of 
probability. 



Preferred 
LORAN/~PS Architecture 

.. ,,.,,,. 
•Pew• LOP'• required 
• Netw81 fef LOAAN/QPa Md LORAH/LORAH 
• llltendff COY.,a9e, a«WM)' 6 lntegrlt)' 

Figure 7 

GPS/BAllOMETRIC ALTIMETER 

The barometric altimeter has been studied 
and has proven to .be effective for enroute 
applications. The system analyzed kept 
barometric altitude calibrated to GPS al
titude during periods of good coverage. 
Only during the predictable periods of RAIM 
outage was the altimeter used19

. 

In another paper20 on the same type of sys
tem, operational tests were performed by 
the Department of Transportation. Results 
indicated chat altimeter aiding during 
periods of poor vertical dilution of posi
tion (VDOP) degraded GPS performance. 

GPS/CLOCK 

High quality clocks have also been con
sidered as a means of aiding GPS 21 . 

One paper concludes that a clock with a 
short term stability of 10" 10 can be used to 
perform RAIM aiding for periods of up to 15 

. 22 s h h b. l" . minutes . uc s ore term sea l icy is 
relatively easy to achieve as long as the 
temperature remains constant during the ra 
minute interval. A stability of 10 -
over temperature, however, could require 
prohibitively expensive clocks. 

GPS/INS 

In the studies that have been performed on 
combinations of GPS and INS, GPS has been 
used to provide a means of calibrating the 
inertial system. Results to date are in
c onc l us i ve as far as the svstems 

capabilities since the exact nai~fe of 
selective availability (S/A) 23 must be con
sidered before the results can be pre
dicted. This is certainly one of the more 
expensive alternatives for the user of this 
equipment. 

External Aiding 

In addition to the techniques studied 
above, other· alternatives for monitoring 
GPS integrity include means by which the 
navigation system is externally informed of 
a failure or externally supplied with the 
information require to make the integrity 
determination. Of the systems proposed, 
several not only provide the required in
tegrity monitoring, but also improve the 
accuracy of the GPS system by providing 
differential measurements using the RTCM 
104 protocols and eliminate the adverse ef
fects of Selective Availability. 

The solutions that improve the accuracy of 
the system as well as provide the integrity 
monitoring seem most desirable. It ap
pears, however, that considerable time and 
study wi 11 have to · go in to the various 
proposals before funding can be obtained to 
implement the different ia 1 monitors or 
pseudolites necessary for such solutions. 
For this reason, the systems listed below 
are not considered in detail. 

GPS Integritv Channel(GIC) 24 

Long-Baselin~ Differential GPS 25 

Local GPS Xonitors 26 

Pseudolites 27 

External systems involving differential 
will solve the integrity problems, reduce 
the effects of selective availability, and 
increase the accuracy of GPS. Long term, 
such external solutions seem the most 
robust. 

The Table be low, reprinted from Appendix B 
of the SC159 Report, summarizes the dif
ferent alternatives for receiver autonomous 
navigation systems and for certain external 
alternatives. In the case of each alterna
tive listed below, the committee has 
studied its' characteristics and concludec 
whether or not the system meets the re· 
quirements dictated by the FRP. 
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Constellation Changes 

In addition to the internal and e~ternal 
aiding techniques mentioned above, changes 
to the constellation could be made. 
Several possibilities are de~cribed in the 
references. One obvious alternative is to 
increase the number of sate 11 i tes. This 
seems unlikely since only recently the 
planned number of satellites had been 
decreased to reduce deployment costs. 
Another alternative that has been mentioned 
is to slightly modify the orbits to imfirove 
coverage in certain areas of the world 8 . 

Requirements Changes 

The last possibility, is to change the re
quirements. Either the accuracy goals or 
the integrity goals could be changed if it 
were discovered that the costs of 

implementing the desired system where too 
high or that other, less expensive means 
where available. 

CONCLUSIONS FROM REGULATORY 
AND TECHNICAL ANALYSIS 

In the short term, LORAN and GPS sys terns 
meeting the requirements for Supplemental 
Navigation Systems will become common. 
These systems will use LORAN/GPS inter
operability for the same purposes as those 
articulated for the lOX: to improve 
coverage and availability. 

Within the next ten years, GPS/LORAN will 
become the domestic standard for Sole ~eans 
Navigation. It is likely that such systems 
may also include barometric altime~er 

aiding since such interfacing would be both 
easy and low cost. \.le feel that this 1o;i;.:. 
become the answer because: 



It is one thing to read the FAA 
regulations to determine the minimum 
operational requirements, it is 
another to ask, as a matter of na
tional policy, what is the best and 
safest. An interoperable LORAN/GPS 
solution will provide the most robust' 
radio-navigation system alternative 
to the current VOR/DME approach. 

The cost of a LORAN receiver is not a 
significant factor in the cost of 
equipment t~ the user. Already, the 
cost of the receiver in a Supplemen
tal LORAN Navigation System is less 
than 15 percent of the system cost. 
The price of the package, power sup
plies, displays, keyboard, database 
and distribution dominate the user 
equipment costs. 

By the time the FAA reaches a consen
sus on the exact requirements for 
certification of GPS based equipment 
for sole-means navigation systems, 
the LORAN/GPS solution will have been 
implemented by many manufactures as a 
means for proviCiing Supplemental GPS 
navigation before the full constella-· 
tion is deployed. 

Long-Term, 
some form 
precision 
using the 
sible. 

Differential GPS capabifltles of 
will ·be added to the NAS and 
and non-precision approaches 

same equipment will become pos-

Ground based, rather than satellite based 
communications will prove more economical 
for lntegri ty monitoring. Once the com
munication channel is established for in
tegrity, the poss ibi 1i ty of differential 
accuracy will be compelling. The accuracy 
obtained by differential systems will have 
profound effects on ATC procedures, colli
sion avoidance, and NAS operations in 
general. 
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Abstract 

This paper presents the results of tests 
performed to validate the use of an ANI-7000 Loran-C 
receiver as a reference for ocean surveying. An air
craft was flown over a 60 mile square perimeter during 
GPS coverage time. Position measurements were recorded 
from the ANI-7000 as well as a Litton LTN-700 GPS re
ceiver during the flight. The measurements were post
processed to determine the position differences; these 
differences were used to develop calibration constants 
for use by the Loran-C receiver in a calibrated mode 
of operation. Several test flights and survey flights 
were performed and the data analyzed in terms of 
accuracy, stability and grid warp characteristics. 



1. INTRODUCTION 

This paper results from a collection program performed 

in an area located 200 miles west of Seattle, Washington. Spe
cifically, a section of the ocean was mapped repeatedly for 
several days. The track angles of the aircraft passes .were based 
on known wind directions as determined by surface measurements. 
The INS position estimates used for navigation were not suffi

iciently accurate for the test program. As a result, a GPS 

calibrated Loran-C receiver was used to augment the INS prior to 

each mapping pass. This paper describes the navigation system 
implemented to achieve this enhanced accuracy along with a 
description of the survey testing performed to calibrate the 
Loran-C receiver. Analysis to validate the navigation system 
performance is also described. 

2. NAVIGATION SYSTEM DESCRIPTION 
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The aircraft navigation system as originally designed 

consisted simply of an LTN-51 Inertial Navigation System (INS) 

which was coupled to the aircraft's autopilot. Computer-generated 

waypoints which define aircraft pass lines were input to the INS 

before each pass. Staying on the given line (at the proper 
specified altitude), then, was paramount to making that pass a 
successful data collection pass. The success of the navigation 
method is determined by how closely the airplane followed these 

lines in earth coordinates. 
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In previous measurement programs, the INS position was 
updated before each pass by means of a position fix from a track

ing radar or other reference source. In this program, such 

reference sources were not available in the test area and an 
alternate reference was needed. Loran-C, being designed for 
marine navigation, provided such a reference in the test area. 
However, Loran-C itself, while being stable, is not necessarily 
accurate in absolute position because of local biases due to RF 
propagation effects. The Global Positioning System (GPS) provides 
a very accurate (25 to 40 meter error) absolute position but, 
because the satellite constellation is incomplete, it is only 
available for several hours each day. In order to provide 
accurate navigation, a system using GPS to calibrate Loran-C, and 
using Loran-C in turn to update.the INS before each pass, was 
developed. The system realization is shown in Figure 1. 

2.1 EQUIPMENT DESCRIPTION 

An ANI-7000 Loran-C system and an LTN-700 GPS system 
were installed along with a computer defined as the Navigation 
Computer. The INS sends data to the autopilot and the computer. 
Universal Coordinated Time is sent to the Navigation Computer 

from the Time Code Receiver (TCR). The GPS and Loran-C units 
send data to the Navigation Computer via RS-232 interfaces. 



The Control and Display Units (CDUs) of the GPS and 
Lartri~C systems were mounted near the '!NS CDU in the; navigator's 
1tation to allow one person to operate all three systems. Each 
CDU is equipped with a "Position Hold" button which freezes the 
display while continuously calculating the current position in
ternally. Upon release of the hold, the new position entered is 
automatically updated to the new current position. This makes 
in-fli-ght position updates possible. The operator pushes the 
Loran-C and INS CDU hold buttons simultaneously and then trans
fers the Loran-C position to the INS. After the transfer is com
plete and verified for accuracy, the hold buttons are released. 

a--------
~------· 

a--------
CDU "HOLD" 

BUTI"ONS 

--------------------

ANl-7000 

L LORAH-C 

tTN-700 _r 
GPS 

LTN-51 AUTOPILOT 
INS 

NAV TIME 
COMP CODE 

HP·9000 RCVR 

FLOPPY 
DISK 

Figure 1 Navigation System Block Diagram 
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The Loran-C receiver was operated in three different 

modes during the test program. The modes are defined below. 

Automatic - provides a position solution based on 
measurements from all available stations 

Dedicated· - provides a position solution based on 
measurements from three stations defined 

by _the operator 

Calibrate - provides a differential position solution 
relative to a location defined by the 
operator. 

The GPS receiver was operated in the normal mode where 

four satellites were required to provide a three-dimensional 
position solution. 

2.2 DATA LOGGING 

In addition to the manual entry and display of the data 

at the CDU, the data is also available on a serial output port 
from each navigation device. A block of data is output from each 
port approximately once each second. 'nle GPS and Loran data blocks 
along with the INS and TCR data blocks are sent to the Navigation 
Computer for transmission to the microdiskette. The four data 
blocks are read into the Navigation Computer on a priority encoded 

interrupt system. As each block is received by the Navigation 
Computer, it is stamped with a time of arrival. 



Position (latitude and longitude), time of arrival, and 
error status ·are a few of the data words received in the data 
block from each source. The data block from GPS additionally 

includes altitude, HDOP (Horizontal Dilution of Precision), VDOP, 
Vertical Dilution of Precision) and satellite coverage and SNR. 
'nle Loran data block includes the current waypoints, aircraft 
groundspeed, and cross-track error. The four data blocks form a 
single 58-word data block within the Navigation Computer. Select 
values are displayed on the Navigation Computer screen and up
dated once each second. The ent.ire block of data is transferred 
to a buffer every five seconds. The buffer, after accumulating 
one minute of data, stores the data on microdiskette. Each 
microdiskette can store 2 hours of data. The buffer is designed 
such that no data is lost when disks are exchanged, allowing 
continuous data to be collected over long periods of time. 
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To perform the Loran calibration, it is of major importance 

to keep track of the time of Loran and GPS positional validity. If 

positions are compared that were not recorded at the same time, or 
if this time skew is not accounted for, the resulting error will 
appear as grid warp. For example, if the aircraft speed is 250 
knots, a one second error in the time of recording Loran position 
(perhaps due to a late time stamp) will result in up to 420 feet 
(depending on the aircraft heading) of apparent grid warp. Note 

that the absolute time of position validity is not needed. Only 
a relative time is required to allow the GPS and Loran position 
samples to be time synchronized. 

Within the HP9000 Navigation Computer is a timer, 
accurate to 10 milliseconds, which is used to provide the time 

stamp. The time stamp is performed at the time the interrupt 

from the GPS or Loran unit is serviced. Assuming the position 



da·ta is valid at the time it is output to the Navigation 
·computer·;· ·the time stamp is accurate to the resolution of the 
timer. Unfortunately, this assumption has not been validated. 
Therefore, steps were taken during the calibration analysis to 
minimize the effects of possible position validity errors. 

3. ANALYSIS TOOLS AND METHOD 

Calibration· of Loran is performed post-flight using the 
data stored on microdiskette. Software tools are available to 
plot each data word in terms of samples, seconds, or mapping 
passes and to perform more elaborate analysis on the GPS and 
Loran position data. In addition to providing latitude versus 
longitude plots, the tools can perform time synchronization of 
the positions, calculate the GPS and Loran latitude and longitude 
differences, and perform statistic calculations on the differ
ences (average, standard deviation, least square fit, and resi
dual RMS error). The majority of this paper is based on these 

calculations. 

Because of the possible unknown time of position validity, 
the time synchronization performed may not completely align the 

position samples. Two methods were used to bypass this potential 
problem. The first involved flying cardinal headings (i.e., 
East-West and North-South). By doing this, the time delay only 
affects one component of the position at a time. (This was done 
in the first two days of testing.) Box patterns were flown and 
the biases, or grid warp, were extracted one compon~nt at a time. 

The second method exploits the fact that by flying the 
same line at opposite headings and compensating for groundspeed 
changes, any constant time delay effect in the biases can be 
cancelled out. This method was used on the third through tenth 
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day of the test. Appendix A provides the details of the calcu
lation. The equations provide a way of determining the overall 

navigation system time delay. The results of the time delay 

calculation show that a time delay is indeed present in the 
system, but the place where it is introduced pas not yet been 
determined. 

4. NAVIGATION SYSTEM PERFORMANCE VALIDATION 

Navigation validation was performed by collecting GPS 
and Loran-C data during a series of measurement passes in the 
area in which mapping operations took place. Two types of passes 
were analyzed. First, several passes were made along the 
perimeter of a 60 mile square box encompassing the operations 

area. This phase of the testing is identified as survey testing. 
Next, data were collected during mapping passes; this phase is 
identified as mapping passes. 

4.1 SURVEY TESTING OVERVIEW 

Survey testing was performed over a period of four days. 

The first day the perimeter of a 60 nautical mile square was to 
be flown twice during the four-hour GPSwindow where both GPS and 
Loran-C measurements would be collected. The Loran measurements 
were taken with the receiver in the dedicated triad mode. The 
purposes of the tests were to: 

o measure GPS and Loran position differences and, 

o show an indication of hour-to-hour stability of 
the relative position measurements. 

Unfortunately, only three legs of the first square were completed 

while collecting both the Loran and GPS measurements. 



324 

On the second day, two boxes were again scheduled and 
successfully completed. The first box was flown with the Loran 

i receiver in the calibrate mode using calibration constants cal-
culated from the first day measurements. This portion of the 
test indicated the accuracy of the Loran receiver when operated 
in the calibrate mode. The second box was flown using two dif
ferent uncalibrated modes. One Lat/Long leg pair was flown in 
the dedicated triad mode to compare with flight conditions of the 
previous day. The results of the comparison indicate day-to-day 
GPS/Loran position stability. The other Lat/Long leg pair was 
flown with the Loran receiver in the automatic mode. 'nlis mode 
provides a position solution based on measurements from all 
available stations. The results of this portion of the test 

indicate the Loran navigation accuracy available from an uncali
brated "all-stations" mode of operation. 

The third day, one longitude leg of the box was flown in 
the calibrate mode to validate the effect of a longitude correction 
change in the receiver. The fourth day survey measurements con

sisted of two passes; a constant latitude pass and a constant 

longitude pass were not performed due to procedural failure in 
collecting the navigation data. 

The end result of the limited navigation survey testing 
is that calibration constants for use by the Loran receiver were 
obtained but were not well validated. However, the calibration 

constants determined during these survey tests were used through
out the mapping program, and resulted in acceptable navigation 
accuracy. 

4.2 DETAILED SURVEY TESTING 

A detailed discussion of each survey test day is 
presented in the following paragraphs. 



Day One - During this test GPS and Loran-C measurements 
were collected while the aircraft flew the perimeter ot a 60-mile 

sqqare encompassing the radar mapping operations area. GPS 

coverage was intermittent during the test time. As a result, 
data were obtained from only three sides of the square. Figure 2 
shows a Lat/Long plot of GPS and Loran. Note that GPS position 
is erroneous in the bottom leg and some, data are missing for the 
right leg. The loops executed at each corner were used to align 
the aircraft along the correct flight path and stabilize the 
aircraft attitude two minutes prior to the start of collecting 
data. Figure 3 shows a plot of GPS and Loran longitude versus 
time along the vertical leg. The jumps in the Loran longitude 
are attributed to discontinuities in the propagation maps used in 
the Loran receiver. Similar jumps in position were noted in the 
other two legs of the box where survey data were analyzed. It 
should be noted that longitude is not constant as a function of 

time. The slope is due to the fact that the INS used by the 
aircraft autopilot has a drift resulting in an aircraft position 
defined by the position estimate of the INS. As a result, this 
plot can also be used to characterize INS drift characteristics. 
Figure 4 shows the average GPS/Loran differences for the three 
useful legs of the box. A comparison of the two longitude legs 
indicates a bias of 2000-3000 feet. Furthermore it appears that 

there is a grid warp gradient of 1000 feet across the 60-mile 
distance between the two legs. 

Although no measurements were useful in the bottom leg 
in Figure 2, analysis of the latitude differences of the left and 
right legs of the box indicate that the latitude grid warp gradi
ent is also approximately 1000 feet, resulting in an estimate of 

the GPS/Loran difference for the bottom leg of 5200 feet. Based 
on these survey conditions, corrections were selected as 2500 
feet in longitude and 4600 feet in latitude, and were converted 
to calibration constants for use by the LORAN receiver. 
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Day Two - This test consisted of flying two 60-mile square 

boxes. The first box was flown with calibration constants, obtained 

during the Day One flight, and inserted into the Loran receiver 
while operating in the calibrate mode. 'nle second box was flown 
in an uncalibrated mode. Two legs were flown in the dedicated 
triad mode, to get an indication of position measurement stability 
when compared to the previous day test results. The other two 

legs were flown in the automatic mode, to determine the accuracy 

capability of the receiver when using all measurements available 
from the Canadian and U.S. West Coast Loran chains. 

Figure 5 shows the GPS and Loran measurements of longi
tude vs time taken as the aircraft flew north in the calibrated 

mode. Note that with the receiver in the calibrated mode, the 

large discrete jumps in position shown in the uncalibrated mode 

(Fig. 3) are not apparent. This is because propagation maps 
internal to the Loran receiver are not used in the calibrated 
mode. The cyclic behavior in position at the start of the pass 
was due to an aircraft maneuver to get the aircraft aligned with 

the proper flight line. Figure 6 shows the longitude differences 



328 

-l3l.Sl 
.... 
LI 
u 
'
~ 
u 

c 
_. - l 3 l. 82 

5 
..J 

~ c.n -l3l.83 

Figure 5 

-500 

.... 
u 
LI 

u. 

L.... -1000 
'"'4 
Q 

~ 
..J 

-1~01!1' 

' 1,\ 
I(' 11 \ ('~'·v"~J-"'- - ~-·-A... L r n 

~ ~-- c a '). \ v··~ 

I : ··.' \./ .:.,:°".'"''"":;·"-. .. •,,"'.•• -..__......_....,_'" 

.· ............................. : ....... " .... ""'\.... ............. 

?5 0 
Tl ME c Seconds) 

.. '· ........ .......... 

GPS 

9 0 

\ ............ .. 

GPS/Loran Longitude Position Estimates 
(Calibrated Mode) - Day 2 

I, i 
~ 

f 

75 0 e 
Tl HE c Seconds) 

Figure 6 GPS/Loran Longitude Differences 
(Calibrated Mode) - Pay 2 



329 

as well as ,a linear least squares fit (LSF) to the data corres
ponding to tig. 5. The mean longitude bias remaining in the 
calibrated mode is 941 feet. The noise characteristics are 
consistent wtth a measured GPS noise level of 50-65 feet and a 
Loran noise level of 70-90 feet. Note that the grid warp char
acteristic can be described as a 300-foot variation over the 60 
mile length and a sinusoid with a 100-foot peak deviation. Figure 
7 shows a comparison of the Loran measurements relative to the 
GPS measurements for all four legs. 

The longitude measurements indicate a grid warp bias of 
900 feet and a grid warp gradient of 80 feet over the 60 mile 
distance. The latitude measurements indicate an eight-foot grid 
warp bias with a grid warp gradient of 400 feet over a 60 mile 
distance. The 900-foot residual erTor is attributed to the in
fluence of the 1000-foot jumps in Loran position estimates on the 
LSF used to determine the calibration constants. 
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I GPS 
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Figure 7 GPS/toran Survey Results ·(Box 1) 
(Calibrated Mode) - Day 2 
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The secQnd 60 mile square box was flown with two differ
ent receiver modes. The first and fourth legs were flown with 
the Loran-C receiver in the automatic mode, allowing an all
station solution of aircraft position. The second and third legs 
were flown'in the dedicated triad mode. Figure 8 shows a longi
tude plot which is almost identical to a plot of the same leg 
flown a d~y earlier (Fig. 3). 'nle average GPS/Loran difference 
is 50 feet greater than the previous day. This similarity indi
cates that the stability of both GPS and Loran-C measurements on 
a day-to-day basis is very good. 

Figure 9 shows a plot of longitude position estimates 

obtained with the Loran-C receiver in the automatic mode. The 

longitude bias is reduced from approximately 3000 feet to 500 
feet. Furthermore, the effect of the Loran receiver propagation
model-induced position jumps is reduced from 1000 feet to 400 feet. 
Although the reduction in error is significant, it is clear that 
operating the Loran-C receiver in the calibrated mode removes the 
large propagation-model-induced error as well as any bias errors, 
resulting in more accurate position estimates. 

Day Three - For this test, one leg was run at constant 
longitude with the Loran-C receiver operating in the calibrate 
mode. (The position of the leg is near the center of the square 
shown in Fig. 2). An additional correction of 420 feet (0 .1 min.) 
was added to the longitude calibration constant in the Loran-C 
receiver to compensate for the 900-foot bias error measured on day 
2. The whole error was not removed because of the uncertainty 
associated with the 900-foot estimate. 

Figure 10 shows a plot of the longitude position estimates 
of both the Loran-C and GPS receivers. Figure 11 shows a differ
ence plot with a linear LSF. 'nle average error for this pass is 
488 feet with a variation of 150 feet over the 60-mile leg. Tilis 

test again indicates the stability of the day-to-day GPS and Loran
C measurements, in that a 900 foot bias on one day was corrected 

by a 420-foot bias on the next day, resulting in a 488-foot residual 
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Day Four - On this day, both mapping passes and survey 
tests were performed. The survey tests were run to validate the 

calibration constants to be used throughout the mapping program. 
'nlere were eight mapping passes run, during which navigation data 
were collected. The passes consisted of repetitive runs flown 
over a single defined line projected on the ocean at reciprocal 
track angles of 30° and 210°. The Loran receiver was operated in 
the calibrated mode with the constants the same as used on Day 3 
(plus an additional 420 foot longitude correction). Since the 
GPS and Loran data are not synchronized during collection, legs 
of opposite track angles headings were combined so that the 
GPS/Loran Lat/Long differences were averaged over the two 
directions (as described in Section 3). This technique requires 
that the average pass speed be the same value in both directions. 
The Lat/Long GPS/Loran plots of the mapping runs are shown in 
Figure 12. (Note that a GPS position anomaly developed during 
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Figure 12 GPS/Loran Position Estimates 
(Calibrated Mode) - Day 4 
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one of the passes.) There is a considerable variation in the 
Lat/Long differences over the eight passes due to aircraft 
velocity effects mentioned above. The statistics (means and 
variances,) are shown in Table 1. The survey tests consisted of 

a constant longitude pass and a constant latitude pass. The 
South-North pass was run close to the third leg (Fig. 2) while 
the West-East pass was run 0.25 degrees above the second leg 
(Fig. 2). '.The mean longitude error was 17 f~et, while the mean 
latitude error was was -320 feet. 

It is clear that the longitude bias has been effectively 
removed as indicated by the small residual. Although the latitude 

error appears to be large, it is consistent with expectations due 
to the location of the West-East pass. Figure 13 shows a -200 
foot latitude error along the top leg of the box. It is not 
unreasonable to expect a -320 foot error 0.25 degrees above the 
top leg. 

The survey residual biases, along with the Lat/Long 

residual biases tabulated at the bottom of Table 1 (-82 ft and 
-110 ft), were deemed sufficiently low that no further correc
tions would be made throughout the mapping program unless the 
biases increased in size as a function of time. Figure 13 
portrays the relationship of the calibrated Loran-C position 
estimates to the GPS estimates assuming all biases have been 

removed. The upper latitude has an average error of -200 feet 
while the lower latitude average error is +200 feet. A peak 
cyclic error of 100 feet is superimposed on each, and 0.66 feet 
per nautical mile longitude rate of the latitude error. The 
longitude error has a negligible bias and a latitude rate of 2.5 
feet per nautical mile. Note that the latitude rate changes sign 
as a function of longitude. A peak cyclic error of 100 feet is 
also incorporated into the longitude error. 

·.:-:: 
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TABLE I 

PASS STATISTICS (Day 4) 

Pass # Track Latitude (Ft) Longitude (Ft) 
Angle (0) Mean la Mean la 

1 210 - 661217 2061193 
2 30 260/109 1031176 
3 210 -204188 1591134 
4 30 - 3 2190 112183 
5 210 -227197 353193 
6 30 - 77177 43189 
7 210 -1961* 2731* 
8 30 -1121* 761* 

Summary - 821120 11018 5 

*data unavailable 
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4.3 MAPPING PASSES 

On all succeeding days, mapping passes were made. That 
is, a series of passes was run up and down a fixed 35-mile line 
whose track angle was selected daily based on wind directions. 
The Loran-C receiver was always operated in the calibrated mode 
with the same set of corrections used for all passes. As stated 
earlier, the GPS receiver always computed a four-sa·tellite 
position solution. Figure 12 shows a typical day's passes at a 
30° track angle. The statistics are provided in Table II, 
obtained using the procedure described in Appendix A. 

It is clear that the statistics appear to vary as a 
function of track angle. These variations result in part from 

the position within the grid where the pass line is situated. In 

addition, the 30° and 90° track angle data requires different 

adjustments for the effects of aircraft speed variation in the 
reciprocal heading passes. Although there is a track angle 
dependency to the data, it is clear that both GPS and Loran 
receivers provide stable measurements over a period of at least 
five days. 

The "Reference" ·column in Table II defines the midpoint 
position for a set of passes. Longitude is not more precisely 
defined because of longitude variations that occurred within a 
given set of passes. If this midpoint is projected onto Figure 
13, an "estimate" of Lat/Long errors from Figure 13 can be com
pared with measured Lat/Long errors in Table II. The comparison 

results in differences between the estimated position biases and 

the measurement biases of 100 feet or so. This prediction capa

bility is important because the prediction can be used to modify 
the calibration constants for those mapping passes that use only 
a small portion of the surveyed 60 mile square. 
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#Pass 
Day I Pairs 

4 4 

5 3 

6 7 

7 7 

8 7 

9 5 

10 4 

TABLE II 
SUMMARY STATISTICS 

Track Lat (ft) 

Angle (0) Mean I CJ 

30 -82/120 

90 331/38 

30 -52/54 

90 288/67 

30 -175/22 

90 298/45 

30 -70/159 

Long (ft) 

Mean I CJ 

110/85 

25/25 

194/11 

29/81 

191/31 

8/131 

245/95 
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4. CONCLUSIONS 

1b.e survey analysis illuminates several significant 
points. First,. the differences between GPS and Loran are very 
stable. Considering only east/west runs which remove velocity as 
an error source in latitude measurements, it is clear (from Table 
II) that on three different days over a span of five days the 
data shows a maximum difference in the mean latitude of 43 feet. 
The corresponding maximum mean longitude error is only 42 feet. 

Second, the grid warp characteristics are appropriately 
described as a bias, and a non-linear gradient function. 1b.e 
non-linear gradient is attributed to variations in the land/sea 
path between the stations and the aircraft as it transverses the 
perimeter of, the survey square. 

Finally, the absolute accuracy of I.oran-C navigation 
cannot be quantified for three reasons. First, the GPS receiver 
measurements were nev~r validated in flight over an instrumented 
range. Furthermore .• there were times when position information 
was provided that was clearly in error. Second, the time tagging 
of the Loran data is not very precise, nor is it known to have a 
constant delay relative to the GPS data. As shown in Appendix A, 
changes in synchronization time and aircraft velocity introduce 
errors i~ the position accuracy. Third, the actual lat/long 
error contours within the 60 mile box are not verified. It is 
assumed that the errors within the surveyed box can be no larger 
than those on the perimeter (i.e., the warp characteristics are 
approximately linear). 
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Despite the potential error sources described above, a 
measure of ~he quality of the Loran-C · accuracy rela.tive to GPS 

was determined by comparing Table'II biases to Fig. 13 estimates 
' as described-earlier. It is felt that the overall geodetic 

accuracy of the calibrated Loran-C is in the 100-200 foot area. 
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APPENDIX A 

VELOCITY COMPENSATION TO LAT/LONG DIFFERENCES FOR REVERSE HEADING 
PASSES 

The GPS and Loran position measurements are collected at 
the time they appear at the interface port of the receiver. A 
problem exists in that the Loran data block does not have an ab
solute time at which the position data are valid, although it is 
valid at the time the data block appears at the interface port. 
The GPS does have absolute time at which its position is valid, 
but it appears at the output receiver sometime later. Since the 
data reduction software differences the values collected at a 
given time, Loran data are compared with delayed GPS data. 

To overcome this problem, it was decided to take advan
tage of the fact that if the GPS data latency at the receiver 
port is constant, a procedure could be used which would compen
sate for velocity errors. '11lis procedure consists of averaging 
the position biases from two passes over the same mapping line 
that have complementary bearings. The equations used are show 
below: 

where 

t.Long • fl Lo - VB sin B6 T Cl) 

(2) t.Lat -
Lat/ Long • computed mean of GPS-Loran Lat/Long 

difference measurements collected during 
a mapping pass and converted to units of 
feet 

t. L/ ~Lo 

B 

ti T 

• actual Lat/Long position difference 
converted to units of feet 

• aircraft speed along the pass line 
in units of feet/sec. 

• bearing of the pass line in degrees 

• data block latency of GPS relative 
to Loran data block in units of seconds 
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It is easily seen that for a North/South pass (sin "B6T • 0) there 
is no speed compensation term required for determining longitude 
biases. Similarly, for East/West passes, no speed compensation 
term for determining latitude biases is needed. For all bear
ings, two passes of complementary bearing are averaged. To il
lustrate the procedure, an example of determining longitude bias 
from-two complementary passes is provided. 

6Long (1) - 6Lo - VB sin Bl.IT 

6Long (2) - 6Lo - v_B sin CB +180) 6T 

For the case where the average velocity VB is 
V_B can be defined as KVB. Then 

6Long (1) • 6Lo - VB sin &T 

6Long (2) • 6Lo + KVB sin &T 

multiplying Equ. 5 by K and solving for Lo, 

6Lo • K 6Lonf (l) +6Long(2) 
+1 

similarly 

6L • K 6Lat(l) + 6Lat(2) 
K+l 

different 

(3) 

(4) 

from 

(5) 

(6) 

(7) 

(8) 

V-B' 
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APPENDIX - THE 1988 CONVENTION 
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