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[ Assessing multiple standards

Recent regulatory incentives (E911) and numerous location-hased services and applications currently require accurate urban
and indoor positioning — challenging environments for GNSSes. This article investigates a means for enhancing positioning
through the use of signals-of-opportunity based on the orthogonal frequency division multiplexing modulation. The authors
describe the use of digital video broadcast-terrestrial signals to develop and test a pseudorange estimation method employing
real signals and presents testing results that confirm previously identified theoretical results.
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ecause of recent regulatory incen-
tives (E911) and development of
numerous location-based ser-
vices (LBS) and applications,
urban and indoor positioning currently
represents a significant market. Howev-
er, these environments are well-known
for the challenges they pose for GNSS
systems because of signal blockage, mul-
tipath, interference, and other factors.
Even if specific GNSS developments are
designed to address these issues (e.g.,
high-sensitivity receivers, assisted-GNSS
techniques, system upgrades), they only
provide limited position availability,
accuracy, and continuity indoors and
in urban settings.
Some alternatives exist to comple-
ment GNSS in such environments.

These include other navigation sensors
(for example, inertial sensors, magne-
tometers, odometers, lasers, and video),
dedicated radio-location systems (pseu-
dolites, RFID, UWB) or signals-of-
opportunity (SoOs).

SoOs are communication signals
such as those broadcast by mobile tele-
phony, TV, radio, or Wi-Fi operations
that can also be exploited for position-
ing. Even if they are not meant for
positioning, they have the advantage of
availability and diversity in urban and
indoor environments and permit, by
definition, good integration of the com-
munication and positioning services.

Among the various communication
signals that could be used as SoOs, this
article focuses on signals based on the
orthogonal frequency division multi-
plexing (OFDM) modulation. OFDM
appears to be a good candidate to pro-
vide a positioning service in light of
increasing interest in this modulation
for communication and broadcasting
of actual and future signals.

From the array of OFDM-based

standards, we chose the European stan-
dard for digital television, the digital
video broadcasting - terrestrial (DVB-T)
standard as a candidate SoO to develop
a pseudorange (PR) estimation method
and perform tests on real signals. This
article reports on “live” signal tests
based on ranging methods previously
developed by the authors that confirm
the promising theoretical results seen
in earlier research. Although the rang-
ing method presented in this article is
developed for DVB-T, it could be applied
to other OFDM-based signals.

OFDM Modulation

This section offers only a very brief
introduction to OFDM. More detailed
information on OFDM can be found in
the book by Y. Li and G. Stiiber listed in
the Additional Resources section at the
end of this article.

The OFDM modulation allows us
to deal with the frequency selectivity of
multipath channels that degrades wide-
band transmission performance. Instead
of transmitting high-rate (i.e., wide-
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band) symbols on a unique carrier, the
OFDM transmits low-rate (i.e., narrow-
band) symbols on numerous orthogonal
sub-carriers (see Figure 1, left). Thus, if
the selected sub-carriers are narrow

enough (i.e., if the symbol duration is
long enough), we can consider the chan-
nel distortion as being constant over
each subcarrier frequency band (Figure
1, right) and, therefore, easily estimated
and corrected.

The typical OFDM modulation
and demodulation schemes efficiently
use iFFT and FFT techniques (inverse
fast Fourier transform and fast Fourier
transform, respectively), which allow for
a very efficient implementation (with
preferably a number of sub-carriers that
is a power of two).

To avoid inter-symbol interference
(ISI), a so-called guard interval is insert-
ed between consecutive OFDM symbols.
For instance, in the case of the DVB-T
standard, this guard interval is called
cyclic prefix (CP) since it is filled with the
end of the following OFDM symbol. An
illustration is shown in Figure 2, where
N_, denotes size, in a sample of the cyclic
prefix. The resulting symbol (useful sig-
nal and guard interval) will be referred
to in the following as an OFDM symbol.

Figure 3 represents a typical OFDM
modulator and demodulator. Multiple
impairments affect the received samples:
multipath channel distortion, timing
offset (TO) due to propagation delay,
and carrier frequency and sampling
clock offsets (CFO and SCO) due to the
difference between the local oscillator
and sampling clock of the emitter and
the receiver. A synchronization and cor-
rection module thus must be present in
the receiver to estimate and correct for
the TO, CFO and SCO. The articles by
M. Morelli et aliaand S. Y. Liu and J. W.
Chong, listed in Additional Resources,
present examples of these techniques.

Thanks to the periodicity introduced
by the cyclic prefix (see Figure 2), the
timing synchronization does not have
to be very precise to be able to demodu-
late the data. If the FFT window in the
demodulator starts in the CP, it will
result in a phase offset that can be easily
corrected during the equalization pro-

Multipath channel
T spectrum

Nep samples

OFDM symbeol k

cp

OFDM symbael k+1

~

FIGURE 2 Cyclic prefixillustration
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FIGURE3 OFDM modulator (top) and demodulator (bottom)

cess. Indeed, a subset of the sub-carriers

generally includes pilot symbols, whose

value and position are known by the
receiver and can be used to assess the
channel distortion over the frequencies.

The specific reasons to explore the

OFDM modulation capability for posi-

tioning are multiple:

« OFDM modulation has been chosen
for a large number of modern tele-
communication and audio/video
broadcast standards (known by such
acronyms as Wi-Fi, WiMAX, DAB,
T-DMB, DVB-T/H/SH, ISDB-T, and
LTE). This preeminence of OFDM-
based signals makes them obvious
candidates for use as signals-of-
opportunity for ranging applica-
tions, as well as good candidates for
navigation/communication services.

« OFDM timing and frequency acqui-
sition is very simple and fast thanks

to the presence of the CP.

OFDM signals include pilot symbols
that allow for computing correlations
between the received signal and a
receiver-generated local replica, thus
laying the groundwork for precise
synchronization (as in GNSS).

The robustness of OFDM against
multipath interference enables
operation in single-frequency net-
works (SFNs). An SFN is a network
in which all the emitters send the
same signal at the same frequency
in a synchronized way (usually
based on GPS time and frequen-
cy). An SFN can be very useful for
extending the coverage of an emitter
into isolated/masked areas without
requiring an additional frequency.
From a positioning point of view,
an SFN is also extremely interest-
ing because it allows for the track-
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FIGURE4 Countries that have deployed or adopted DVB-T and its evolution DVB-T2 (from DVB World-
wide).
Parameters Possible values
N 2048 (Mode 2K), 4096 (Mode 4K) and 8192 (Mode 8K)
cp 1/32,1/16,1/8,1/4
Teamp 7/64 ps (8 MHz channels), 1/8 ps (7 MHz), 7/48 ps (6 MHz) and 7/40 ps (5 MHz)

TABLE 1. Possible DVB-T signal parameters

ing of multiple signals coming from
several synchronized emitters on
the same frequency (only one tuner
required). Synchronization of the
emitters means that the monitoring
of the emitter clock drift might not
be needed. Examples of techniques to
use SFN for positioning can be found
in the article by P. Thevenon et alia
(2009a).

The DVB-T Standard

DVB-T is a European standard used

worldwide (see Figure 4), and based on

an OFDM air-interface for digital TV
broadcasting to fixed receivers in the

VHF and UHF bands. This standard

defines a family of OFDM signals that

depends on three parameters:

« the number of subcarriers, or the
FFT size (N),

« the ratio between the cyclic prefix
length and the useful OFDM symbol
length (CP = N_,/N), which provides
flexibility according to the expected
multipath delay, and

o the sampling period (Tmmp), which
controls the bandwidth of the DVB-T
signal.

Table 1 shows various possible values
defined in the DVB-T standard for each
parameter. The N subcarriers of the use-
ful OFDM symbol carry different kinds
of information:

o _Null subcarriers are located on the
edges of the signal spectrum and
have a zero value. They serve as
guard bands to avoid out-of-band
emissions of the OFDM signal.

e Data subcarriers are QAM-modu-
lated (QPSK, 16-QAM and 64-QAM
are possible) and have their ampli-
tude normalized in such a way that
their variance is unitary.

o Transmission Parameter Signaling
(TPS) subcarriers are BPSK-modu-
lated and carry information about
the actual transmission parameters.

« Pilot subcarriers are BPSK-modulat-
ed. Their value is given by a known
pseudorandom binary sequence
(PRBS). Their amplitude is boosted
by a factor of 4/3 compared to the
data and TPS subcarriers.

The pilot subcarriers can be of two
types: continuous pilots and scattered
pilots. Continuous pilots are always
located on the same subcarriers on every

OFDM symbol. In contrast, scattered
pilots are inserted every 12 subcarri-
ers, and the first pilot subcarrier index
takes four different values (3, 6, 9, or 12)
depending on the OFDM symbol num-
ber. Therefore, the scattered pilot pat-
tern repeats every four OFDM symbols.
This organization is illustrated in Figure
5 where only non-null subcarriers are
represented.

Using DVB-T to Test OFDM’s

Positioning Capability

As stated earlier, the investigation of

ranging techniques using the DVB-T

standard has its origin in the desire to
assess the capability and feasibility of
an OFDM-based positioning system.

Even if it is not the best candidate for an

operational system (particularly because

of the generally low density of emitters

in most areas), DVB-T can be seen as a

potential complement to GNSS-based

positioning (especially because DVB-T
emitters are generally synchronized with

GPS time). This broadcast standard is

also well-suited for testing OFDM-based

ranging for the following reasons:

o The signal definition is very simple
(no specific pilot OFDM symbols,
classic pilot grid), which makes the
reuse of this work possible for other
OFDM-based standards.

« DVB-T is already deployed and
operational (in France and many
other countries), which facilitates
the testing on real signals needed to
assess the performance of the rang-
ing technique.

» Both multi-frequency networks
(MFNs) and SFNs are available, thus
permitting the testing of two rang-
ing solutions.

o Itisawide-band signal (five to eight
megahertz) that could offer promis-
ing synchronization capabilities.
When comparing DVB-T to GNSS,

we must keep in mind that the former

is a terrestrial communication system.

In terrestrial networks, the direct signal

comes from emitters that are often close

to the horizon. Consequently, the direct
signal (mandatory for accurate ranging
based on propagation time measure-
ments) may be blocked, and multipath
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ful than the direct signal. is approximately

The European Telecommunications
Standards Institute (ETSI) standard for
DVB-T takes this situation is taken into
account in describing the power delay
profile of the propagation channel used
to assess demodulation performance.
Numerous multipaths are not a problem
for DVB-T signal demodulation thanks
to the simple and efficient OFDM chan-
nel equalization achieved with the pilot
sub-carriers, as long as the maximum
multipath delay remains less than the
CP duration to avoid ISI. On the other
hand, for positioning applications based
on timing measurements these numer-
ous multipath signals are a problem that
must be specifically handled.

Proposed DVB-T Ranging
Method

Our proposed DVB-T ranging method
was presented in the article by P. Theve-
non et alia (2009b). More details on
the technique can be found in the fol-
lowing publications listed in the Addi-
tional Resources section: D. Serant et
alia (2010a), D. Serant et alia (2010b),
P. Thevenon, and P. Thevenon et alia
(2011). The method is based on the
computation of a classical correlation
between the received signal and a local
replica, which is used during the acquisi-
tion and tracking phases.

The local replica used to compute
the correlation function is composed of
the pilot sub-carriers only. (The other
subcarriers, unknown a priori by the
receiver, are set to zero). The resulting
correlation function can easily be shown
to be a sinc function. (See its absolute

2.4 sample periods
or equivalently 80
meters for eight-megahertz channels,
90 meters for seven-megahertz channels,
105 meters for six-megahertz channels,
and 130 meters for five-megahertz chan-
nels.

The standard deviation of the delay
tracking error using this technique
was derived theoretically and validated
through simulations described by Serant
et alia (2010b) for an ideal additive white
Gaussian noise (AWGN) channel. This
earlier study showed that the proposed
DVB-T tracking technique has a track-
ing threshold about 30 to 40 decibels
below the DVB-T demodulation thresh-
old, meaning that even when strong fad-
ing occurs, a good chance exists that the
signal can still be used for ranging.

The study also showed that even
for signal-to-noise ratio (SNR) values
around -15 decibels, the ranging accu-
racy in AWGN is at the decimeter level,
thus showing promising results. Of
course, these very good results are valid
for AWGN channels, which are almost
never encountered in terrestrial net-
works. However, they give a good idea
of the potential of DVB-T signals and
more generally of OFDM signals to be
used as SoO for positioning.

Due to the specificities of the ter-
restrial propagation channel already
discussed, the correlation function
obtained from real signals will present
multiple peaks corresponding to all the
replicas of the transmitted signal reach-
ing the receiver. These peaks can evolve
very fast (e.g., fading) due to the chang-

FIGURE 6 Absolute correlation function of local replica of DVB-T signal

ing environment in urban conditions.

More notably, the peak corresponding

to the first received signal (the one of

interest for ranging) is not necessarily
the most powerful and might not even
be present.

In order to try to always track the
shortest signal (either the direct signal
or, by default, one of the shortest repli-
cas), the proposed ranging method uses
multiple delay lock loops (DLL) in order
to constantly track several correlation
peaks. This allows one to rely on the sec-
ond tracked shortest replica if the first
one disappears due to fading or signal
blockage.

The following method is then used
(although slight variations are required,
depending on whether or not the emit-
ters are in an SFN):

o First, an iterative algorithm, e.g.,
Matching Pursuit or ESPRIT
(described in the cited works by,
respectively, S. F. Cotter and B. D.
Rao, and A. Paulraj et alia), is used
to acquire the delays corresponding
to the different peaks of the correla-
tion function. In order to make sure
that we do not miss the direct signal
or the shortest detectable replica, this
acquisition is run periodically.

o Second, all (or a subset of all) the
acquired peaks are tracked indepen-
dently using several classical DLLs
with a normalized early-minus-late-
power (EMLP) discriminator. The
shortest tracked delay is then used to
form the pseudorange measurement.

www.insidegnss.com

NOVEMBER/DECEMBER 2011

InsideGNSS 57



e LI T
JURF Antenns] oy Optional
! ]
; USRP2/WBX '
i > Slave H
i i
UHF Antennal '—""""""""""" MIMO cable
Gigabit
USRP2/WEX Ethernet  To PC for sample recording
- Master
r
10MHZ ref.
and 1PP5
L1/L2 Antenna
GPS receiver COM 14 pC for position recording
MNovatel OEMA

FIGURE 7 Block diagram of the test bench

Specific detectors are used to mini-

mize the number of replicas tracked.

Note that the correlation function
shown in Figure 6 presents significant
side-lobes, which can lead to significant
impairments due to the near-far effect,
particularly in SENs. To mitigate this, we
can use windowing techniques in order
to reduce the correlation side-lobes, as
tested in the work described in P. Theve-
non et alia (2011).

To assess the ranging performance in
a realistic terrestrial channel, we consid-
ered the use of multipath channel mod-
els. Unfortunately, the existing models
found in the literature are systemati-
cally dedicated to telecommunications
or broadcast applications and, conse-
quently, they focus only on the modeling
of multipath power and not on the fine
modeling of the multipath delay.

To handle this lack of model, in an
earlier work P. Thevenon used the out-
put of a measurement campaign realized
by the French Space Agency (CNES) to
characterize the urban channel for a
DVB-SH transmission system. (DVB-
SH is a standard based on the DVB-T
made for handheld devices, in the 2.2-
GHz band using one satellite and sev-
eral terrestrial emitters in a SFN). Based
on this estimated propagation channel,
P. Thevenon created a semi-realistic
simulation environment based on the
assumption that the multipath ampli-
tude followed a Rayleigh distribution.

This multipath channel is applied
to a simulated DVB-SH signal and the

ranging estimations are done on this
semi-simulated signal. This work shows
very hopeful results with a ranging
error standard deviation of a few 10s of
meters, and a 2-D positioning accuracy
in the range of 30 to 50 meters (standard
deviation) in a mid-sized French city,
based on three emitters (one satellite +
two terrestrial emitters). A significant
source of error during the tests likely
came from the fact that the direct signal
was blocked most of the time.

However, even if the generated sig-
nals had been based on a real measure-
ment campaign, some uncertainties
still remain regarding the employed
multipath channel because of hardware
constraints during the measurement
campaign (only six multipath delays
estimated, limited sensitivity) and
doubts about the representativeness of
the chosen multipath amplitude gen-
eration.

Thus, to confirm the strong results
obtained in this work, we decided to
perform additional tests on real signals
based on DVB-T.

The DVB-T Test Bench

Our DVB-T test bench, represented in

Figure 7, is composed of:

« one dual-frequency GPS receiver to
record a reference position and pro-
vide GPS time to the rest of the test
bench for system synchronization

« two TV signal recording devices
(one optional), incorporating a soft-
ware radio that enabled reception

of signals from two independent

TV antennas, to digitize them at

the desired sampling frequency and

send the samples to a host PC to be
recorded on a hard drive.

One function of the recording device
is to tag the recorded samples with the
GPS time. Thus, the precise reception
time of the samples is known and can
be associated with the reference trajec-
tory. This test bench has been developed
to be flexible (with all the reception
parameters — such as carrier frequency;,
sampling frequency, and gain — being
configurable) and allows the following
test configurations:

+ two mobile TV antennas receiving
the same signal to exploit antenna
diversity and improve measurement
quality (Indeed, in a dense multipath
environment, each antenna can have
very different reception conditions,
even if they are located very close
together.)

+ two mobile TV antennas receiving
two signals at different frequencies
from the same emitter to exploit fre-
quency diversity

+ two mobile TV antennas receiving
two signals at different frequencies
from two emitters to have two PR
measurements

o one fixed antenna and one mobile to
perform differential measurements.
The test bench can also easily be

modified to receive other SoO signals.

Tests on Real Signals

Tests of the proposed ranging technique

based on real signals have been per-

formed in Toulouse, France, using two
emitter configurations, both found in
southwestern France:

« an urban test using one emitter pre-
cisely synchronized to GPS time (at
+ 30 nanoseconds)

+ suburban and urban tests using two
emitters in an SFN not precisely syn-
chronized to GPS time.

The DVB-T parameters used in
France are (with reference to Table 1):
mode 8K, eight-megahertz bandwidth,
CP ratio of 1/8, and data symbol mod-
ulated using 64-QAM. The possible
transmitted frequencies are 474 MHz +
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(k - 21).8MHzwhere kE {21, ..., 69} is the
channel number and f, . = 166.667 kHz.

The test bench is mounted in a car.
Thus, the tests are dynamic scenarios,
even if static phases can be present when
the car is stopped at a traffic light. The
following sections describe the results of
two test cases.

Case 1: Urbhan Test Using Digital TV
Emitter Synchronized with GPS Time. Five
tests were performed in this environ-
ment, all leading to results of the same
order. Thus, we will present only the
longest one here. In this experiment,
the car was driven for 5 minutes in an
urban environment with the test bench
set up to record the data from two close-
ly-spaced TV antennas (about one meter
apart) on the roof of the car.

The two TV antennas were tuned to
receive a TV signal (at 762.16667 MHz)
from an emitter of 8kW effective isotro-
pic radiated power (EIRP) located about
80 kilometers from the test zone. Figure
8 shows the trajectory of the vehicle dur-
ing the test. It includes three static phas-
es (at 0 -10 seconds, 70-110 seconds, and
285-300 seconds). During the remain-
ing time, the car speed ranged between
0 and 50 km/h.

Preliminary tests have shown that
the clock of the TV emitter used in this
test was synchronized to GPS time.
Thus, because the test bench also uses
GPS time as its reference, the measured
PR is virtually clock error-free. How-
ever, as the emitted TV signal was not
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FIGURE8 Car trajectory during text Case 1

phase-locked on GPS time, the phase
offset between the emitter time and GPS
time had to be determined in order to
be able to derive the absolute PR mea-
surement from the measured delay. This
was done empirically by making a delay
measurement in an open location with
direct sight to the emitter.

The left panel of Figure 9 presents the
evolution of the absolute value of the
correlation function overtime. We can
view this as an estimate of the channel
impulse response over time. The color
scale represents the relative amplitude
of the absolute value of the correlation
function in decibels, 0'dB being the
maximum amplitude over the whole
image.

This figure is interesting because it
outlines the various characteristics of
the channel: presence of multipath, fad-
ing, and so forth. It also underscores that
throughout the test, the direct signal or a
short replica of it are present and domi-
nant.

The right panel of Figure 9 shows
the estimated pseudorange for each TV
antenna compared to the reference PR
computed from the GPS-based (real-
time kinematic or RTK) car position and
the known emitter location. One can see
that the error is mostly positive — a clear
indication of non-line-of-sight (NLOS)
error. We can also see that the errors
associated with each antenna are very
different (up to 150 meters) even if they

Delay (ps)

Time (s)

FIGUREY Correlationimage (left) and estimated pseudorange compared to reference pseudorange (right)
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Antenna #1 PR

Antenna #2 PR

With advanced measurements processing

Mean Tracking Error 35m

25m 4m

Tracking error standard deviation 25m

20m 10m

TABLE 2. Summary of the tracking performance in text Case 1
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¥
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FIGURE 10 Trajectories of the suburban (up) and urban (down) tests in Case 2

are close (separated only by one meter).

The tracking error statistics are sum-
marized in Table 2. Both antennas pres-
ent a ranging error standard deviation
of about 20 meters. The mean values are
respectively of 35 meters and 25 meters,
slightly better for the second antenna
due to a smaller error during the static
phases.

An advanced measurement process-
ing technique to reduce the NLOS error
was also tested, providing a significant
improvement, as shown in Table 2. This
represents excellent and promising
results.

Case 2: Suburhan and Urban Tests Using
Two Digital TV Emitters in SFN and not Syn-
chronized with GPS Time. In these two
experiments, the car was driven for 90
seconds in suburban (first experiment)
and urban (second experiment) environ-
ments. The recording device, used in its

single antenna version (the dual-antenna
version not being available at the time)
was tuned to receive a TV signal (at
706.16667 MHz) from two emitters in
the SEN.

The first emitter had an EIRP of 13
kilowatts and was located 100 kilome-
ters away from the test zone. The second
emitter had an EIRP of 24 watts and was
located about 5 kilometers away from
the test zone.

Figure 10 shows the trajectories fol-
lowed during the two tests. For the
urban test, due to adverse reception con-
ditions of the GPS signal, the accuracy of
the reference trajectory was sometimes
poor (standard deviation of several
meters); thus, results must be considered
accordingly.

We analyzed the clocks of the two
emitters and observed that they were not
synchronized with GPS time. However,

because the two emitters belong to an
SEN, they shared the same clock; thus,
we could obtain error-free clock mea-
surements by forming time-difference-
of-arrival (TDOA) measurements (dif-
ference between the estimated delays of
Emitter #1 and Emitter #2).

Figure 11 shows the TDOA measure-
ment errors for the suburban experiment
and the urban experiment. In both cases,
the average value of the TDOA measure-
ment error is null by construction. The
standard deviation of the TDOA error
is about 5.2 meters in the suburban test
and 16 meters in the urban test.

As expected the results in the subur-
ban environment are better than in the
urban environment thanks to less intense
multipath conditions. Most notably, the
level of errors is extremely encouraging
considering the environment.

Conclusions and Future Work

A ranging method, adapted to the
OFDM-based DVB-T signal and taking
into account the specificities of the ter-
restrial propagation channel, has been
presented and tested on real signals in
this article. The test bench is a flexible
one that can be used with two antennas
and record signals from several emitters.

The test results show that the pro-
posed ranging method induced a rang-
ing error with a standard deviation of
about 20 meters and a bias of about 25
meters, mostly due to the presence of
NLOS signals and blockage of the direct
signal. We have also shown that use of
an advanced measurement processing
technique could significantly improve
these results to below 10 meters. Con-
sequently, and despite the intense mul-
tipath environment of the test cases,
this study demonstrates the feasibil-
ity of positioning using DVB-T (and
more generally OFDM-based signals,
although it is difficult to generalize the
expected accuracy).

The continuation of this work
includes the adaptation of the method to
other OFDM standards. Indeed, DVB-T
is not the most suitable standard for a
final application, because it is not sized
for mobile reception and offers a weak
density of emitters. The future mobile
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FIGURE 11 TDOA measurement error for suburban (left) and urban (right) environments in test Case 2

telephony standard 3GPP Long Term
Evolution (LTE) could be an interest-
ing candidate. Such a mobile applica-
tion could permit better reception in
urban environments and indoors (also
not a problem with DVB-T) with the
advantage of a high emitter density that
would increase the number of PR mea-
surements.

Another extension of this work
involves the hybridization of OFDM-
based ranging measurements with
GNSS measurements.
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