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USAF’s New Reference System

TRUTH on the Range
When is close, close enough? That depends. If you’re referring to a friendly game 
of horseshoes the answer could be several feet. However if you’re referring to the 
United States Air Force’s new-generation “gold standard” for GPS test capability 
— the Ultra High Accuracy Reference System — the answer is mere centimeters. 
This article describes the operational requirements, design, installation, and 
demonstration testing of the non-GPS–based positioning system (NGBPS)
subsystem of the UHARS for the Central Inertial and GPS Test Facility.

a next-generation “truth” reference sys-
tem for the U.S. Air Force (USAF) — the 
Ultra High Accuracy Reference System 
(UHARS) — is currently under develop-

ment by the 746th Test Squadron (746 TS) at Hol-
loman Air Force Base, New Mexico. 

The 746 TS is the Central Inertial and GPS Test 
Facility (CIGTF), chartered to provide test and 
evaluation of guidance, navigation, and naviga-
tion warfare (NAVWAR) systems for the United 
States Department of Defense. The UHARS is 
designed to meet the increasingly accurate refer-
ence requirements for future navigation and guid-
ance systems, providing improved position and 
velocity accuracies up to seven times better than 
the current truth system. 

The CIGTF Reference System (CRS) presently 
serves as the truth reference system for 746th 
TS test activities and has provided support for a 
plethora of high-accuracy navigation tests over 
the last decade. CRS is arguably the most accurate 
reference system available for flight and ground 
testing today. However, with forecasted advances 
in navigation technologies on the immediate hori-
zon, CRS will soon no longer be accurate enough 

to serve as truth against increasingly precise sys-
tems under test. 

With these increased requirements expected 
in the near future, therefore, CIGTF undertook 
the specification, evaluation, and contracting for 
a next-generation truth reference. This article 
describes the operational requirements, design, 
installation, and demonstration testing of our 
selected system, UHARS.

Search for a New Truth
The UHARS is a rack-mounted (see accompany-
ing photo), tightly integrated system of navigation 
sensors/subsystems, data acquisition system, and 
a post-mission reference trajectory algorithm. 

Desiree Craig
746th test support squadron,  
holloman air Force Base

LoCata Corporation
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The system will provide a highly 
accurate reference solution for airborne 
and land-based test vehicles in electronic 
warfare environments where modern-
ized and legacy GPS signals are jammed 
from friendly or hostile systems. The 
system must be appropriately sized and 
constructed for use on board multiple 
test-beds, including current and future 
test aircraft and ground vehicles.

A key subsystem of UHARS is the 
Non-GPS Based Positioning System 
(NGBPS), which is capable of providing 
sub-meter position accuracy in a GPS-
denied (jamming) environment (see Fig-
ure 1). The 746 TS selected a commercial- 
off-the-shelf (COTS) system developed 
by the Locata Corporation to provide 
this NGBPS capability. 

The ground-based COTS system had 
previously been adopted in the private 
sector for industrial applications in areas 
where GPS is unreliable — for machine 
control in open-cut mining, for example 
— or where GPS is completely unavail-
able, such as indoors for warehouse 
automation. 

However, meeting the demanding 
746 TS UHARS “truth reference” accu-
racy, range, and dynamic requirements 
necessitated a major upgrade of Locata’s 
existing commercial capability. There-
fore, in 2010 the 746 TS awarded Locata 

a contract to improve its commercial 
system’s capability to meet UHARS 
NGBPS performance requirements. 

Locata had to demonstrate the fol-
lowing enhanced capabilities in the 
NGBPS:
•	 much	longer	ranges	(both	for	acqui-

sition and tracking) than previously 
required for commercial applications

•	 higher	power	transmission	levels
•	 new	antenna	designs	for	aircraft	use
•	 the	ability	to	tolerate	high-rate,	air-

craft-style dynamic conditions.
The sidebar, “Improving on a COTS 

System,” describes these enhancements 
in greater detail.

Numerous articles and studies have 
been published that explain the inven-
tion, development, and real-world per-
formance of the unique time-locked 
synchronization technology that is 
critical for recreating a GPS-like sys-
tem on the ground. The sidebar, “Time 
for Precise Positioning,” provides a brief 
overview of this technology, and more 
extensive discussions of the commercial 
NGBPS system and its applications can 
be found in the articles in the Addi-
tional Resources section near the end 
of this article. 

To enable the COTS system to be 
used in a large wide-area aircraft-based 
UHARS system, Locata was contracted 
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enhancing the  
CoTS NgBPS
Locata’s COTS systems are in use today for com-
mercial, industrial applications. These COTS 
applications are well served by the standard 
Locata system, which operates at the 2.4 GHz 
radio frequency allocated for industrial, scien-
tific, and medical uses. The COTS version trans-
mits at less than one watt in compliance with 
relevant Federal Communications Commission 
regulations for that band, which permits unli-
censed operations. Transceivers in commercial 
applications are typically spaced less than 10 
kilometers apart and only have to deal with 
ground-based vehicle dynamics. 

When Locata and the 746 TS signed a sole-
source contract in 2010 to deliver NGBPS-level 
capabilities, the challenging USAF specification 
clearly would require Locata to demonstrate that 
its synchronized network of transceivers could 
deliver new levels of performance in environments 
that the system had not previously experienced.

Several specific NGBPS enhancements there-
fore drove Locata’s development efforts for this 
contract:

enhancement 1 — Distance: The operational 
UHARS deployment calls for a NGBPS system that 
will cover around 2,500 square miles (6,500 
square kilometers). The USAF-Locata contract 
specifies that a Locata receiver shall be capable of 
acquiring a transmitted NGBPS signal at a range of 
at least 30 miles (48.3 kilometers). Critically, the 
nanosecond-level, time-locked synchronization 
essential for the Locata network’s performance 
must be maintained at these ranges, even when 
the synchronization process is sequentially “cas-
caded” from one slave transceiver to another slave 
that is not in view of the Master transceiver site.

Before the critical design review (CDR) in 
June 2010, Locata’s analysis concluded that the 
NGBPS acquisition ranges required the transmit-
ter RF power for each signal to be increased from 
the standard COTS level of 100 milliwatts up to a 
new level of 10 watts to the antenna. Tests proved 
that transmitting 10 watts enables acquisition and 
tracking out to more than 50 kilometers and main-
tains received signal levels at -100 dBm or better. 

A number of external amplifiers were tested 
over a period of months, and a suitable candidate 
was chosen for the Tech Demo deployment. The 
accompanying figure shows a plot of measured 
data for received power versus tracking distance, 
using two test aircraft antennas, and recorded 
during the CDR wide-area trials.

enhancement 2 — antennas: In the past, Loca-
ta COTS networks provided positioning to ground-
based users, transmitting signals from either a patch 
antenna pointing from the perimeter into the area 

FIGURE 1  UHARS Architecture
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of interest, or from a monopole antenna radiating 
equally in all directions from a transceiver within an 
area of commercial operations.

However, neither of these antennas provides 
an optimal radiation pattern for NGBPS signals 
to be used by aircraft overhead. A monopole 
antenna, when oriented to provide the necessary 
omnidirectional pattern horizontally, suffers a null 
in its radiation pattern to its zenith. Aircraft above 
the transceiver will suffer signal dropout, and the 
consequent loss of that site for the geometry 
required for accurate positioning. 

This is particularly troublesome if a 3-D 
solution is required, since the transceivers near 
(or under) an aircraft provide the primary signal 
components for vertical positioning. Alternatively, 
a patch antenna, when oriented upwards, provides 
good signal strengths for overhead users. How-
ever, because of its flat geometry, it does not 
provide good gain to the sides and will therefore 
severely limit the operational range of a synchro-
nized network.

Reconciling these conflicting requirements 
led to an intensive search for a better aviation 
antenna for Locata and NGBPS uses.

After months of testing it was decided that 
a quadrifilar helix antenna design would best 
deliver the required NGBPS system performance. 
This led to Locata’s in-house fabrication and 
prototyping of several quadrifilar helix antennas 
specifically for testing under NGBPS conditions. 
Once an optimal design was determined, Locata 
worked with a very capable and respected antenna 
manufacturer to produce an aircraft-certified ver-
sion of this quadrifilar helix antenna. 

These quadrifilar helix antennas were used in 
Locata’s Australian tests with excellent results and 
confirmed Locata’s research and analysis. The pro-
duction antenna also gave excellent performance 
throughout the Tech Demo, and these antennas 
can be seen in the accompanying photo of the 

USAF aircraft and even more clearly in photos of 
the transmitter sites.

enhancement 3 — Dynamics: Prior to the 
NGBPS flight trials, Locata COTS systems had only 
been used to position ground-based vehicles, 
such as cars, trucks, and drill rigs. For the NGBPS, 
however, the system needed to function under 
aircraft operating dynamics, including bank-
ing, angular and linear accelerations, airspeeds 
up to 300 knots (560 kph), and altitudes up to 
30,000 feet above sea level. Prior to the Tech 
Demo at White Sands, Locata did not have access 
to an aircraft that could match these performance 
requirements; so, all dynamic testing had been 
simulated, using a bench-test setup to analyze 
Locata’s tracking loops and a hardware-in-the-
loop scenario. 

In these simulation scenarios, the transmitter 
direct digital synthesis (DDS) chip in the trans-

mitter section of a trans-
ceiver was commanded by 
software to replicate the 
appropriate frequency plus 
Doppler shifts that would 
be seen by a receiver on 
board an aircraft engaged 
in the specified dynam-
ics. The receiver portion 
of the LocataLite trans-
ceiver (which is identical 
to a Locata roving receiver 
placed on the aircraft) then 
tracked this synthesized, 
dynamically modified sig-
nal. In this way, simply 
using Locata test software 
and transceivers, the track-
ing loop development and 

performance was simulated and verified. 
This simulation demonstrated that Locata’s 

receiver tracking loops could handle the specified 
aircraft dynamics, a conclusion that was borne out 
with real-world aircraft dynamics tracked during 
the Tech Demo at White Sands Missile Range.

enhancement 4 — Tropospherics: For 
the NGBPS flight trials the requirement to track 
signals up to 30 miles means that tropospheric 
delay comprises the major error source for mea-
surements used in the navigation solution. Using 
standard atmospheric parameters, the unmodeled 
tropospheric delay is approximately 280 parts per 
million (ppm), which equates to approximately 
13.5 meters of error over 30 miles. Therefore, in 
order to meet the position accuracy of less than 
18 centimeters 3dRMS (when PDOP < 3), a key 
challenge in upgrading the COTS for the NGBPS 
involved developing methodologies to mitigate 
the effects of tropospheric error.

Locata has developed new tropospheric 
models that make use of meteorological stations 
that measure temperature, pressure, and relative 
humidity at the ground-based LocataLite sites and 
data on the aircraft. The remaining “residual” tro-
pospheric error is then estimated in the navigation 
Kalman filter solution. 

For the NGBPS trial at White Sands, the 
meteorological equipment for the aircraft did 
not arrive in time for the tests. The launching of 
weather balloons at the start and end of each test 
assisted Locata in refining postprocessed models 
to estimate aircraft data from the ground-based 
meteorological sites. The analysis conducted thus 
far indicates that the modeling alone, using data 
input from meteorological sites, is able to mitigate 
the tropospheric effects to within a few part per 
million.Tracking range to a transceiver transmitting 10 watts per signal
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to deliver the following essential techni-
cal requirements:
•	 user	equipment	(rover	receivers)	that	

can acquire and track NGBPS signals 
at a minimum range of 30 miles (50 
kilometers)

•	 nanosecond-level	time-locked	syn-
chronization of the NGBPS network 
ground transceivers demonstrated at 
these ranges

•	 a	demonstrated	capability	to	trans-
mit the NGBPS signals at higher 
powers via an external amplifier, 
while maintaining signal and syn-
chronization integrity

•	 design	and	supply	of	transmitter	and	
receiver antennas that provide ade-
quate coverage (gain) and multipath 
mitigation under specified aircraft 
dynamics

•	 assured	receiver	tracking	loop	per-
formance adequate to support air-
craft flight dynamics

•	 development	of	tropospheric	models	
that mitigate the large tropospheric 
errors (delay) experienced by terres-
trial signals over long distances

•	 Assured	position	accuracy	better	
than 18 centimeters (3dRMS) at 
these extended ranges when the posi-
tion dilution of precision (PDOP) is 
less than 3. 
The ultimate goal of the NGBPS is to 

achieve a standalone, receiver postpro-
cessed positioning accuracy of 10 centi-
meters/axis — an extremely demanding 
specification for a land vehicle, let alone 
an aircraft traveling at more 550 kilo-
meters per hour (kph) in the complete 
absence of GPS.

The road to  
White Sands
Locata carried out initial research and 
development in late 2010 and passed 
the NGBPS contract preliminary design 
review (PDR) requirements in February 
2011. To enable a clear demonstration of 
the enhanced NGBPS flight capabilities 
for the subsequent critical design review 
(CDR) conducted in June 2011, Locata 
deployed an experimental 1,500-square-
kilometer NGBPS system around the 
Snowy Mountains Airport near Cooma 
in New South Wales, Australia. 

TruTh oN The raNge

Time for Precise 
Positioning
Locata developed a network of synchronized 
transceivers that transmit signals in a man-
ner similar to GPS satellites, but which are 
ground-based and serve an area within sight 
of the transceiver sites. A Locata rover receiver 
placed in this network of transceivers can posi-
tion itself to within a handful of centimeters 
using carrier-phase techniques, and within less 
than a meter using pseudorandom code-based 
techniques, completely independent of GPS or 
any other satellite positioning system. 

This synchronized network of receivers 
produces single-point solutions for calculating 
position; hence, it does not require or use any 
differential correction techniques whatsoever. 
The Locata receiver collects 10.23 MHz chipped 
code pseudorange and carrier-phase measure-
ments at selectable rates of 1, 10, 20, and 25 
Hz. The synchronized network operates in the 
2.4 GHz industrial, scientific, and medical (ISM) 
frequency band, which allows the transmission of 
high-power signals in a band that is independent 
of, and hence resistant to, GPS L1 and L2 jamming.

As with GPS, this ground-based network 
is capable of highly precise time distribution 
within the network, using a proprietary method 
that synchronizes the transceivers to a very 
high precision, delivering nanosecond accu-
rate synchronization over large areas without 
requiring atomic clocks.

A transceiver within the network tracks 
both the Master signals as well as the signals 
from its own internal transmitter that is broad-
casting co-located signals. This sets up a mea-
surable time-lock loop. By taking pseudorange 
and carrier phase measurements from both the 
master and co-located signals, the transceiver 
is able to move or slew its signals to align with 
the Master.

This time-lock methodology is funda-
mentally based on aligning the timing (range) 
of the signals to correspond to the surveyed 
geometric distances from the receive antenna 
to both the Master and co-located transmit 
antennas. These distances are easily computed 
from the antenna locations and broadcast as 
the ephemeris on the 50 bps navigation data. 
To synchronize the co-located signals with the 
Master, a transceiver slews the signals until 
the single-difference range between the Mas-
ter and the co-located signals is the geometric 
range — accurate to a millimeter level.

Essentially, the synchronization method 
removes the clock error between ground 
transceivers, leaving only the clock difference 
between the network of transceivers and the 
test-bed receiver, similar to GPS.

A number of flight trials were flown 
in this network before the CDR, using 
a twin-engined aircraft organized by 
Professor Chris Rizos’ Satellite Naviga-
tion & Positioning Laboratory (SNAP 
Lab) within the School of Surveying & 
Spatial Information Systems, at the Uni-
versity of New South Wales (UNSW). 
The UNSW aircraft had been fitted-out 
with a Locata receiver and a complement 
of GPS, inertial, and other sensors that 
functioned as a truth reference system 
to compare against Locata-derived solu-
tions. 

These initial flights proved that the 
NGBPS performance requirements 
could be met in the area covered by the 
six sites of the Australian network, and 
Locata officially passed the CDR on 
August 19, 2011. For details of the suc-
cessful CDR results, see the paper by A. 
Trunzo et alia in Additional Resources 
presented by 746th TS authors at the 
September 2011 ION GNSS conference 
in Portland, Oregon.

The preliminary Australian f light 
tests adequately demonstrated the 
enhanced NGBPS performance for the 
contract CDR. However, due to the lim-
ited number of sites Locata could physi-
cally access for installation of its network 
around the Snowy Mountains Airport, 
the flights were constrained to a smaller 
area than that required by the USAF for 
operational use. Further, the unpressur-
ized UNSW aircraft could not be used 
to test the much higher operational alti-
tudes and flight dynamics required by 
the UHARS NGBPS. 

A key milestone following the suc-
cessful completion of the CDR for this 
contract, therefore, challenged Locata 
to demonstrate its system on the White 
Sands Missile Range (WSMR) in New 
Mexico, USA, where the 746 TS often 
conducts GPS jamming tests. The 
demonstration was dubbed the Locata 
NGBPS Tech Demo. 

Deploying the Tech Demo sounds 
simple enough in principle. However, 
due to weather delays, limited aircraft 
availability, other projects requiring 
access to the range, and many other 
issues well outside the team’s control, 
the White Sands Missile Range was only 
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available for such a test during the last 
week of October — a mere four months 
after the CDR meetings. Schedule there-
fore became an urgent and major factor. 

Nonetheless, in those short four 
months, the team — comprised of mem-
bers from Locata Corporation, 746 TS, 
the Air Force Institute of Technology 
(AFIT), Advanced Logistics Corpora-
tion, and TMC Design Corporation — 
pulled together to plan and execute this 
crucially important test event. 

Boots on the ground
Immediately following the CDR, intense 
planning and coordination between team 
members began in earnest. In a whirl-
wind of activity, Tech Demo designs were 
reviewed and revised, components were 
purchased and tested, and transceiver 
ground stations were fabricated. 

Despite the incredibly tight sched-
ule, and overcoming what sometimes 
seemed insurmountable obstacles, in 
early October 2011 the team landed at 
White Sands ready to work and began 
the site erection process. The team had 
only two weeks to assemble, deploy, and 

perform check-out of 10 sites, with the 
last week of October reserved for flight 
testing. 

The “Master” site was the first one 
assembled, at a location with signifi-
cantly higher elevation than the other 
sites. Figure 2 depicts the layout of the 
NGBPS sites on a Google Earth image. 
After quite a bit of reconnaissance, 
analysis, and negotiation between the 
746 TS, Locata, and AFIT, the exact loca-
tion for the Master site was selected — at 
North Oscura Peak (NOP), towards the 
top northeastern edge of WSMR. 

This high-elevation site, shown in the 
accompanying photographs, consisted 
of two transmit antennas, one high-
gain dish receive antenna, and one GPS 
antenna, all mounted on a concrete wall 
approximately 20 feet high. This location 
provided line-of-sight to all the prospec-
tive lower-level NGBPS sites on the test 
range. A protective enclosure contained 
the transceiver, meteorological data 
collection equipment, amplifiers, power 
converters, and a prime power source 
that rounded out the site setup. 

Once the network’s master site was 

FIGURE 2  Google Earth depiction of the 10 NGBPS sites

established and tested, the team was 
ready to divide and conquer the nine 
remaining (slave) sites. 

Setting up all of the lower elevation 
sites proved to be a rather arduous and 
time consuming task. The Tech Demo 
site spanned an area of approximately 45 
miles by 30 miles. Roads on the White 
Sands Missile Range are few and far 
between, which necessitated long back-
and-forth trips to move from one site to 
another. 

Locata’s standard commercial sys-
tem has in-built capability for control 
and monitoring from a remote location 
using a modem, and this feature was 
used to ease deployment and testing in 
the Australian experimental wide-area 
system. However, the time constraints 
imposed on the Tech Demo simply 
made it impossible to arrange for the 
requisite communications approvals on 
the Range — and consequently the team 
clocked up many, many miles over the 
two-week period allocated to fielding 
and testing. 

For a system of this size, it quickly 
became apparent to everyone that 

TruTh oN The raNge
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remote control capabilities would be an 
essential “must-have” feature for real-
world deployment!

As the Tech Demo was never meant 
to be a permanent installation, the 
746 TS required a very portable, field-
deployable system that could be easily 
moved if need be. The system also had to 
be able to run off either grid or generator 
power, depending on what was available 
at suitable geographic sites on the Range. 

Locata and the 746 TS, therefore, 
specified a Tech Demo NGBPS trans-
ceiver “slave” configuration that could 
be manufactured locally, set up by one 
person if necessary, and transported in 
a pickup truck. The resultant solution 
incorporated portable antenna masts 
and a single weather-proof metal enclo-
sure — the “box” — that contained all 
the necessary electronics. Each of the 
nine “slave” sites consisted of two tri-
pods which supported all transmit and 
receive antennas (see accompanying 
photo). 

Figure 3 shows an inside view of the 
box containing a transceiver, meteorolog-
ical collection equipment, amplifiers, and 
power converters. The meteorological 
sensors and probes were grouped onto a 
separate small mast externally connected 
to the box, and power was provided by 
the most convenient source (either prime 
power where available, or a gas-powered 
generator in other locations). 

at home on the range
Because of the logistics and travel times 
involved, it took 11 working days (and 
sometimes nights!) to configure, set up, 
and check out the nine “slave” sites. Dur-
ing this time, the team had numerous 
wildlife experiences, including a rattle-
snake encounter, and an epic struggle 
with a “possessed” rental car that had 
taken the driver’s keys prisoner inside 
the vehicle. (This particularly memo-
rable episode in the wilds of the desert, 
miles from anywhere with a useless car 
that had all the communications equip-
ment locked inside it, promptly led to 
a nearby NGBPS site being referred to 
thereafter as “Stranded”).

Despite these and many other chal-
lenges, the team had all 10 sites, as 

well as the aircraft and three “rover” 
receiver locations, set up and ready on 
time for the October 24–30, 2011, flight 
trials. 

One important item of note is that 
all the ground stations had the ability 
to collect meteorological data; unfor-
tunately, the specialized version of the 
meteorological equipment for the air-
craft did not arrive in time for the tests 
and, hence, could not be fitted to the 
test aircraft, a twin-engine C-12J, the 
military version of the Raytheon Beech 
1900C. The lack of this equipment rep-
resented a distinct setback, as the tropo-
spheric effects of the long ranges faced in 
this Tech Demo posed a particular con-
cern to the navigation specialists on the 
Locata NGBPS team, who were focused 
on delivering centimeter-accurate posi-
tion solutions. 

To make up in part for the lack of 
aircraft-based meteorological data, the 
USAF arranged to launch weather bal-
loons from the north end of WSMR at 

the start and end of each test, to at least 
provide some samples of pressure, tem-
perature, and humidity conditions aloft. 
This data allowed Locata to assess the 
meteorological models used to derive 
tropospheric corrections.

Down to Business
With all the setup and checkout behind 
us, Locata’s system was put to the test. 
As the U.S. Postal Service’s mantra puts 
it: “We’ll deliver in wind, rain, sleet, or 
snow” — and so did the Tech Demo team! 

In the end, the tests clearly demon-
strated that for a future UHARS “truth 
reference” system, close may be good, 
but to put it in the words of one of Amer-
ica’s legendary gunman, Wyatt Earp, 
“Fast is fine, but accuracy is everything.” 
And accuracy is what counted and was 
proved in this demonstration!

Tech Demo Data Collection. During 
the flight trials, approximately 15 hours 
of flight profile data were collected. The 
flight profiles were designed to test the 

FIGURE 3  Internal box configuration: 1) 
transceiver, 2) meteorological sensor, 3) 
amplifiers, 4) power supply

(left) Antenna Configuration at NOP
(above) “Slave” sites.
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performance of the Locata NGBPS sys-
tem against the contract requirements. 
In order to achieve this, the test aircraft 
flew a number of different flight profiles 
at varying altitudes, speed, and time of 
day in order evaluate the performance of 
the Locata NGBPS system under differ-
ent scenarios. Weather conditions during 
the flights varied from clear blue skies to 
heavy wind and rain, hail, and snow.

On the aircraft f lights, data were 
logged from both the Locata receiver 
and the CRS pallet at a 10-hertz rate. 
Notably, the receiver collected mea-
surement data that was time-aligned to 
the CRS data so that the effects of any 
aircraft motion would be insignificant 
when comparing solutions of the two 
systems. 

On the ground, a high-precision GPS 
reference receiver logged data to allow 
differential GPS post-processing in the 
CRS navigation solution. Data from 
the meteorological ground sites were 
modulated on the Locata signals and 

logged at the Locata 
receiver on the air-
craft. However, for 
redundancy, each 
meteorological sta-
t ion a lso logged 
data at a one-hertz 
rate, which could be 
downloaded after 
each flight sortie.

Fol lowing the 
f l ight tr ia ls , the 
Locata solution and 
CRS truth solution 
were postprocessed 
independently by 
Locata and the 746 
TS personnel, respectively. Furthermore, 
Locata did not have access to the USAF 
navigation solutions until after their 
final Locata solutions were tendered to 
the Air Force for independent perfor-
mance analysis. 

However, to allow preliminary anal-
ysis of the system’s performance, Locata 

was provided with four small (approxi-
mately one-hour) samples of CRS truth 
solution data for initial comparison 
purposes. These USAF solution samples 
therefore did not count towards the final 
performance analysis undertaken by the 
746 TS.

One of these CRS solution data 
samples supplied to Locata was col-
lected during a flight sortie on Sunday, 
October 30, 2011. The comparison of the 
Locata and the USAF CRS-derived truth 
solution from this sample period is con-
sidered representative of typical NGBPS 
performance during the Tech Demo. 
We will discuss that comparison later 
in this article to illustrate the NGBPS 
performance against USAF-furnished 
positions.

As this issue went to press, analysis 
of the huge amount of data collected had 
just been completed by both the Air Force 
and Locata, and a complete final report 
on the Tech Demo had been submitted.

Locata NgBPS Tech Demo
By October 23, 2011, the Locata NGBPS 
Tech Demo network of 10 transceivers 
and two ground-based receivers had 
been deployed across the designated test 
area at the northern end of WSMR. Sig-
nificantly, a modified antenna designed 
for the NGBPS test (described in 
Enhancement 2 in the sidebar, “Improv-
ing on a COTS System”) and a Locata 
receiver had by then been installed in the 
746 TS’s C-12J aircraft. These joined the 
established GPS and inertial reference 

Network Tracking Success - 40 signals in view. Author Desiree 
Craig with a laptop screen showing that all 10 NGBPS sites could be 
tracked simultaneously, even in a ground based-vehicle.
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sensors normally used to provide CRS 
truth data for post-processed position 
solutions. 

All systems were then confirmed as 
ready for use in the defined flight pro-
files, and USAF pilots flew a total of eight 
sorties in the C-12J during seven con-
secutive days beginning on October 24. 
Predefined profiles were flown each day 
to record data for testing and to evalu-
ate network performance. Flight times 
were staggered over various periods of 
each day to ensure data was collected in 
as many different diurnal, weather, and 
tropospheric conditions as possible. 

The weather during that week was 
relatively benign, except for a fierce 
storm (lightning and hail on the range, 
and snow up at the high-elevation NOP 
master site) in the middle of the night 
on October 26. Astonishingly, despite 
the intense weather the test pilots still 
calmly flew their profiles, while those of 
us on the ground watched in amazement 
and shook our heads in disbelief at the 
professionalism on display. Test pilots 
are certainly in a league of their own!

The Locata receiver installed in the 
C-12J’s electronics rack had internal 
memory, backed up by disk storage on a 
notebook computer, to record measure-
ment data while in flight for later, off-line 
analysis. Other collected data included 
logs from the transceivers, weather data 
collected at each transmitter site and by 
weather balloons, plus positioning data 
collected by the USAF from their CRS 
position reference system on the aircraft.

The nanosecond-accurate, time-
locked synchronization worked well for 
the full duration of the Tech Demo. For 
the actual flight tests each day, the syn-
chronized transceiver sites were autho-
rized to transmit only during the time 
frames for the tests approved by WSMR. 
Because of the way the synchronization 
technology is managed in a network, 
Locata could control transmission of sig-
nals over the entire NGBPS network by 
simply turning the Master site’s trans-
ceiver on or off. 

A “slave” transceiver will not trans-
mit if it does not receive a time-locked 
reference signal; so, turning on the 
Master site’s transceiver commenced 

the synchronization process and subse-
quent transceiver signal transmissions 
throughout the whole network. Upon 
receiving the master signal, other trans-
ceivers generally required only 30 to 60 
seconds to synchronize at the nanosec-
ond level.

Due to real-world physical visibility 
constraints, the NGBPS has the capa-
bility to “cascade” the synchronization 
reference function from the Master site 
through a first slave transceiver to a sec-
ond slave that is unable to see the Master 
transceiver. 

Locata successfully demonstrated 
this synchronization cascading capabil-
ity during tests on October 28. Through-
out the Tech Demo, the entire 800 
square-mile (2,000 square-kilometer) 
network achieved nanosecond-accurate 
synchronization within several min-
utes of the Master being activated and 
remained time-locked, even during 
severe weather, until turned off at the 
end of each test.

Sample Positioning results 
— october 30 Flight Test
At the time of writing in early April 
2012, the Locata data had been fully ana-
lyzed. Locata-derived position solutions 
for the entire period of the Tech Demo 
have been supplied to the Air Force, 
which, however, has not yet had suffi-
cient time to complete its analysis of the 
entire data set. That 
process involves 
independently com-
paring and corrobo-
rating Locata’s per-
formance against 
USAF CRS-derived 
truth reference posi-
tions.

Consequently, a 
final report for the 
entire Tech Demo 
data set is not avail-
able at the time of 
writing. Neverthe-
less, enough data 
has been analyzed 
to give the NGBPS 
team confidence in 
the measured per-

formance during the Tech Demo period. 
A representative data set from 

Sunday, October 30, 2011 (Local time 
10:09:18 – 10:47:30) can therefore be 
published here, as a typical example of 
the observed performance. The f light 
profile for this example data consists 
of three “Race Track” circuits at a fly-
ing height of approximately 25,000 feet 
above sea level and with an approximate 
aircraft speed of 195 knots.

acquisition and Tracking Performance. 
Locata examined its receiver logs to 
determine when the receiver acquired 
the first signal with each flight, and the 
maximum range at which the receiver 
tracked a signal.

Locata’s analysis of the full data set 
over the period of the Tech Demo, shows 
that the average range for acquisition of 
the first signal from the network was 
48.8 miles (78.5 kilometers). For this 
specific October 30 example, Figure 4 
shows the tracking status of the first 
signal acquired, with green indicating 
when the signal is being tracked and red 
when it is not. Figure 3 indicates that, 
once the NGBPS started transmitting, 
the first signal on this day was acquired 
in 73 seconds at a range of 38.6 miles 
(62.2 kilometers). The maximum range 
at which the receiver tracked a signal 
was 40.9 miles (65.8 kilometers), which 
is well above the USAF’s 30-mile track-
ing requirements.

FIGURE 4  First signal acquisition, Sunday, October 30

120

100

80

60

40

20

0

Ra
ng

e t
o 

LL
 (k

m
)

0 1000 2000 3000 4000 5000 6000 7000 8000
Time from start(s)

Network Starts up 0959:39 hrs

Acquisition of First Signal (NOP) for Sunday, Oct. 30th
Plot Start Time at 0934:19 hrs



46       InsideGNSS  m a y / j u n e  2 0 1 2  www.insidegnss.com

Fligh t Ch ar ac-
teristics. For the 
example data from 
October 30, Figure 
5 shows the race-
t rack pat tern at 
25,000 feet for three 
circuits f lown at 
approximately 195 
knots. The USAF 
solution (“Ref ”) is 
shown in blue and 
t he Locata code 
solution shown in 
red. The positions 
of the 10 transceiv-
er sites are indicat-
ed by asterisks (*). 
Against the USAF 
reference solution, 

Figure 4 shows the code solution per-
formance of the NGBPS with an overall 
3dRMS difference of 0.25 meters.

Figures 6 and 7 present the aircraft 
roll, pitch, heading, velocity, and alti-
tude as provided by the USAF refer-
ence solution. Importantly the attitude 
information allowed the USAF solution 
to be lever-arm corrected to the Locata 
receiver’s antenna.

Locata Carrier Solution Performance. 
The Locata 10-hertz carrier solution was 
postprocessed entirely independent of 
access to the USAF reference solution. 
The processing methodology used a for-
ward and reverse extended Kalman filter 
(EKF), incorporating tropospheric cor-
rections derived from available meteoro-
logical data to solve for position, veloc-
ity, acceleration, “residual” tropospheric 
scale factor, and signal ambiguities using 
geometry change. 

Figure 8 shows the number of signals 
tracked by the receiver and used in the 
EKF solution along with the total num-
ber of transceiver sites available (note 
that each transceiver is designed to trans-
mit four ranging signals simultaneously). 

All 10 transceiver sites were used for 
the entire period and 35–36 signals were 
used in the EKF solution. Figure 9 shows 
the PDOP as well as component DOPs in 
east, north and vertical. The maximum 
PDOP for the flight profile is approxi-
mately 3, while the worst DOP is approx-
imately 2.7 in the vertical component.

Figure 10 shows the difference in east, 
north, and height between the USAF 
CRS-derived reference solution and 
the Locata carrier solution, and table 1 
contains the respective RMS statistics. 
The RMS values in the east and north 
components are 0.06 meter, whilst the 
RMS in height is just over twice that of 
the horizontal at 0.15 meter. These val-
ues correlate with the larger DOP in the 
vertical component than the horizontal 
components. The overall and 3D posi-
tioning accuracy meets the USAF con-
tract requirement set for NGBPS-level 
performance — better than 18 centime-
ters (3dRMS) when the position dilution 
of precision (PDOP) is less than 3.

Conclusion
This article has examined the develop-
ment and testing of a new terrestrial 
Non-GPS Based Positioning System, 
which is the key component for the 
realization of the USAF’s next-gener-
ation Ultra High Accuracy Reference 
System performance in a GPS-denied 
environment. The UHARS, currently 
under development by the 746th Test 
Squadron at Holloman Air Force Base, FIGURE 6  Aircraft roll, pitch, and heading for racetrack profile flown at 25,000 feet on October 30
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Code Solution 
RMS (meters)

Carrier Solution 
RMS (meters)

East 0.070 0.062

North 0.105 0.060

Height 0.210 0.151

3D 0.245 0.174

TABLE 1.  Locata code and carrier solution RMS 
values against USAF solution
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FIGURE 5  Aircraft racetrack profile at 25,000 feet on October 30
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New Mexico, will become the new “gold 
standard truth system” for the increas-
ingly demanding test and evaluation of 
future navigation and navigation war-
fare systems for the U.S. Department of 
Defense.

Over an 18-month period, Locata 
enhanced their COTS technology to 
work in aircraft applications that cov-
ered much larger areas — and, hence, 
far longer ranges — than previously 
encountered in commercial industrial 
operations. Throughout the NGBPS 
Tech Demo conducted in October 2011, 
the NGBPS system synchronized flaw-
lessly over the entire period of the trials, 
during which approximately 15 hours 
of NGBPS test data were recorded by 
the 746 TS for later comparison against 
the USAF’s current CRS truth-reference 
system.

Data processing has just been com-
pleted at press time, and the preliminary 
position analysis and data reviews seem 
to indicate promising results. When 
compared to the specifications set forth 
in the contract, it appears that NGBPS 
tracking and positioning requirements 
have not only been met but exceeded on 
many points. 

Manufacturers
The network (LocataNet) of synchro-
nized transceivers that create the 
Non-GPS–Based Positioning System 

(NGBPS) are LocataLites, designed and 
manufactured by the Locata Corpora-
tion, Griffith ACT, Australia. TimeLoc 
is Locata’s proprietary method that wire-
lessly synchronizes LocataLites. The 
Tech Demo NGBPS LocataLite trans-
ceiver “slave boxes” were built and con-
figured by TMC Design Corporation, of 
Las Cruces, New Mexico, USA. Locata 
worked with Cooper Antennas Ltd. of 
Marlow in Buckinghamshire, United 
Kingdom, to produce an aircraft-certi-

fied version of Locata’s quadrifilar helix 
antenna design. The meteorological 
stations were manufactured by Vaisala 
Oyj, Helsinki, Finland. The amplifiers 
are manufactured by Mini-Circuits of 
Brooklyn, NY, USA.

additional resources
[1] Barnes, J. and J. LaMance, B. Lilly, I. Rogers, 
M, Nix, and A. Balls, “An Integrated Locata & Leica 
Geosystems Positioning System for Open-Cut 
Mining Applications,” 20th International Techni-

FIGURE 7  Aircraft velocity and altitude for racetrack profile flown at 25,000 feet on October 30
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FIGURE 10  Difference between USAF and Locata carrier solution for the racetrack profile at 25,000 
feet on October 30
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