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Abstract—The paper addresses the problem of positioning
inside buildings using a GNSS receiver. Since signals in indoor
environments are very weak, a high-sensitivity receiver aided
by a barometric altimeter is shown to be a suitable option. A
specially tailored least-squares algorithm is proposed for the
solution of the navigation equation. Simulation results prove
that a well calibrated altimeter helps reduce significantly the
positioning errors both in the vertical axis and in the horizontal
plane.

I. INTRODUCTION

In GNSS (Global Navigation Satellite Systems) the re-
ceiver position can be determined from a set of pseudorange
measurements using, at least, M = 4 satellites in view.
The achieved accuracy depends both on the pseudorange
noise variance and on the geometry of the satellite sub-
constellation in use. The “quality” of the geometry is often
defined by the GDOP (geometric dilution of precision)
parameter [1], [2], [3]. The GNSS available today (GPS,
Glonass) or to be deployed in the near future (Galileo,
Compass) are designed for outdoor applications where the
signals are relatively strong (with typical carrier-to-noise
ratios (C/N0) around 45-50 dB-Hz). Recently, it was pro-
posed to extend the usage of GNSS to indoor applications
where the signals are in general much weaker due to the
penetration through walls, ceilings, etc. [4]. For example, a
typical concrete wall attenuates the GPS L1 signals (carrier
frequency: 1.57542 GHz) around 10-15 dB [5].

Conventional receivers are unable to operate with
(C/N0) < 20 dB-Hz. In some cases, high sensitivity
(HSGNSS) receivers can cope with those weak signals
by increasing the integration intervals, provided that the
platforms are fixed or slowly-moving, but the positioning
accuracy is worse than the one achieved outdoors [4].

Using a non-coherent early-late processing (NELP) re-
ceiver with GPS C/A signals in the bandwidth-limited mode
of operation, the pseudorange variance (expressed in square
meters) due to thermal noise is given by [6]

σ2
n = c2T 2

c

Bn(1− 0.5BnT )

2
(

C
N0

) 1
BTc


1 +

1(
C
N0

)
T


 (1)

where c is the speed of light, Tc is the chip duration,
Bn is the noise equivalent bandwidth of the code tracking
loop, T is the correlation (integration) interval, and B is

the front-end bandwidth. Typical values for Bn and T are,
respectively, 1 Hz and 0.01 s for outdoor applications [7].
Expression (1) is valid for BnT < 0.5 and B∆ ≤ 1, with
∆ denoting the delay lock-loop (DLL) early-late spacing.
Reducing ∆ permits to increase the front-end bandwidth B
but the DLL tends to lose lock when ∆ < 0.1Tc [3]. The
receiver closed-loop bandwidth must be sufficiently wide to
track the transient variation of delay versus time, which is
caused by user-satellite range dynamics, without creating
large transient errors [1]. This fact limits the minimum value
that can be assigned to Bn for a given application.

In addition to thermal noise, pseudoranges are also af-
fected by errors due to satellite clock and ephemeris pa-
rameters, atmospheric propagation modeling, multipath, etc.
Typical variances for those disturbances are σ2

s ≈ 34 m2 [2].
Fig. 1 shows the rms tracking errors in meters for different
noise bandwidths with T = 0.01 s and BTc = 5 when the
variances σ2

n and σ2
s are considered.

For indoor scenarios, with extra attenuations of 30 dB
regarding outdoor reception (i.e., (C/N0) ≤ 20 dB-Hz), Fig.
1 shows that the pseudorange variances are highly dependent
on the carrier-to-noise ratio (C/N0) except for small values
of Bn. Besides, whereas outdoor reception is characterized
by small changes of carrier-to-noise ratio between satellites
in view, in indoor scenarios the changes can be very sig-
nificant as some signals may be received through a window
(which introduces small attenuation) while the others have
to penetrate the walls, thus being strongly attenuated.

II. SOLVING THE EQUATION OF NAVIGATION

Let the known ECEF coordinates of satellite i = 1, . . . ,M
be given by [xi yi zi]T and the receiver unknown coordinates
be [xu yu zu]T . Alternatively, the receiver position can be
defined by the geodetic parameters φu, λu and hu, which
are, respectively, latitude, longitude and altitude. The pseu-
doranges measured at the DLL output, after eliminating
the offsets due to the extra propagation delays in the
ionosphere/troposphere, are given by

ρi =
√

(xi − xu)2 + (yi − yu)2 + (zi − zu)2−vu+ni (2)

where vu = ctu (tu is the receiver clock offset) and
ni∼N(mi, σ

2
i ) are Gaussian r.v. that encompass the mea-

surement errors such as satellite positioning errors, imperfect
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Fig. 1. Rms tracking errors for GPS C/A signals with different DLL noise
equivalent bandwidths and a pseudorange variance of σ2

s = 34 m2 due to
other non thermal noise disturbances.

ionosphere and troposphere modeling, channel and receiver
thermal noise, etc. The means mi are usually considered to
be zero except when there is multipath. The variances σ2

i

depend on the values of σ2
n and σ2

s for each satellite.

A. without barometric altimeter

Consider that the following estimated vector X̂u =
[x̂u ŷu ẑu v̂u]T is currently available. The corresponding es-
timated pseudoranges are

ρ̂i =
√

(xi − x̂u)2 + (yi − ŷu)2 + (zi − ẑu)2 − v̂u. (3)

Let ∆ρi ≡ ρ̂i−ρi. Assuming that |∆ρi| ¿ ρi, the Taylor
series development of the measured pseudoranges around ρ̂i

(retaining only the linear terms) is
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where

r̂i =
√

(xi − x̂u)2 + (yi − ŷu)2 + (zi − ẑu)2 (6)

and ∂ρ̂i/∂v̂u = −1.
We obtain matricially
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The least-squares solution for (7), with M ≥ 4, is [3]
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Thus, at iteration k, the ECEF coordinates of the receiver’s
position are updated according to
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B. with barometric altimeter

The iterative method in (9) requires, at least, M = 4 satel-
lites in view, which is not always possible in urban canyons
or, especially, in indoor environments. The introduction of a
calibrated barometric altimeter permits to operate with only
M = 3 satellites, thus increasing the percentage of time
during which the equation of navigation can be solved.

The measurement of the barometric altimeter is well
modeled as

ĥu = hu + nh (10)

where ĥu is the measured altitude and nh∼N(mh, σ2
h) is a

Gaussian r.v. For a calibrated altimeter mh = 0. The relation
between the pressure at an altitude 0 ≤ hu ≤ 11 Km and
the sea level pressure P0 is given by [8]

p = P0

(
1− 0.0065

hu

T0

)5.2561

(11)

with T0 = 288.17 K being the sea level standard absolute
temperature. The altitude can be obtained from the atmo-
spheric pressure measurement p according to

hu =
T0

0.0065

[
1−

(
p

P0

)0.1903
]

(12)

where P0 = 101325 Pa is the sea level standard pressure.
Besides the temperature and the altitude, the atmospheric
pressure depends also on the weather conditions. That is
why the barometric altimeter should be calibrated before use.
However, due to possible weather changes, the calibration is
useful only for a few hours. As an example, the Intersema
MS5534C altimeter exhibits a rms error of ±0.4 mbar,
equivalent to σh ≈ 4 meter at sea level [9]. Thus, to get a
stable display it is necessary to take an average of minimum
4 consecutive pressure measurements.

The receiver Cartesian coordinates may be written in
terms of the geodetic coordinates as [2]

[
xu
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]
=

(
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1− e2 sin2 φu
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)[
cos λu

sin λu

]
cosφu (13)
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(
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)
sin φu (14)



where a is the length of the Earth semi-major axis and
e is the eccentricity [2]. Consider the currently estimated
geodetic parameters [φ̂u λ̂u v̂u]T . Assuming that the altitude
is perfectly known, the pseudoranges truncated Taylor’s
series around the currently estimated position are
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From (15) we obtain ∆ρi ≡ ρ̂i − ρi, or matricially
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The least-squares solution for (22), with M ≥ 3, is
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Thus, at iteration k, the geodetic parameters and the clock
bias are updated according to
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Typically, 10 iterations are sufficient to guarantee the con-
vergence of the algorithm. The estimated Cartesian coordi-
nates are retrieved from (24) by resorting to (13)-(14) and
assuming that the true altitude is the measured value ĥu.

60

240

30

210

0

180

330

150

300

120

270 90

sv3

sv4
sv23

sv24

sv5

sv10

sv11sv17

North

East

horizon

Fig. 2. Sky view of the visible satelites used in the simulations.

III. SIMULATION RESULTS

For outdoor scenarios, the best M satellites to be tracked
depend on the sub-constellation geometry, i.e., the GDOP
parameter, as the powers of the received signals are approx-
imately equal, except for those very close to the horizon.
A pre-defined mask angle is usually utilized to discard the
satellites with very low elevation angles (typically lower
than 5 − 7 degrees) [3]. For indoor environments, the
sub-constellation geometry is often less important than the
attenuations and reflections suffered by the incoming signals
as they penetrate the building. Signals received through
windows usually experiment small additional attenuations
(of about 2 − 3 dB) whereas those received through a
concrete wall or ceiling may present attenuations of about
10− 20 dB [5].

We consider the tracking of M = 5 GPS satellites
(indicated by circles in Fig. 2) with a GDOP of 3.05. The
position of the satellites was obtained in ECEF coordinates
using the method presented in [10] with the parameters
tabulated in [10], [11]. The receiver position is: φu = 39o N,
λu = 9o W and hu = 100 m. The receiver parameters are:
BTc = 5, T = 0.01 s, and Bn = 0.1 Hz.

We simulate the determination of the receiver position
with and without the aid of a barometric altimeter for
a common indoor scenario. Fig. 3 shows the scatter plot
of the horizontal error assuming a carrier-to-noise ratio
(C/N0) = 20 dB-Hz for the selected satellites without an
altimeter. Figs. 4 and 5 exhibit the scatter plots obtained with
M = 3 satellites (selected satellites: sv5, sv10, sv17) when
a barometric altimeter is added. The barometric altimeter is
assumed to have an error variance of 1 m2. Two cases are
considered: in Fig. 4 the altimeter is calibrated, that is, the
altitude estimation bias is zero; in Fig. 5 the altimeter is
uncalibrated with a bias of mh = 10 meters. Fig. 6 shows
the altitude errors corresponding to the previously described
scenarios. Note that the introduction of the altimeter reduces
substantially the variance of those errors.

Comparing Figs. 4 and 5 it becomes clear the advantage
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Fig. 4. Scatter plot of horizontal position error for 3 tracked satellites
with (C/N0) = 20 dB-Hz and a calibrated altimeter.

of using a calibrated altimeter even for the position deter-
mination in the horizontal plane. In fact, whereas the spot
in Fig. 4 is approximately centered at the correct position,
the center of the spot in Fig. 5 is offset from the correct
position by approximately +2.7 m in the E-W direction and
−4.0 m in the N-S direction.

The results previously presented assume complete inde-
pendence between samples (runs). In a practical situation,
some filtering algorithm could be applied in order to mini-
mize the variance of the position errors. A Kalman filtering
approach requires the definition of models for the receiver’s
dynamics but is an efficient way to reduce those errors.
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