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SYSTEMS AND METHODS FOR 
DIFFERENTIAL. ALTTUDE ESTMATION 
UTILIZING SPATAL INTERPOLATION OF 

PRESSURE SENSOR DATA 

GOVERNMENT RIGHTS 

0001. This invention was made with Government support 
under HR011-09-C-0079 awarded by DARPA. The Govern 
ment may have certain rights in the invention. 

BACKGROUND 

0002. In many navigation applications, estimation of alti 
tude is of essential importance, and with many new applica 
tions, especially the area of personal navigation, there is an 
even increased emphasis on altitude accuracy. One of the 
primary altitude sensors used in the estimation of altitude is 
the barometer. Fundamentally, a barometer does not measure 
altitude directly; instead, it measures atmospheric pressure 
which can then be converted to altitude based upon an empiri 
cal altitude vs. pressure model. The problem with this is that 
atmospheric pressure is not constant at a given altitude. At a 
given altitude, the pressure may vary greatly with time and 
horizontal displacement due to weather fronts passing 
through the area. Due to these variations, the conversion from 
pressure to altitude can be inaccurate. This system and 
method is designed to correct for the altitude errors caused by 
the weather front-induced pressure variations. 
0003 For the reasons stated above and for other reasons 
stated below which will become apparent to those skilled in 
the art upon reading and understanding the specification, 
there is a need in the art for improved systems and methods for 
differential altitude estimation utilizing spatial interpolation 
of pressure sensor data. 

SUMMARY 

0004. The Embodiments of the present invention provide 
methods and systems for differential altitude estimation uti 
lizing spatial interpolation of pressure sensor data and will be 
understood by reading and studying the following specifica 
tion. 
0005 Systems and methods for differential altitude esti 
mation utilizing spatial interpolation of pressure sensor data 
are provided. In one embodiment, a method for mobile navi 
gation comprises: measuring a horizontal location of a mobile 
navigation unit to generate two-dimensional horizontal coor 
dinate data; measuring a barometric pressure at the mobile 
navigation unit with a sensor to obtain local pressure data; 
processing information representative of pressure data 
derived from a network of a plurality reference stations to 
obtain a correction factor; performing a calculation using the 
two-dimensional horizontal coordinate data, the local pres 
Sure data, and the correction factor to calculate an altitude 
coordinate; and determining an altitude of the mobile navi 
gation unit from the altitude coordinate. 

DRAWINGS 

0006 Embodiments of the present invention can be more 
easily understood and further advantages and uses thereof 
more readily apparent, when considered in view of the 
description of the preferred embodiments and the following 
figures in which: 
0007 FIG. 1 is a block diagram illustrating a system of one 
embodiment of the present invention; 
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0008 FIG. 2 is a block diagram illustrating a device of one 
embodiment of the present invention; and 
0009 FIG. 3 is a flow chart illustrating a method of one 
embodiment of the present invention. 
0010. In accordance with common practice, the various 
described features are not drawn to scale but are drawn to 
emphasize features relevant to the present invention. Refer 
ence characters denote like elements throughout figures and 
text. 

DETAILED DESCRIPTION 

0011. In the following detailed description, reference is 
made to the accompanying drawings that form a part hereof, 
and in which is shown by way of specific illustrative embodi 
ments in which the invention may be practiced. These 
embodiments are described in sufficient detail to enable those 
skilled in the art to practice the invention, and it is to be 
understood that other embodiments may be utilized and that 
logical, mechanical and electrical changes may be made with 
out departing from the scope of the present invention. The 
following detailed description is, therefore, not to be taken in 
a limiting sense. 
0012 Embodiments of the present invention address the 
problems of barometric altitude estimation by means of a 
network of barometric reference stations located at known 
positions. When a user with a mobile navigation device has 
access to information representative of the measurements 
provided by these reference stations, embodiments of the 
present invention provides methods that allow the mobile 
navigation device to incorporate weather front induced pres 
Sure variations into a barometric altitude estimation. That is, 
the information from the barometric reference stations is used 
to apply a correction factor to the mobile navigation device's 
barometer output data, providing for improved accuracy in 
calculating altitude coordinates. The correction factor may be 
provided, for example, by a spatial interpolation of the baro 
metric pressure measurements of the reference station barom 
eters within the network, and is applied to barometer output 
data and horizontal coordinate data generated by the mobile 
navigation device. 
0013 As mentioned above, embodiments of the present 
invention address inaccuracies in barometer based altitude 
estimates by utilizing a network of reference stations that 
measure atmospheric pressure at known horizontal coordi 
nates and altitudes. For example, time-varying pressure mea 
surements taken via the network of fixed outdoor reference 
stations are interpolated to determine a vector of coefficients 
that describe weather-front related pressure changes. A 
mobile navigation device equipped with a barometer will 
utilize the coefficients to correct for errors in its own pressure 
measurements for the purpose of determining an accurate 
measurement of its own altitude. 
0014 FIG. 1 is diagram illustrating a navigation system 
100 using barometric spatial interpolation of one embodi 
ment of the present invention. System 100 comprising a plu 
rality of N reference stations (shown generally at 110) spaced 
across a geographic region 105. As would be appreciated by 
one of ordinary skill in the art upon reading this specification, 
barometric pressure does not change much over Small areas of 
a horizontal plane. The reference stations should be suffi 
ciently space apart so that their collective measurements rep 
resent more than just cumulative point data. Accordingly, in 
one embodiment, reference stations are spaced at least 1 
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kilometer apart and geographic region 105 represents a city 
wide area. Mobile navigation unit 120 travels through-out 
geographic region 105 
0015 The purpose of collecting barometric pressure data 
from the reference stations 110 is to provide correction data to 
mobile navigation unit 120 that permits mobile navigation 
unit 120 to accurately determine its own altitude based on its 
own barometric sensor measurements. With embodiments of 
the present invention, that correction data is in the form of a 
vector of coefficients that describe the weather-front related 
pressure changes. These coefficients may be estimated based 
on a linear regression of the outdoor pressure measurements 
at the reference stations, and they define a linear function that 
provides an estimated model of the pressure variation within 
the region in and around the network of reference stations. 
Mobile navigation unit 120 may use an estimate of its location 
to interpolate into this function to provide a correction to its 
own barometric pressure data. 
0016 
110, let 

For example, for any one of the N reference stations 

X1 (i) (Eq. 1) 
X(i) = x2(i) e R 

x3 (i) 

where i=1,2,... N and N is the number of reference stations 
110 in R. The variables X (i) and x, (i) represent the horizon 
tal components of the location coordinates for reference sta 
tion 'i' and X (i) is a vertical component (i.e. an altitude 
coordinate) normal to the X (i) and X(i) coordinates. In alter 
nate embodiments, the three dimensional coordinate system 
chosen for x(i) may be arbitrarily selected. Over a given 
spatial region (for example, a 10 km by 10 km horizontal 
region with 1 km vertical extent) a barometric pressure, p(X), 
can be quite accurately approximated as a linear function of 
position, XeR (even as weather fronts are passing through 
region 105) using the equation: 

T V IT (Eq. 2) 
p(x) = to t 

h 

where coefficients b-Ib, ... bleR' and h is a scalar con 
stant representing a calibration bias offset. That is, h is a 
conditioning parameter for the purpose of making the matrix 
mathematics more stable. A value of h on the order of the 
average separation between reference stations 110 will 
achieve the desired stability. For this example, let h500 
meters. Equation Eq. 2 represents a linear equation derived 
from reference station 110 data that describes how pressure in 
region 105 varies with position. That is, if we have a know 
location for a user in three dimensions, Equations Eq. 2 will 
tell us what the pressure should be at that location. 
0017. To determine the four coefficients b, ... b. =b, 
pressure p(x) is measured at a plurality of “N’ locations in 
space. For at least one embodiment, N24. However, embodi 
ments comprising measurements from two or more locations 
are possible and contemplated as within the scope of embodi 
ments of the present invention. Combining equations (Eq. 1) 
and (Eq. 2) provides that 
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h 

for i=1,2,... N, which gives the matrix equation: 

P = Mt (Eq. 3) 

where 

p(x(1)) 

| p(x2)) 

p(x(N)) 

T 
and M = x(1) x(2) ... x(N) 

h h1 h1 

Thus, each of the values p(X(1)) . . . p(x(N)) of matrix P 
represent a barometric pressure reading obtained one of the 
reference stations 110 at one point in time, and M represents 
the locations of each of the reference stations 110. 

0018. In one embodiment, three of the N reference pres 
sure measurements would be made from stations 110 located 
on the ground near the horizontal boundaries of the region 
105, while the remaining measurements would be made at 
higher altitudes. However, embodiments of systems where 
measurements are obtained just from measurements made at 
ground level are also possible. In one such embodiment, 
measurements made at ground level are augmented by pseudo 
projected measurements generated for one hypothetical point 
above each of the N measured points (as explained in greater 
detail below). 
0019. Over small vertical displacements (for example 1 
km), p(x) varies linearly with altitude according to a coeffi 
cient, c, that itself depends on the temperature, T(x(i)) at 
each reference station 110. When that temperature T(x(i)) is 
known at each reference station 110, and pressure, p(X(i)), as 
measured at each reference station 110 is known, it is possible 
to then calculate a pressure at Some altitude, h, (for example, 
h=500 meters) above each of the reference stations 110 using 
the relationship 

where 

and where the coefficient, c, gives the rate of change of 
pressure with respect to altitude. In general, c is a function of 
pressure and temperature: 

dip p (Eq. 5) 
cT(p, T) = th. T (-0.0342 K/meter), 
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where temperature T is in Kelvin, and as a simplification of 
notation we define cro-C,(p(x(i)),T(x(i))). That is, for each 
measured pressure p(X(i)), a projected measurement is gen 
erated for a hypothetical point located above the actual mea 
sured point. This is shown in FIG. 1 as hypothetical point 112 
above each reference station 110. Augmenting the P and M 
matrixes of Equation Eq 3 above to include the N measured 
points and the N projected measurements, we get: 

M = X(1) ... x(N) x(1) + xi, ... x(N) + xi, e Rio 
h1 ... h. h1 ... h. 

0020 Solving for the coefficient vector beR is then 
accomplished using one of several techniques. For example, 
a least-squares solution for coefficient vector b is: 

b=(eI+MM) MP (Eq. 6) 

where M M is size 4x4 and e is selected such that eCIM|. In 
other words, the vector b is a result of a linear regression of 
pressure data from reference stations 110. As would be appre 
ciated by one of ordinary skill in the art, the size of MM will 
depend on the number of reference stations 110 in the net 
work. Each time that the pressure or temperature at any of the 
monitoring reference stations 110 change, the values of p(X 
(1)) through p(X(N)) change and the calibration is redone, 
providing a time varying set of coefficients b(t). Mobile navi 
gation unit 120 utilizes coefficients b(t) to obtain accurate 
altitude measurements for both indoor and outdoor environ 
ments as described next. 

0021. The coefficient vector b is approximately equal to: 

(Eq. 7) 1 dp dip dip 1 7 
b = Xi, dx2(i) dixa (i) (p(xi)-v-x(i); 

Where the pressure gradient V, is defined as: 

V, 
dip dip dip 

Tld (i) dix (i) dix (i) 

When N=1, then the horizontal components of the pressure 
gradient cannot be observed. This results in the following: 
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In this case, the coefficient vector b is simply given by 

1 b=0 0 cray (p(x1)-cru vs(1)) 

0022. For determining the altitude of mobile navigation 
unit 120 in outdoor environments, let 

y3 (t) 

be the time varying location of mobile navigation unit 120 
while p(y(t)) is the barometric pressure measured by mobile 
navigation unit 120. The three dimensional coordinate system 
selected for y(t) is the same as for x(i). For the system 
described above, y(t) and y(t) are horizontal coordinates of 
mobile navigation unit 120 while y(t) represents an altitude 
coordinate in a direction normal to the plane define by y(t) 
and y(t). It should be understood that the term “altitude 
coordinate' as used through-out this specification refers to a 
vertical distance from the plane defined by the two-dimen 
sional horizontal coordinate data. After solving for the cali 
bration coefficients, b(t) b(t) b(t) ba(t)=b(t), altitude, 
y(t), of mobile navigation unit 120 is calculated from the 
local pressure, p(y(t)), measured at the mobile navigation unit 
120 at horizontal location 

y(t) 
y2 (t) 

using the relationship: 

y(t) (Eq. 8) 
y2 (t) 
y3 (t) p(y(t)) = b(t) b(t) b3 (t) ba (t) 

So as long as mobile navigation unit 120 is located where the 
linear interpolation between reference points is valid (such as 
outdoors, or in a structure open to the atmosphere, for 
example), the altitude of mobile navigation unit 120 is com 
puted as: 

y(t) | (Eq. 9) 1 
y3(t) = tion -b1(t) b2 (t) ba(t) y2 (t) 

h 

0023. Since most buildings employ climate controls, 
determining the altitude of mobile navigation unit 120 in 
indoor environments requires incorporation of information 
regarding temperature. As with the outdoor case, let 
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y3 (t) 

be the time varying location of mobile navigation unit 120 
while p(y(t)) is the barometric pressure measured by mobile 
navigation unit 120. When the mobile navigation unit 120 
enters building 130, the indoor temperature can change with 
respect to outdoor temperature, changing the relationship of 
pressure-versus-altitude. Therefore, in one embodiment tem 
perature at module unit 120 is measured. In another embodi 
ment, the temperature at module unit 120 is assumed to be a 
constant (such as around 72 degrees Fahrenheit, for example). 
In one embodiment, inside the building, altitude is computed 
with respect to the fixed altitude, y(t), determined by mobile 
navigation unit 120 at the entrance to the building 130 using: 

p(y(t)) - po(t) - Apin out (Eq. 10) 
y3 (t) = y 3 (to) -- CTin (t) 

where to is the time just before mobile navigation unit 120 
enters the building 130, and y(t) is the calculated position 
vector for mobile navigation unit 120 at time to. The term 
Ap, is the pressure difference (e.g. induced by the climate 
control system) between the indoor and outdoor pressure at 
the point the mobile navigation unit 120 entered the building. 
For any time t, pressure at the building entrance, po(t) is 
estimated from po(t)=|b(t), y(to). Alternatively, a general 
expression is po(t) p(y(to)). With T, the measured or esti 
mated indoor air temperature, then 

CT, (t)-CT(po(t),T(t)). (Eq. 11) 

That is, the value y(to) measured at the entrance of the 
building is treated as a baseline and y(t) is subsequently 
determined based on changes from that baseline estimated 
from pressure and temperature data taken by remote unit 120 
at time, t. 
0024. As would be appreciated by one of ordinary skill in 
the art upon reading this specification, at least some degree of 
the accuracy in the altitude solution using the systems and 
methods described above is dependent on the quality of the 
sensor calibration at reference stations 110 and mobile navi 
gation unit 120. The better these sensors are calibrated, the 
more accurate the barometric pressure measurements they 
provide. 
0025. One way to reduce reliance on reference stations 
110 and mobile navigation unit 120 to provide accurate abso 
lute barometric pressure measurements is to apply a double 
difference approach. Using a double-difference approach the 
stream of barometric pressure measurements obtained at both 
the reference stations 110's sensors and the mobile navigation 
unit 120’s sensor are single-differenced with a measurement 
from their own data stream at Some fixed common time in the 
past referred to herein as time t. In other words, instead of 
performing calculations using measurements of absolute 
pressure, calculations are preformed based on differences in 
measured pressure, referred to herein as single-differenced 
measurements. The single-differenced measurements of the 
reference stations are then spatially interpolated to the user's 
position. Since we have assumed that the vertical pressure 
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gradient is constant at a given horizontal position, the single 
difference pressure variation is not dependent upon the alti 
tude. As a result, the single-differenced pressure measure 
ment from reference station i is defined as: 

x(i) 
Ap(x(i), t, is) = p(x(i), t) - p(x(i), t) = | b' 

h1 

0026. Accordingly, the calibration coefficients, now 
denoted as b', are defined as b'(t,t)_b(t,t) b',(t,t) b''(t,t) 
and are determined based on single-differenced measure 
ments of the pressures measured at reference stations 110 
rather than absolute pressure measurement data. As with the 
vector b, the vector b' is also result of a linear regression of 
pressure data from reference stations 110. Using this 
approach, the need to augment actual pressure measurements 
at known points with pseudo projected measurements is 
eliminated. This is also due to the fact that we have assumed 
the vertical pressure gradients are constant at a given hori 
Zontal position. 
0027. The interpolated reference station single-difference 

is then differenced with the current single-differenced data of 
mobile navigation unit 120’s barometer output stream. The 
current single-differenced data of mobile navigation unit 
120’s barometer output is given by Ap(y(t), t,t) p(y(t))-p(y 
(t)). This results in a double-difference relative pressure mea 
Surement, which is used to estimate the change in altitude that 
the mobile navigation unit 120’s position incurred during the 
time interval from t to t, and this altitude change estimate can 
be used to correct the mobile navigation unit 120’s barometric 
output. Note, in Subsequent references to Ap and b', the argu 
ments t and t will be implied and will not be included unless 
it is not explicitly clear what these arguments should be. The 
double-difference approach is advantageous since it effec 
tively reduces the number of unknown sensor biases from 
N+1 (being the N reference station 110's barometric sensors 
plus the mobile navigation unit 120’s sensor) to 1. 
0028. Using the equations from above, a linear matrix 
equation with unknown b' can be formed: 

AP = Mb’ (Eq. 11) 

where 

Ap(x(1)) 

Arts) and 
Ap(x(N)) 

X1(1) x1 (2) x(N) 
X2 (1) x2(2) ... x2(N) 
h hi ... h. 

and where each of the values Ap(X(1)) . . . Ap(x(N)) of the 
matrix AP represent a single-differenced barometric pressure 
reading obtained one of the reference stations 110 at one point 
in time. Note, the implied time arguments tandt are the same 
for all entries of AP. 
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0029 Solving for the coefficient vector beR for this case 
is also possible using one of several techniques. A least 
squares solution for coefficient vector b is: 

b'=(eIsMM)''MAP (Eq. 12) 

where MM is size 3x3 and e is selected such that e <||M|. As 
would be appreciated by one of ordinary skill in the art, the 
size of MM will depend on the number of reference stations 
110 in the network. As before, the eterm ensures invertability 
of the matrix above and that the coefficients of b are not 
unreasonably large, even when N3. Each time that the pres 
Sure or temperature at any of the monitoring reference sta 
tions 110 change, the values of Ap(X(1)) through Ap(x(N)) 
change and the calibration is redone, providing a time varying 
set of coefficients b'. 
0030. For determining the altitude of mobile navigation 
unit 120 double-difference based coefficients in an outdoor 
environments, let 

y3 (t) 

be the time varying location of mobile navigation unit 120 
while Ap(y(t)) is the single-difference barometric pressure 
change measured by mobile navigation unit 120 which can be 
computed as 

Understanding that this pressure difference is due to both 
changes in altitude experience by the mobile navigation unit 
120 during the time interval from t to t and the weather 
induced pressure variations experience by the mobile naviga 
tion unit during the time interval from t to t, this relationship 
can be generally approximated as: 

Where Ay(t,t) y(t)-y(t), c (t.t) is the “average' pressure 
rate of change versus altitude at the mobile unit 120, and 
Ap(y(t),t,t) is the weather-induced pressure change, which 
will be estimated via the single-differenced reference station 
data. Finally, the altitude coordinate y(t) at time t can be 
estimated as: 

(Eq. 14) 
y3 (t) = y 3 (is) + Ap(y, t, is) - Ap(y(t), t, is) 

CT (t, is) 

Since Ap(y,t,t) is a quantity computed overa time interval the 
resulting values c(t,t) and Ap (y(t),t,t) are integrated quan 
tities. The exact functions are given below, but in many cases 
computation of these integrals can be approximated and/or 
simplified: 

is 
CT (t, its) = 

dip, Ed. 16 Apw(x(t), t, is) = I f(x(t) dr, (Eq. 16) 
S 
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where 

is the rate of weather-induce pressure change at location X(t). 
The integral of Eq. 16 can be approximated as: 

Apw(x(t), t, is) = Apinterp(x(t), t, is) (Eq. 17) 

The integral of c(t,t) is just an averaging integral, and it can 
be computed via any number of means. Since the integrand of 
Eq. 16 is difficult to measure directly, Eq. 16 can be computed 
using Eq. 17 for trajectories where X(t) does not change in the 
interval from timet to t. When the mobile navigation unit 120 
does not move much in the time interval between time t and 
t, then Eq. 17, although not exact, is still a very good approxi 
mation of Eq. 16. Next are presented two-methods for apply 
ing Eq. 17 to general trajectories in an accurate, but not exact, 
manner. These are two of perhaps many methods that one 
embodiment of this invention may implement. 
The first approach is simply an "end-point averaging 
method. This method applies when the trajectory y(t) of 
mobile navigation unit 120 has nearly constant velocity. The 
'end-point averaging method is given by: 

y1 (is) 
y2 (ts) 
h1 

As the name implies and as the equation indicates, this is an 
average of the weather-induced pressure change at the start (at 
time t.) and stop (at timet) locations of mobile navigation unit 
120. It does not consider the trajectory of y(t) during the 
interval. Additionally, this method implicitly assumes (in 
addition to the near constant Velocity assumption) that the 
weather-induced pressure variations vary linearly, or nearly 
linearly, with time, otherwise b'(t,t) is not valid at both t and 
t. At the expense of more computation, effects of both of these 
assumptions can be alleviated. Thus, in one embodiment, an 
even more general method may be implemented. In this 
method, the full time interval from t to t is broken into k 
Sub-intervals, such that the assumptions of the 'end-point 
averaging method apply within each of the Sub-intervals. Let 
the k sub-intervals be defined as At-t-t-, where ie E 12.. 
... k, t’t for all i, and to t. In this method, the weather 
induced pressure change experienced at mobile navigation 
unit 120 during the time interval from t to t is given by: 

1 (y1 (t) 
Ap,(y(t), t, is) & 5 (b'(t, is) y2 (t) + 

k y (ii., ii-1) 
Apw(y(t), t, to X (b'(t;, t_1)'. y2 (ti, ti), 
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where y(t.t. ) represents the average of the position com 
ponent y(t) in the interval from t, to t, and similarly for 
y2(t-t-). 
0031. For determining the altitude of mobile navigation 
unit 120 in indoor environments, again let 

y3 (t) 

be the time varying location of mobile navigation unit 120 
while Ap(y(t)) is the single-difference barometric pressure 
change measured by mobile navigation unit 120. Inside build 
ing 130, indoor temperature can change with respect to out 
door temperature, changing the relationship of pressure-ver 
Sus-altitude. To obtain a temperature reference, temperature 
within the building 130 can either be measured by module 
unit 120, or alternately assumed to be a constant. In one 
embodiment, inside the building 130, altitude is computed 
with respect to the altitude coordinatey (to) which represent 
the altitude at the entrance of building 130 at the time to that 
mobile navigation unit 120 entered the building. This value 
becomes fixed and constant at time to and for all time after. 
Based upon Eq. 14, it is computed as: 

(Eq. 18) 
y3 (to) = y 3 (is) + Ap(y, to, is) - Ap (y(to), to , ts) 

CT (to, is) 

Once in building 130, the total altitude of mobile unit 120 is 
computed primarily based on the difference in pressure varia 
tion experienced by mobile unit 120 from the time of building 
entrance to to the current time t and the weather-induced 
pressure variation experienced during the same time interval 
at the outdoor location y(t)—the point the mobile navigation 
unit 120 entered the building. The altitude is computed as: 

y3(t) = (Eq. 19) 

y3 (to) + Ap(y, t, to) - Ap (y(to), t, to) - Api out 
CT (t, to) 

In this equation, the Ap(y,t.to) term is the pressure change 
experience by the mobile navigation unit 120 while inside the 
building, and Ap(y(t), t.to) is the weather-induced pressure 
change outside the building entrance. The term Ap, , is the 
pressure difference (e.g. induced by the climate control sys 
tem) between the indoor and outdoor pressure at the point the 
mobile navigation unit 120 entered the building. The pressure 
gradient quantity c (t.to) is computed based upon the indoor 
environment the user experiences in the interval from time to 
tOt. 

0032. It should be noted that all methods of altitude cal 
culation described herein have an inherent unknown bias. 
Therefore, for each of the embodiments described herein 
have the option of being calibrated by an external means Such 
as GPS, or other absolute reference system. As would be 
appreciated by one of ordinary skill in the art after reading this 
specification, unknown bias may enter via the quantity p(y(t)) 
of Eq. 9 (for outdoor applications) and/or Eq. 10 (for indoor 
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applications), and also through parameter y(t) of Eq. 10. 
The quantity p(y(t)) represents the raw barometer sensor out 
put of mobile navigation unit 120, and in general is inherently 
biased. Additionally, y(t) may or may not be biased, and it 
may or may not be correlated with the error in parameter 

0033. In one embodiment in operation, reference units 110 
each periodically measure and transmit data pertaining to the 
barometric pressure at their location. In one embodiment, 
they further transmit data pertaining to their own coordinates 
so that mobile navigation unit does not need to know each of 
their locations a priori. In one embodiment utilizing the 
double-difference approach, the data pertaining to the baro 
metric pressure is in the form of single-difference pressure 
data. In other embodiments utilizing the double-difference 
approach, the mobile navigation unit 120 will compute the 
single differences from reference station data itself. This 
option is advantageous because all time-syncing can be done 
in one platform: the mobile unit 120. For embodiments not 
utilizing the double-difference approach, the data pertaining 
to the barometric pressure provides absolute pressure mea 
Surements. In some embodiments, absolute pressure mea 
Surements are accompanied by pseudo projected measure 
ments generated for hypothetical points existing a predefined 
distance above the measured points. In yet other embodi 
ments, the mobile unit 120 will calculate the hypothetical 
projected data points itself. 
0034. In one embodiment, the data pertaining to the baro 
metric pressure transmitted by the references units 110 is 
received, either directly or indirectly, by remote unit 120. 
Remote unit 120 then calculates a linear regression resulting 
in either b or b' from that data, and proceeds with calculating 
an altitude coordinate, y(t) using the methods described 
above, based on current pressure data (either with or without 
temperature data) measured and collected at remote unit 
120's current location. 

0035. In another embodiment, absolute barometric pres 
sure data transmitted by the references units 110 is received 
directly by a central node 115, which then calculates the 
coefficients b from that data. Central node 115 then transmits 
the coefficients b to remote unit 120. This approach simplifies 
the amount of calculation that must be performed by mobile 
navigation unit 120, thus requiring less processing. In one 
embodiment, the function just described for central node 115 
is instead incorporated into one of the reference stations 110 
rather than in a stand-alone node. Once mobile navigation 
unit 120 receives the coefficients b, it proceeds with calculat 
ing altitude coordinate, y(t), using the methods described 
above, based on current pressure data (either with or without 
temperature compensation) at the mobile navigation unit's 
current location. 

0036 FIG. 2 is a block diagram illustrating a mobile navi 
gation unit 200 of one embodiment of the present invention 
for realizing mobile navigation unit 120 as described in FIG. 
1. Each of the optional embodiments thus described above for 
mobile navigation unit 120 apply to mobile navigation unit 
200 and Vice-versa. 

0037 Mobile navigation unit 200 comprises a barometric 
pressure sensor 205, a navigation function 210, a wireless 
receiver 215 in communication with a network comprising a 
plurality of reference stations (such as reference stations 110 
above), and a processor 220 embedded within the mobile 
navigation unit 200 coupled to a memory 225. Navigation 
function 210 may be any device capable of determining the 
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horizontal coordinates of unit 200. For example, in one 
embodiment, navigation function 210 comprises a global 
navigation satellite system (GNSS) receiver, such as but not 
limited to a Global Positioning System (GPS) receiver. In 
other embodiments, navigation function 210 may employ 
other navigation technologies, such as but not limited to iner 
tial reference units and or dead-reckoning devices. The pro 
cessor 220 generates local pressure data based on pressure 
measurements from the barometric pressure sensor 205 and 
two-dimensional horizontal coordinate data from navigation 
data provided by the navigation function. Processor 220 fur 
ther applies the two-dimensional horizontal coordinate data 
and the local pressure data to a coefficient vector (either b or 
b') resulting from a linear regression pressure data derived 
from the plurality reference stations to calculate an altitude 
coordinate and from that determine an altitude of mobile 
navigation unit. The coefficient vectors b and b' may be 
obtained in any of the manners described above or below in 
this specification. As mentioned above, it should be under 
stood that the term “altitude coordinate' as used through-out 
this specification refers to a vertical distance from the plane 
defined by the two-dimensional horizontal coordinate data. 
0038. As discussed above, pressure measurements uti 
lized to determine local pressure data and obtain the linear 
regression of pressure data, represented by the coefficients of 
b (or b'), may be based on absolute pressure data values or a 
double-difference approach. In one embodiment, the coeffi 
cients for b (or b") are received by the wireless receiver from 
the network while in other embodiments, the coefficients for 
b (or b') are determine by processor 220 from pressure data 
received by the wireless receiver from the network. 
0039. In one embodiment, processor 220 then applies the 
two-dimensional horizontal coordinate data and the local 
pressure data to the results of the linear regression utilizing an 
algorithm equivalent to either equations Eq. 2 or Eqs. 14 and 
17. As would be appreciated by one of ordinary skill in the art 
upon reading this specification, for Some embodiments, com 
puter executable code for performing the above algorithms 
may be stored in memory device 225 for execution by pro 
cessor 220. In one embodiment, processor 220 and the other 
components of mobile navigation unit 200 are comprised 
within a real-time embedded platform. 
0040 FIG. 3 is a flow chart illustrating a method per 
formed by a mobile navigation unit of one embodiment of the 
present inventions, such as mobile navigation units 120 and 
200 described above. As such, alternatives disclosed with 
respect to this method apply to the embodiments described 
above with respect to FIGS. 1 and 2, and vice-versa. 
0041. The method begins at 310 with measuring a hori 
Zontal location of a mobile navigation unit to generate two 
dimensional horizontal coordinate data. In one embodiment, 
where the three-dimensional coordinates of the mobile unit 
are represented by the vector 

y3 (t) 

the two-dimensional horizontal coordinate data is contained 
in y(t) and y(t), while y(t) represent an altitude coordinate 
in the direction normal to the plane defined by y(t) and y(t). 
In one embodiment, the two-dimensional horizontal coordi 
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nate data y(t) and y(t) are longitude and latitude data, Such 
as measured by a global navigation satellite systems (GNSS). 
In one embodiment, the two-dimensional horizontal coordi 
nate data y(t) and y(t) are GPS coordinates. In other 
embodiments, other coordinate reference frames are used 
which may be either locally or globally based. 
0042. The method proceeds to 320 with measuring a baro 
metric pressure at the mobile navigation unit with a sensor to 
obtain local pressure data and next to 330 with processing 
information representative of pressure data derived from a 
network of a plurality reference stations to obtain a correction 
factor. In one embodiment, this involves obtaining coeffi 
cients (either b or b') resulting from a linear regression of 
pressure data derived from a network of a plurality reference 
stations. In one embodiment, the coefficients may be received 
pre-calculated from the network of reference stations while in 
other embodiments, the coefficients are determine by proces 
sor directly (using any of the methods described above) from 
pressure data received from the network of reference stations. 
0043. The method next proceeds to 340 with performing a 
calculation using the two-dimensional horizontal coordinate 
data, the local pressure data, and the correction factor to 
calculate an altitude coordinate. For one embodiment, this 
involves performing a linear interpolation using the two-di 
mensional horizontal coordinate data, the local pressure data, 
and the coefficients to calculate an altitude coordinate. 
0044 As discussed above with respect to FIG. 1, a rela 
tionship between barometric pressure, p(y), and a position 

can be accurately established through a linear function rep 
resented by the vector, b, using the equation: 

T Ed. 20 
=b (Eq. 20) 

where h is a scalar constant representing a calibration bias 
offset as already discussed above, and where coefficients for 
b=b... beR', have already been obtained in block330 for 
present environmental conditions. Thus where values for 
p(y), b, and the two-dimensional horizontal coordinate data 
y(t) and y(t) are known, the only remaining unknown, y(t), 
is readily solved for using standard matrix mathematical tech 
niques. 
0045. For example, where the local pressure data at the 
mobile navigation unit is measured as an absolute pressure, 
p(y), rather than a single-differenced measurement, an alti 
tude coordinate can be calculated using a formula equivalent 
tO: 

(Eq. 21) 

0046. In contrast, where the local pressure data at the 
mobile navigation unit is utilized to obtain a single-differ 
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enced measurement, Ap(y), rather than an absolute measure 
ment, analtitude coordinate can be calculated using a formula 
equivalent to: 

(Eq. 22) 
y3 (t) = y3 (is) + Ap(y, t, is) - Ap(y(t), t, is) 

CT (t, is) 

based on the relationship 

y 

Ap(y(t), t, t) = b(t, is). y2 
h 

where the coefficients for vector b'(t,t)=b'(t,t) b'(t,t) b's 
(t.t.) are determined based on single-differenced measure 
ments of the pressures measured at reference stations rather 
than absolute pressure measurement data. 
0047. The method next proceeds to 350 with determining 
an altitude of the mobile navigation unit from the altitude 
coordinate. Where the mobile navigation unit is outdoors, the 
altitude coordinate y(t), may be directly interpreted as the 
altitude of the mobile navigation unit. In other embodiments, 
the altitude coordinate determined at 340 represents a base 
line altitude from which the actual altitude of the mobile 
navigation unit is then determined. For example, in one 
embodiment, the altitude coordinate determined at 330 rep 
resents an altitude, y(t), determined by the mobile naviga 
tion unit at the entrance to a building. In that case, determin 
ing an altitude of the mobile navigation unit from the altitude 
coordinate can be determined using equations equivalent to 
either: 

p(y(t)) - po(t) - Api out (Eq. 23) 
y3(t) = y2 (to) -- 

CTin (n) 
Or, 

y3(t) = (Eq. 24) 

y3 (to) + Ap(y, t, to) - Ap (y(to), t, to) - Apin out 
CT (t, to) 

where to is the time just before the mobile navigation unit 
enters a building, andy(to) is the calculated position vector for 
the mobile navigation unit at time to. For any time t, pressure 
data at the building entrance and 

dip 
CT in (t) = th 

can be estimated using absolute or single-differenced pres 
Sure data as described above. That is, the value y(t) mea 
sured at the entrance of the building is treated as the baseline 
and y(t) is Subsequently determined based on changes from 
that baseline estimated from pressure and temperature data 
taken by the remote navigation unit at time, t. 
0.048. In one embodiment of the method shown in FIG. 3, 
applying the two-dimensional horizontal coordinate data and 
the local pressure data to a linear regression of pressure data 
further comprises receiving barometric pressure data and/or 
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location data from the plurality of reference stations and 
calculating the coefficients of b orb' at the mobile navigation 
unit. In another embodiment, the coefficients of b or b' are 
calculated external to the mobile navigation unit and then 
received by the mobile navigation unit for use in calculating 
the altitude coordinate at 330. For example, in one application 
one reference station of the network of reference stations may 
have the responsibility of collecting pressure data from the 
network, calculating the coefficients of b, and then transmit 
ting those coefficients of b for use by one or more mobile 
navigation units within the region serves by the network. In 
other applications, a stand-alone node instead performs the 
collecting of pressure data, and calculating and transmitting 
of coefficients for b. 
0049. Several means are available to implement the sys 
tems and methods discussed in this specification. These 
means include, but are not limited to, digital computer sys 
tems, microprocessors, programmable controllers and field 
programmable gate arrays (FPGAs) or application-specific 
integrated circuits (ASICs). Therefore other embodiments of 
the present invention are program instructions resident on 
computer readable media which when implemented by such 
means enable them to implement embodiments of the present 
invention. Computer readable media include any form of a 
physical computer memory storage device. Examples of such 
a physical computer memory device include, but is not lim 
ited to, punch cards, magnetic disks or tapes, optical data 
storage system, flash read only memory (ROM), non-volatile 
ROM, programmable ROM (PROM), erasable-program 
mable ROM (E-PROM), random access memory (RAM), or 
any other form of permanent, semi-permanent, or temporary 
memory storage system or device. Program instructions 
include, but are not limited to computer-executable instruc 
tions executed by computer system processors and hardware 
description languages such as Very High Speed Integrated 
Circuit (VHSIC) Hardware Description Language (VHDL). 
0050 Although specific embodiments have been illus 
trated and described herein, it will be appreciated by those of 
ordinary skill in the art that any arrangement, which is calcu 
lated to achieve the same purpose, may be substituted for the 
specific embodiment shown. This application is intended to 
cover any adaptations or variations of the present invention. 
Therefore, it is manifestly intended that this invention be 
limited only by the claims and the equivalents thereof. 

1. A method for mobile navigation, the method compris 
ing: 

measuring a horizontal location of a mobile navigation unit 
to generate two-dimensional horizontal coordinate data; 

measuring a barometric pressure at the mobile navigation 
unit with a sensor to obtain local pressure data; 

processing information representative of pressure data 
derived from a network of a plurality reference stations 
to obtain a correction factor, 

performing a calculation using the two-dimensional hori 
Zontal coordinate data, the local pressure data, and the 
correction factor to calculate an altitude coordinate; and 

determining an altitude of the mobile navigation unit from 
the altitude coordinate; 

wherein processing information further comprises obtain 
ing coefficients resulting from a linear regression of 
pressure data derived from the network of a plurality 
reference stations; and 
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wherein performing a linear interpolation using the two 
dimensional horizontal coordinate data, the local pres 
sure data, and the coefficients to calculate the altitude 
coordinate. 

2. (canceled) 
3. The method of claim 1, wherein the coefficients com 

prises either: 
a vector of coefficients, b, where b-Ib, ... beRiderived 

from pressure data as measured by the plurality of ref 
erence stations, or 

a vector of coefficients, b', where b'—b' . . . b'leR 
derived from pressure data as measured by the plurality 
of reference stations. 

4. The method of claim 1, wherein three-dimensional coor 
dinates of the mobile navigation unit are represented by the 
Vector 

the two-dimensional horizontal coordinate data is contained 
in y(t) and y(t), and y(t) represent an altitude in a direction 
normal to the plane of y(t) and y(t). 

5. The method of claim 1, wherein the local pressure data at 
the mobile navigation unit provides a single differenced pres 
Sure value; and 

wherein the information representative of pressure data is 
derived from single-differenced pressure data provided 
by the plurality of reference stations. 

6. The method of claim 1, wherein the correction factor is 
based on an equation equivalent to 

where h is a scalar constant representing a calibration bias 
offset, and where coefficients for b-b . . . bleR', are 
known for present environmental conditions. 

7. The method of claim 1, wherein determining an altitude 
of the mobile navigation unit from the altitude coordinate 
further comprises utilizing the altitude coordinate for a base 
line altitude from which the altitude of the mobile navigation 
unit is then determined. 

8. The method of claim 1, further comprising receiving the 
information representative of pressure data from the plurality 
of reference stations and calculating the correction factor at 
the mobile navigation unit. 

9. A system for mobile navigation, the system comprising: 
a network including a plurality of reference stations, each 

of the reference stations transmitting pressure data 
derived from barometric pressure measurements; 

at least one mobile navigation unit in communication with 
the network, wherein the at least one mobile navigation 
unit applies two-dimensional horizontal coordinate data 
and local pressure data to information representative of 
pressure data derived from the plurality reference sta 
tions to calculate an altitude coordinate and determine 
an altitude of the at least one mobile navigation unit; 

wherein the information representative of pressure data 
comprises either: 
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a vector of coefficients, b, where b-b . . . bleR' 
derived from the pressure data measured by the plu 
rality of reference stations, or 

a vector of coefficients, b', where b'—b' . . . b'leR 
derived from the pressure data measured by the plu 
rality of reference stations. 

10. The system of claim 9, wherein the at least one mobile 
navigation unit further comprises a barometric pressure sen 
Sor to generate the local pressure data, and a navigation func 
tion for determining the two-dimensional horizontal coordi 
nate data. 

11. The system of claim 10, wherein the navigation func 
tion comprises a global navigation satellite system (GNSS) 
receiver. 

12. The system of claim 9, wherein the local pressure data 
at the mobile navigation unit provides a single differenced 
pressure value, and 

wherein the information representative of pressure data is 
derived from single-differenced pressure data provided 
by the plurality of reference stations. 

13. (canceled) 
14. The system of claim 9, wherein the network further 

comprises at least one node that receives the pressure data 
measured by the plurality of reference stations, calculates the 
vector of coefficients, b, and transmits the vector of coeffi 
cients, b, to the at least one remote navigation unit. 

15. A mobile navigation unit, the mobile navigation unit 
comprising: 

a barometric pressure sensor, 
a navigation function; 
a wireless receiver in communication with a network com 

prising a plurality of reference stations; 
a processor embedded within the mobile navigation unit; 
wherein the processor generates local pressure databased 

on pressure measurements from the barometric pressure 
sensor and two-dimensional horizontal coordinate data 
from navigation data provided by the navigation func 
tion; 

wherein the processor performs a calculation using the 
two-dimensional horizontal coordinate data, the local 
pressure data, and a correction factor to calculate an 
altitude coordinate, wherein the correction factor is 
derived from information representative of pressure data 
derived from the network of the plurality reference sta 
tions; 

wherein the processor performs a linear interpolation using 
the two-dimensional horizontal coordinate data, the 
local pressure data, and coefficients derived from a lin 
ear regression to calculate an altitude coordinate, 
wherein the coefficients are derived from a linear regres 
sion of pressure data derived from the network of the 
plurality reference stations. 

16. (canceled) 
17. The mobile navigation unit of claim 15, wherein the 

linear regression of pressure data is derived from single 
differenced pressure data provided by the plurality of refer 
ence stations. 

18. The mobile navigation unit of claim 15, wherein the 
coefficients comprises either: 

a vector of coefficients, b, where b-Ib, ... beRiderived 
from the pressure data measured by the plurality of 
reference stations, or 
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a vector of coefficients, b', where b'—b' . . . b'leR 20. The mobile navigation unit of claim 15, wherein the 
derived from the pressure data measured by the plurality correction factor is determine by the processor from the pres 
of reference stations. sure data from the plurality reference stations as received by 

19. The mobile navigation unit of claim 15, wherein infor- the wireless receiver from the network. 
mation representative of pressure data is received by the 
wireless receiver from the network. ck 


