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INTEGRATION Challenge
of its efforts, pseudolites were implemented
in the Pedestrian ITS (PITS) project led by
the NTT Communications Consortium (See
sidebar, “Research Forum and ITS,” on
page 37.) This article describes our work
on PITS and related research.

Pseudolite Appeal
Pseudolites are very attractive as an aug-
mentation to GPS satellites, and can sup-
port both code and carrier-phase posi-
tioning. Because pseudolites can operate
on the same frequency as GPS, they enable
use of standard GPS receivers with only
minor modifications in firmware. In effect,
pseudolites add more “satellites” to the
GPS constellation and  improve the geom-
etry of this hybrid constellation. Used
indoors, pseudolites can provide seamless
outdoor-indoor positioning with the same
user equipment. 

Pseudolite technology has sparked sig-
nificant interest in Japan, because of the
country’s huge scale of GPS use as well as
the problem of satellite availability.  Several
research projects have demonstrated that
pseudolites can benefit users in almost
every application. For carrier-phase posi-
tioning, for example, pseudolites provide
an additional advantage: the proximity of
mobile users to the pseudolites produces
a more rapidly changing geometry than is
possible with orbiting satellites 12,000 miles
away,  which allows more rapid resolution
of carrier-phase integer ambiguities. The
pseudolite error budget also doesn’t con-
tain the atmospheric and orbital errors
that accompany satellite signals. 

However, several concerns have slowed
pseudolite development. The most impor-
tant drawback is that the use of pseudolite
transmissions by a GPS receiver raises the
risk of in-band interference with GPS sig-
nals. The pseudolites have other, less severe
shortcomings. For example, pseudolite
errors can increase significantly due to
multipath, especially indoors. 

GPS, Pseudolites, and ITS
In 2000, a few ITS projects launched in
Japan sought to develop an ITS prototype,
providing automated services to travelers,
possibly including detailed real-time traf-
fic reports, and enabling information
exchange between vehicles and the ITS
information infrastructure. The core of the
ITS is an ability to provide precise real-
time positions of all vehicles operating
in traffic, but Japan’s program also seeks
to extend ITS capabilities to pedestrians. 

Our consortium has successfully con-
ducted interference tests and obtained a

Arecurring concern for GNSS applica-
tions arises from need for user equip-

ment to have unobstructed reception of
the low-power GPS signals, from at least
four satellites for code positioning and
at least five for carrier-phase position-
ing. This requirement limits almost every
field of GPS implementation: geodesy, nav-
igation, vehicle tracking, construction, and
mass markets such as car navigation and
wireless communications.  

Traditionally, GPS manufacturers and
users have coped with this problem in two
ways: by incorporating dead-reckoning or
other radionavigation technologies, and
by seeking out extra sources of compati-
ble GNSS positioning signals. A third
approach today involves efforts to increase
the sensitivity of GPS receivers.

Pseudolites offer another source of GPS-
compatible signals. A pseudolite (or pseu-
do-satellite) typically is a ground-based
transmitter of GPS-like signals. Successful
pseudolite implementations include the
development of aircraft landing systems. 

Our group has concentrated its activity
and research in the area of pseudolite appli-
cation in social infrastructure. In 2001, we
initiated a Precise Positioning for Social
Infrastructure Research Forum. As a result
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on pseudolites, operating
in GPS frequencies; there-
fore, we will not discuss
how to eliminate inter-
ference on a wide scale. 

In order to get a license
from the General Affairs
Department for outdoor
pseudolite tests, we had
to develop a procedure
that would not interfere
with non-participant
receivers (receivers, which
are not supposed to
acquire and to be affected by pseudolite
signals) outside the designated test area.
To fulfill this requirement, we conducted
laboratory tests coupling pseudolite sig-
nals along with live GPS signals. We also
used a simulator to generate GPS signals
so as to increase our flexibility to vary GPS
signal power levels during the tests. We
also looked at such factors as power atten-
uation and frequency shift and how they
will affect the interference level. 

It is well known that the best way to fight
interference is to implement a pulsing
scheme to the GPS-like pseudolite sig-
nal. This pulsing will spread the pseudo-
lite signal over time, lowering its instant
power level in such a way that a nonpar-
ticipant receiver won’t detect it.

A receiver may be in an area where it
can hear a signal from many pseudolites.
In this case, the pulses from pseudolites
should not overlap with each other and
leave a portion of a sufficient interval in
which non-participant receivers can acquire
the GPS signals. At the same time, these
pulses should be long enough for partic-
ipant receivers to acquire a pseudolite sig-
nal. These considerations required us to
examine the effects of a pulsing scheme
with a variable duty cycle and pseudolites
with overlapping zones. 

Figure 1 shows the physical layout of the
pseudolite testbed. The main objective
of the test was to establish allowable dis-
tance from test zone to a nonparticipant
GPS receiver in the presence of maximum
pseudolite signal strength, at which the

license to proceed with outdoor pseudo-
lite experiments, which we conducted in
2002 in Tsukuba and downtown Tokyo. 

Because of the types of physical obstruc-
tions mentioned earlier, the availability of
service based on GNSS-only is problem-
atical for both pedestrian and highway ITS
(HITS). Consequently, to provide an unin-
terrupted positioning, high accuracy,
and reliability in both ITS projects, we have
proposed to use extra positioning infor-
mation from pseudolites to augment GPS,
which serves as the main navigation instru-
ment in both HITS and PITS. In the course
of these efforts, we looked at the various
concepts that can be considered for ITS. 

Timing Essential
A key to successful integration of pseudo-
lites for indoor positioning is to resolve the
clock offsets among the transmitters and
communicate this to the user equipment.
Our approach uses the pseudolite signal
received at a reference station, which in
turn estimates the pseudolite clock error
and sends that information to the user.
In thinking about infrastructure, one can
imagine the enormous number of reference
stations that would be necessary to deploy.

In comparison with pseudolites, which
can be manufactured very cheaply, a ref-
erence station always will be relatively
expensive. Therefore, for social infrastructure,
it would be much more economical to pro-
vide an external synchronization.

External synchronization can be done
with help of GPS. The pseudolites, which
belong to the network installation, oper-
ate not as a number of single sources any
more, but rather like a constellation of
satellites. Also, it is helpful that one needs
to synchronize only pseudolites in view.

Interference
The main problem for pseudolite imple-
mentation is in-band interference with
GPS. What we are going to discuss here is
how we are coping with interference for
the purpose of test and development of a
prototype only in very limited areas. We
do not intend to propose a system based

nonparticipant receiver will not experience
any interference. We have tested geodet-
ic and navigation receivers for each situ-
ation, including pulsing schemes with duty
cycles of 100, 20, 10, and 5 percent. The
survey receiver was set to the maximum
sensitivity of – 130 dBm. (Because navi-
gation receivers are less sensitive to inter-
ference than geodetic receivers, we focus
on the former category as providing the
most challenging test instrumentation.) 

For each case, we calculated the safe
distance to pseudolite based on the atten-
uation in the signal’s power as it propa-
gates through open space. Results show
that the recommended separation of pseudo-
lites from nonparticipating GPS receivers
need be no more than 500 meters, which
will guarantee the absence of interference
with a geodetic receiver up to a maximum
pseudolite power of -34.7 dBm. (For our
purposes, wee don’t need to dwell on the
so-called “near-far” problem caused by
closeness of signal sources to a user. By
placing pseudolites on the top of the build-
ing, we put the near zone out of reach of
the receivers.) 

Getting Around Indoors and Out
PITS requires seamless indoor-outdoor
positioning so that, for example, a person
can go through a tunnel or building and a
driver can park a car or drive through
the tunnel without interruption in the posi-
tioning information.

Indoor positioning with pseudolites is
different in many aspects from typical GPS

FIGURE 1 Test to determine a safe distance to pseudolites

A Tokyo bus shelter provided a platform for equipment
during outdoor trials.
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positioning outdoors. For instance,
the error budget doesn’t include
atmospheric and orbital errors but
does suffer from a potentially high
multipath component. 

The main challenge in devel-
oping software for pseudolite-based posi-
tioning indoors is to provide a solution for
a classic system of nonlinear equations. In
the conventional approach, such as least
squares, the initial position error plays a
critical role, because nonlinear pseudor-
ange equations require linearization close
to the true position. 

Consider the formula

[dX] = [H] � [d�] + d[H] � [�]

where observation matrix 
[H]= ([A]T[A])-1[A]T, [dX] is an error

in user position and time, [A] is a direc-
tional cosines matrix, and [d�] is the off-
set of pseudoranges. Directional cosines

ones we developed looked at the variation
in behavior of the estimated position in
cases of error in initial position and in cases
without error. Such variations give one a
way to find the correct initial position with
a search algorithm, much the same way as
for carrier phase ambiguity resolution. The
initial area for the search algorithm is found
through a semi-analytical solution. Figure
3 illustrates this approach. 

During the indoor test we translated GPS
signals received at the roof antenna and
retransmitted them into the premises. The
use of a GPS retransmitter is an interest-
ing subject in itself. Indoors, one can clear-
ly use only a single GPS satellite out of all
those signals received at the roof antenna.
This may serve as a separate signal source
or as an extra pseudolite. 

In our first test we had a substantial posi-
tioning error, which was attributed to high
multipath. Preliminary tests showed that
multipath error can exceed 10 meters. This
particular error was caused by the slope
of the room floor and the presence of metal
chairs. It primarily affected the rover, when
it was at the bottom part of the room.
We also have used the retransmitter for
monitoring the level of multipath indoors
by comparing positions calculated only
from satellite signals from the roof anten-
na with position solutions using the same
signal retransmitted indoors.

Positioning Methodology
Using a retransmitter, we could provide 2D
code-based positioning with signals from
only two pseudolites available to a receiv-
er. Indoor positioning usually assumes 2D
positioning on a room-by-room basis, and
one can provide the height for a mobile

[A] are not crit-
ical to this error
in case of distant
GPS satellites.
In the case of

closely located pseudolites, however, the
error in directional cosines due to initial
position error is much more significant,
and matrix [A] varies substantially as a
function of the initial position. A few meters
in case of pseudolites will cause much more
significant error in [A] than thousands
of kilometers for GPS (see Figure 2). 

The problem is that error in initial posi-
tion propagates through the directional
cosines matrix into the solution with some
gain. The solution in turn is used as an ini-
tial position for the next step. This posi-
tive feedback can cause instability in the
solution. If we as in static mode keep ini-
tial position for purpose of determination
of matrix [A], it gives us a constant error

in the resulting posi-
tion. The size of the
error, which is caused
by uncertainty in the
initial position, depends
on the geometry of
pseudolite constella-
tion.

The easiest method
with which to handle
this problem is to start
from a known position,
which is not always
acceptable for real-life
applications. Therefore,
we required different
positioning algorithms
less sensitive to initial
position errors. The

FIGURE 2 Algorithm sensitivity to error in initial position

FIGURE 3 Schematic of the approach to the initial estimation of
position 

Pseudolite installation on roof
for Tsukuba test

Indoor tests identified multipath effects and the oppor-
tunity to use a GPS retransmitter as a signal source.

Author Ivan Petrovski and
Stuart Cobb of IntegriNautics
work on system configuration
for Tsukuba test
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receiver as a part of a correction message. 
To improve the results, we were plan-

ning further tests. Achieved results demon-
strated that the current algorithm can pro-
vide accuracy within a few meters in code
mode, and within centimeters in smooth-
ing mode relative to the initial position.
The absolute accuracy can be achieved only
by code positioning for a static receiver at
the level of a 1–2 meters. Carrier phase
ambiguities can not be resolved by a sta-
tic receiver indoors. However, one can use
the carrier for dead reckoning relative to
known an initial position, which gives a
one-centimeter level accuracy relative to
initial position. 

Our indoor positioning software can be
represented by two main blocks; one is ini-
tial position estimation, and the other is
tracking mode. Tracking is implemented
using carrier phase, but one must either
start from a known location or execute
some calibrating movements by the rover
in order to resolve the ambiguities and
obtain an initial position estimation for
the carrier phase algorithm. Figure 4 shows
the path of the rover after it completed
three runs around the room, which were
estimated using pseudorange only. The five
cyan light blue asterisks represent pseudo-
lite positions. Figure 5 depicts the results of
the static positioning with filtering and
demonstrates convergence to the true posi-
tion (the rose asterisk).

Tests and Results
The purpose of the test in Tsukuba was
to provide seamless positioning along a

the complete system and how it works for
users. The navigation component of the
system that we had provided was combined
with a geographic information system (GIS)
mapping software and audio interface into

track that included obstructed places. We
wanted to see how pseudolites can improve
visibility, availability, and accuracy in an
urban environment. The obtained results
demonstrated the possibility of uninter-
rupted positioning in limited visibility areas,
particularly in the shadowed area of build-
ings, where the number of available satel-
lites ranges from two to zero. The hybrid
results also show improved accuracy in
comparison with GPS satellites only.

The positioning system used in the
Tsukuba test contained six commercial
pseudolites, a GPS base station and rover,
and a wireless modem for data commu-
nication (See Figure 6.) 

Figure 7 shows the vertical and
horizontal components of posi-
tioning error in the Tsukuba test,
as well as dilution of position (DOP)
and the number of GPS satellites
and pseudolites tracked separate-
ly and together. The Tsukuba test
demonstrated that augmentation
with pseudolites enables one to pro-
vide navigation with an accuracy
of about 10 centimeters with only
two GPS satellites available. 

We used a small trolley with
mounted antenna and a few rovers
in differential and RTK mode log-
ging data into attached PC. The trol-
ley moved along a route surveyed
in advance. Turning points on this
route had been surveyed and con-
nected by straight lines. During the
test we changed the power of pseudo-
lites and turned some off and on.
The results have been presented
separately in an extensive report.

Another interesting result of the
Tsukuba test was detection of a dead
spot in pseudolite signal reception.
We have an area of about one square
meter where the signal from a given
pseudolite in view of the receiver
completely disappeared. Apparently,
the signal was completely com-
pensated by its reflection from the
wall. This was a very significant
result, which we are going to inves-
tigate further. One can imagine how
important it is to design a test —
or, eventually, an operational sys-
tem for people with disabilities
— to avoid such dead spots. 

For the conceptual test in down-
town Tokyo to certify the possibility of
using PITS for people with disabilities, we
installed a reference station and pseudo-
lites as shown in the accompanying pho-
tos. The test was intended to demonstrate

FIGURE 6 Pseudolite configuration at Tsukuba

FIGURE 4 Track of rover in indoor test using
pseudoranges only. Scale increments are 1
meter.

FIGURE 5 Static positioning test results
show convergence to the true position
(rose asterisk). Scale increments are 1
meter.

FIGURE 7 (From top) Vertical error, horizontal error,
DOP, number of satellites/pseudolites in Tsukuba test
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the portable equipment. 

The test was organized in a fash-
ion so that people with disabilities,
who are expected to be main users of
this system, can test it. Pseudolites
had been mounted on top of high
buildings, and the GPS reference sta-
tion was on the roof of a bus stop shel-
ter. The path for the investigators was
from the Tokyo station near the bus
stop, past a high building that pro-
vides very low GPS visibility, and
across a street. A person with the sys-
tem is guided by the audio inter-
face only. Attendants ensured the safe-
ty of participants and monitored
the test. The portable backpack sys-
tem incorporated a GPS and pseudo-
lite-capable receiver and other com-
ponents, such as a voice interface,
map-matching software, and so forth,
which had been developed by members of
our consortium.

The test demonstrated that the concept
works and can be developed into attrac-
tive, reliable, and easy-to-use system. Now
we are planning the next component of the
system to be tested, which is installation
of a pseudolite in a subway vestibule to
provide one-dimensional information of a
user’s location along a passage.

Conclusion
The completed tests demonstrated the pos-
sibility of using pseudolites in social infra-
structure. Pseudolites can not only aug-
ment GPS satellites in limited visibility
areas, but potentially provide users with
means for seamless outdoor/indoor posi-

Montgomery of IntegriNautics for assis-
tance during tests in Tsukuba and Tokyo,
and Jun Murai and Yuusuke Kawakita
of Keio University and Osamu Tobe of Nara
Institute of Science and Technology for
research collaboration. We also acknowl-
edge Keiji Suzuki, Masashi Toda, and Jun-
ichi Akita from the Department of Media
Architecture of Future University – Hakodate
for participation in indoor pseudolite posi-
tioning research.
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results in applications of pseudolites have
been achieved by Dr. Changdon Kee of
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cle listed in the Further Readings section);
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The work described here used IN400 pseudo-
lite signal generators from IntegriNautics
(Menlo Park, California), the GPS OEM-3
receiver from NovAtel, (Calgary, Alberta,
Canada), and the iTrax02, FastraX oy (Vantaa,
Finland). The Tokyo test used Guidance
GIS from Sumitomo Electric Industries, Ltd,
(Osaka, Japan) and an audio interface man-
ufactured by NTT Communications (Tokyo,
Japan). We also made extensive use of Spirent
Communications GPS simulators during lab-
oratory testing.

tioning. Pseudolites can
significantly improve
accuracy in areas with
limited GPS availabili-
ty, such as urban
canyons, conceivably
providing users with
centimeter-level accu-
racy.

Use of the GPS band
for the sort of hybrid
positioning described
in this article is tech-
nically very attractive,
because it allows us to
employ an unmodified
GPS receiver. However,
despite the possibility
of harmlessly imple-
menting L1 pseudolites
in designated limited

areas, no current technology can guar-
antee complete absence of interference,
especially for highly sensitive geodetic GPS
receivers. Therefore in case of widespread
implementation of pseudolites in social
infrastructure, they should be moved into
an unshared band to prevent interference
to GPS satellite signals and from other
emitters.
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tem, and an audio
interface.


