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and
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Abstract

The infrastructure of the Global Positioning System (GPS), with a minimum of
twenty four satellites in precisely determined orbits, each transmitting on two radio
frequencies of approximately 1.58 GHz and 1.23 GHz, opens new opportunities for
meteorology through radio occultation. A small satellite in low earth orbit (LEO)
carrying a GPS receiver will see the satellites of the GPS constellation rise and set
behind the earth. From measurements of the Doppler shifts of the radio waves during
occultations of the GPS satellites, it is possible to deduce the bending of the radio
waves in the atmosphere of the earth, and hence determine the density profile of
the atmosphere. The method is unaffected by cloud, does not involve radiometric
calibration like other remote sensing methods, and provides density soundings over
the entire globe.

This technical paper examines the spatial distributions of occultations for four
different GPS antenna configurations on the LEG and for orbits of the LEO ranging
from equatorial to polar. It is found that the most uniform spatial distribution of
occultations occurs for orbits with inclinations near 60° and 120°. In addition, prob-
ability distributions are computed for the number of GPS satellites in view and the
geometric dilution of precision, the latter being a measure of the accuracy with which
the orbit of the LEO may be determined.

Because underflight of a GPS satellites by the LEO offer an opportunity to de-
termine the structure of the ionsophere along radial lines from the LEO to the GPS
satellite, the paper also computes the frequency of underflights and their spatial dis-
tributions.
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1 Introduction

Density sounding of the atmosphere using radio occultation of GPS satellites, commonly
called ‘GPS meteorology’, involves a low earth orbiting satellite (LEQ), the constellation
of GPS navigation satellites, and a network of fiducial ground stations with precise GPS
receivers (Melbourne et al., 1994; Kursinski et al., 1996; Hajj et al., 1995; Eyre, 1994;
Gorbunov, 1996). GPS satellites visible from the LEO along rays that do not intersect
the earth’s atmosphere are used in conjunction with the ground stations to determine the
position and velocity of the LEO with high accuracy. The remaining GPS satellites are
occulted by the earth. From precise measurements of the refraction of GPS carrier waves
in the atmosphere during an occultation, the vertical profile of density in the atmosphere
may be determined. This is most effective for GPS satellites occulted on or near the
direction of the velocity of the LEO.

These considerations lead to the following principles guiding the selection of an orbit
for GPS meteorology.

1. The orbit should ensure that sufficient GPS satellites are in view to allow precise
determination of the LEO orbit. This requirement presupposes an objective measure
of the effectiveness of a GPS configuration for navigation.

9. The orbit should maximize the number of occultations of GPS satellites.

3. Because meteorology is global, the orbit should ensure that the spatial distribution
of occultations is uniform.

In this report, we use a numerical orbital model to track the LEO and the GPS con-
stellation simultaneously, to determine which GPS satellites are visible from the LEO and
which are occulted by the earth, and to map the spatial distribution of the occultations.
We consider orbits for the LEO with inclination ranging from 0° to 180° and with right
ascension of the ascending node at epoch ranging from 0° to 60°. Definitions of these an-
gles are illustrated in figure 1. The restricted range for the latter suffices because the GPS
satellites are contained in six planes equally spaced in ascending node at 30°, 90°, 150°,
210°, 270° and 330°. The eccentricity of each orbit considered for the LEO is assumed to
be zero, because most earth observing satellites a:+ i near circular orbits, and the mean
anomaly at epoch is taken to be zero.

Because the forces acting on the satellites are not centrally symmetric, the orbits
precess. For the GPS satellites, the rates of precession of the argument of perigee (w) and
right ascension of the ascending node (§2) are small, but such is not the case for the LEO.
In particular, the right ascension of the ascending node may precess at up to 7.5° per
day, depending upon the inclination and semi-major axis of the LEO orbit. Therefore, by
considering values of Q at cpoch between 0° and 60°, we are sampling different intervals
of the orbital motion. These intervals overlap for low inclination orbits with rapid rates of
precession, whereas for near polar orbits they are disjoint. Because the semi-major axis of
the LEO orbit has only a secondary effect upon the rate of precession, we consider only one
value, 7200 km, lying in the range typical of most LEOs. In practice, the semi-major axis
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will be adjusted so that the LEO revisits a nominated ground station at a predetermined
interval.

In addition to occultations, we determine for each orbit the number of times that
the LEO underflies a GPS satellite. This information is needed to assess the practicality
of probing the structure of the ionosphere along radial lines between the LEO and GPS
satellites.

The visibility of GPS satellites from the LEO depends upon the location of the GPS
antenna on the LEO and the field of view of the antenna, the latter defined by the max-
imum angle 6, between the antenna axis and detectable rays. We consider four bus and
antenna configurations.

1. The simplest configuration assumes that the LEO is not rotating and that the GPS
antenna points backwards along the track of the LEO. The field of view of the
antenna is assumed to be the rearward hemisphere, specified by 6, = 90°. This
configuration is attractive because occultations fore and aft of the LEO occur in the
shortest time, and hence give best horizontal localization of the density profile.

2. The simple configuration described above presents one face of the LEO to the sun
during each orbit, possibly producing large temperature gradients in the bus. There-
fore, it is likely that the LEO will rotate slowly about its vertical axis in order to
improve the thermal regulation. In the second configuration, the antenna axis lies
in the horizontal plane and rotates with the bus with a period of 10 minutes.

3. We assume in the third configuration that the GPS receiver has two antennas, in-
clined at 45° to the vertical and separated by 180° in azimuth. The field of view of
each antenna is the hemisphere centred on the antenna axis, so 6, = 90°. The LEO
is assumed to rotate slowly about the vertical axis.

4. In the final configuration, we assume that the bus is rotating, that the antenna axis
is vertical, and that the antenna field of view extends below the horizontal plane
with #, = 120°. Such a configuration requires the antenna to be mounted upon a
small pedestal above the top of the LEO. It has the advantages that the field of view
is unaffected by rotation of the bus and that one antenna can be used to observe
both occultations and overhead GPS satellites. However, it is unclear whether an
antenna could be designed with such a wide field of view without sacrificing gain,
or whether the antenna could be located on the satellite bus with an unobstructed
view. Therefore, this configuration must be regarded as an attractive, but possibly

impractical, idealization. P

The simulations involve 26 GPS satellites, 105 possible orbits for the LEO, four antenna
configurations and several indices of performance. Presentation of so much information
poses the usual quandary of whether to illustrate important points with selected highlights
or to include all plots in a comprehensive analysis. The compromise we have adopted shows
summary information for the number of satellites in view from the LEO, the number setting
behind the earth and the number of GPS underflights, while we show in greater detail the
spatial distributions of occultations.
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Parameter Symbol
Semi-major axis a
Eccentricity e
Mean anomaly M

w

i

Q

Argument of perigee
Inclination
Right ascension of the ascending node

Table 1: Keplerian orbital elements and their symbols.

2 Orbit model

2.1 Satellite positions and velocities

All orbits are assumed to be elliptical and are specified by their Keplerian elements listed
in table 1. The Keplerian elements for the satellites of the GPS constellation are obtained
from precise GPS orbits calculated daily by analysis of GPS data from a global network
of tracking sites. The LEO orbits are assumed to precess under the influence of the
non-central gravitational potential of the earth, but other forces (such as atmospheric
drag, radiation and particle bombardment, and the effects of sun, moon and planets) are
neglected. We write the gravitational potential of the earth in geocentric coordinates
(z,y, 2) in the form

_K? Jo

. J3
2

|4 (3—5sin?8)sind+...|,

where K is the terrestrial gravitational constant, r is the distance to the spacecraft and
§ = arcsin(z/r).

Because the term involving J, dominates the higher order corrections, we discard the latter
and use first order perturbations (in time) to calculate the satellite positions and velocities
(Brouwer and Clemence, 1961). Omission of the higher order corrections has negligible
impact on the results of this report. The non-central potential causes secular drifts of the
argument of perigee and right ascension of the ascending node. The anomalistic period
of the orbit, denoted P’ and defined to be the time between successive passages of the
perifocus, is given by

-1
P=P [1—}—0\/1 — 2 (1— %sin%)} ,
where P is the Keplerian period for a purely central potential,

2r
P ="_g3?
K
and
J2

3
¢= 2a2(1 — €2)?’
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Precession of GPS orbits

w 0.023°/day
Q -0.039°/day
P -P -0.28 ms

Table 2: Typical rates of precession of the argument of perigee and right ascension of the
ascending node for GPS satellites. The inclination minimizes the difference between the
anomalistic period and the period based on elliptical motion in a central potential,

The evolution of the mean anomaly, argument of perigee and right ascension of the as-
cending node are taken in the first order approximation to be

M(t) = Mo+ M(t—tg),
w(t) = wo+w(t—to),
Q(t) = Q-+ Q(t — to),
where the subscript zero temporarily denotes values at epoch and the time derivatives are
given by
27
']37)
. . D . g,
w = CM 2—§sm i),

M =

Q = —CMcosi.

The inclinations of the GPS satellite orbits have been chosen so that the anomalistic
period is equal to the Keplerian period. Furthermore, the semi-major axis of the GPS
orbits is so large that the rates of precession of the argument of perigee and right ascension
of the ascending node are very small, as indicated by the typical values listed in table 2. In
contrast, the orbit of the LEO precesses rapidly, with the rate determined principally by
the inclination of the orbit. Figure 2 shows the rates of precession (in degrees per day) of
the argument of perigee and the right ascension of the ascending node as a function of the
inclination of the LEO orbit. Only the range ¢ < 90° is plotted, because w is symmetric
about 90° while € is antisymmetric. Also shown in figure 2 is the difference (in seconds)
between the anomalistic period P’ and the Keplerian period P. Each panel of the figure
has curves corresponding to semi-major axes of 7000 km and 7400 km, spanning the likely
range for most LEOs. The corresponding altitude range is approximately 640-1040km.
The figure emphasizes the secondary role of semi-major axis in determining the rate at
which the orbit precesses.

We assign index 0 to the LEO and label the GPS satellites from 1 to n. The model
follows the trajectories of the LEO and the GPS satellites, starting from epoch time ¢
and advancing in time steps of At until time ¢;. The simulations span ten days in 10s
time steps. For the k** satellite, the orbit model computes the following quantities:

Xk, the position of the satellite in geocentric coordinates;
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ri = |xk|, the distance of the satellite from the centre of the earth;

Uy = Xx/Tk, a unit vector pointing from the centre of the earth to the satellite;
ts, a unit vector parallel to the velocity of the satellite;

W, a unit vector parallel to ug X tg;

Vi = Wi X Uy, a unit vector perpendicular to both wy and ug, completing a right-
handed system of axes centred on the satellite;

qy, & unit vector pointing from the LEO to the k" GPS satellite,

Xk — Xo

qr = lxk —XO|.

2.2 Visibility

We let m denote the axis and 6, the horizon of the antenna, the latter defined to be the
maximum angle that rays may make with m and still be detected by the GPS receiver.
We deem a GPS satellite to be visible from the LEO if the ray connecting them is above
the horizon for the antenna and does not intersect the earth. Thus, the k* GPS satellite

is deemed visible if
0k S 0*7

where
cosfp = m-qy.

Refraction in the atmosphere is neglected in this step, but the omission has negligible
effect upon the conclusions of this report.

In order to decide whether GPS satellite k is occulted by the earth, we consider a ray
with length o starting at roup (the LEO) and pointing in direction q; towards the Kt
GPS satellite. This ray will intersect the earth if the vector

hy = roup + aqy,

from the centre of the earth to the end point of the ray has components that satisfy the
equation defining the spheroidal surface of the earth. Such is the case if o satisfies the

quadratic equation

réP + 2aroR + o*Q = a2, (1)
where

P = u} + uj + uj(ac/be)?,

Q - q% + q% + q%(ae/be)2a
and

R = u1qy + g2 + uags(ac/be)’.
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In these expressions, a. and b, denote the semi-major and semi-minor axes of the earth
and u; and ¢; denote the components of ug and q;. Equation (1) has two real solutions if

A= R"-Q(P - aZ/r§) >0, (2)

so the ray intersects the earth when condition (2) is satisfied, and misses otherwise. The
required solution for « is

o= %um ~VA).

2.3 Quality of the GPS configuration

We use ‘geometrical dilution of precision’, denoted by G, as a measure of the quality of
the configuration of visible GPS satellites for determining the position and velocity of the
LEO. Following Spilker, Jr. (1996), we define

G = trace(G*G),

where GG is the matrix representing the sensitivity of pseudoranges to uncertainties in GPS
satellite positions and GPS clock biases. The matrix G is given by

qr, 1
=1 % 1
Qgy, L

where ki, ko, ..., kn, label the GPS satellites visible from the LEO, N, in number. The
unit vectors qy, , q,, . - o Uiy, are regarded as row vectors, so GG is an (N, x 4) matrix. It
is straightforward to deduce that

4
g - Z 51_2)
I=1

where sy, 9, 53 and s4 are the singular values of G. We expect that accuracy of navigation
will be high when G is small, and vice-versa.

2.4 Setting satellites and GPS underflights

We deem a GPS satellite to be setting if it is visible at one time step but occulted by the
earth at the next. Setting satellites are only counted if they are contained within a cone
centred on the (negative) velocity axis of the LEO with vertex angle (. Thus, we count
GPS satellite k as setting if

Gk <G or G 2> = Cyy

where
cos(r = —to * qp.
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Configuration

1 2 3 4
Number of antennas 1 1 2 1
Antenna direction m | Rearward Rotating Inclined Upward
Frequency of rotation v 0 144 144 Irrelevant
Visibility cone angle 6, 90° 90° 90° 120°
Setting cone angle Cx 45° 45° 45° 45°
Overhead cone angle 10° 10° 10° 10°

Table 3: Antenna configurations. Frequency of rotation is expressed in revolutions per
day.

Similarly, we deem GPS satellites to be overhead if they lie within a cone centred on
the position axis with vertex angle x,. Thus, we count GPS satellite £ as overhead if

Xk < X

where
COS Xk = Up * Q-

2.5 Antenna configurations

In order to promote better thermal regulation of the payload, it is probable that the LEO
will rotate slowly about its ug axis with frequency v. As an indication of the frequency,
we note that a micro-satellite commissioned by the US Air Force from the University of
Surrey completes a full revolution every 10 minutes.

We consider the four antenna configurations outlined in the introduction and summa-
rized in table 3. The antenna axes are expressed in terms of the local coordinate axes for
the LEO as follows:

—Vo in case 1

m = -p in case 2
] (wEp)/v2 incase3d ’

Uug in case 4

where p denotes a unit vector in the horizontal plane rotating with the bus,
p = —cos2nv(t — tg) vo + sin 2mv(t — to) Wo.

In configuration 2, the antenna axis points back along the satellite track at epoch, but
thereafter rotates about the ug axis with frequency v. In configuration 3, the twin antennas
are inclined at 45° to the vertical, but are 180° apart in azimuth. Both antennas rotate
with the bus. The value 6, = 120° for configuration 4 represents the practical minimum
if an upward pointing antenna on the LEO is to observe any occultations. This is easily
confirmed by finding the angle at which a ray from the LEO is tangential to the earth.
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3 Results

We begin by considering the impact of orbit inclination upon the spatial distribution
of occultations and showing that the requirement that occultations should be distributed
uniformly over the globe limits the inclination to two narrow ranges. Although we will show
results for only one antenna configuration over the range 0° < i < 180°, the conclusion is
valid for all. This finding allows us to focus on the restricted range of inclinations for the
remainder of the report.

Figures 3 and 4 show the spatial distribution of occultations for configuration 1 with
rearward pointing antenna, semi-major axis 7200 km, and right ascension of the ascending
node 2 = 30° at epoch. The panels on the left show the spatial distributions for inclina-
tions increasing from 0° to 90°, while the panels on the right correspond to inclinations
decreasing from 180° to 90°. The horizontal axis in each panel is the longitude X of the
occultation, while the vertical axis is not latitude ¢ but sin ¢, varying from —1 to +1.
Because space on the vertical axis is limited, only labels corresponding to +60°, £30°
and 0° are marked. The choice of sin ¢ for the vertical coordinate ensures that a uniform
distribution of occultations, with equal numbers in equal areas of the globe, would appear
as a uniform distribution of points in the plots.

We see in figures 3 and 4 that the distribution of occultations is localized near the
equator for both low and high inclination orbits, but diffuses towards the poles as the
inclination approaches 90°. For inclinations in the ranges 0° < 7 < 50° and 130° < 7 <
180°, the polar regions are unsampled, while occultations over the equatorial and mid-
latitude regions are noticeably sparse for inclinations in the range 70° < 7 < 110°. The
situation is similar for all antenna configurations. Therefore, we will focus henceforth on
the range 50° < ¢ < 70° and its supplementary range 110° < i < 130°.

3.1 Number of visible satellites, N,

Figure 5 presents histograms of the number of GPS satellites visible from the LEO for the
configuration with rearward pointing antenna. The histograms are based on calculations at
10s time steps over a ten-day period. The figure has ten panels, labelled by the inclination
¢ of the orbit, and each panel has five histograms, corresponding to five values of ), the
right ascension of the ascending node at epoch. The semi-major axis of the LEO orbit
is 7200km. The figure shows that the number of visible GPS satellites changes little
with either inclination or right ascension of the ascending node of the LEQ orbit. As
the inclination approaches 90°, the distribution with € = 60° becomes more peaked and
the modal value increases slightly, although the increase is unlikely to be significant. The
probability that the number of visible satellites will be five or less is not negligible, and
the consequence is evident in figure 6 where the distribution of G is seen to have a long
tail of high values, indicating lower potential for accurate orbit determination. The modal
value of G is approximately 1.6.

Because the distributions of N, and G vary little with the inclination of the orbit, we
show in figure 7 only the distributions for ¢ = 60° for the other antenna configurations.

Histograms for the number of visible GPS satellites for configuration 2 with rotating
antenna appear to be gaussian. The modal value of N, is approximately 7.5, but the
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fraction of time with fewer than five GPS satellites visible is significant. Distributions of
G are marginally broader than those for antenna configuration 1, with greater probability
of unfavourable GPS configurations.

Configuration 3 has twin antennas inclined at 45° to the vertical and separated in az-
imuth by 180°. Consequently, we expect this configuration to observe more GPS satellites,
and this is apparent in figure 7 which shows that the modal value of N, is approximately
15. The distribution of G in figure 7 is much narrower, with modal value approximately
equal to 0.8, so this configuration is likely to be very favourable for determining the LEO
orbit.

Configuration 4 with an upward pointing antenna observes the largest number of GPS
satellites, as shown by the histograms in figure 7. The number of visible GPS satellites
varies between 10 and 20, with the modal value approximately equal to 17. The distribu-
tion of G is narrow and the modal value is low (& 0.8), so we expect excellent determination
of the orbit of the LEO with this configuration.

3.2 Number of setting satellites, N,

Figure 8 shows the number N; of setting occultations per day for the four antenna con-
figurations. In each panel of the figure, Ny is plotted as a function of the inclination ¢ of
the orbit for five values of §, the right ascension of the ascending node. Only occulta-
tions within 45° of the satellite track have been counted, for the reason already outlined.
The figures show that the number of setting satellites changes little with inclination or
right ascension of the ascending node at epoch. Because the setting satellites occur in the
rearward hemisphere, configurations 1 and 4 with rearward and upward pointing antennas
observe the same occultations. Configuration 2 with antenna rotating in the horizontal
plane sees approximately half as many occultations, simply because the hemispherical field
of view of the rotating antenna overlaps the cone from which occultations are accepted for
only half the time. Configuration 3 with twin antennas is only marginally better because,
while one antenna is pointing into the rearward hemisphere, the other is pointing forward
into the hemisphere where no occultations occur. Consequently, the primary advantage
of the twin antenna configuration is improved navigation of the LEO, and not a doubling
of the number of setting occultations.

3.3 Spatial distributions of occultations

We now turn to the dependence of the spatial distribution of occultations upon the antenna
configuration, inclination the LEO orbit and right ascension of the ascending node at
epoch. However, to avoid repetition of similar diagrams, we will show plots for only two
orbit inclinations (i = 60° and ¢ = 120°), even though in the text we refer to other
inclinations. We have noted already that there is a general pattern of poleward diffusion
of the occultations with decreasing |90 — ¢|.

Figure 9 shows the spatial distribution of occultations.for configuration 1 with rearward
pointing antenna and orbit semi-major axis 7200 km. The panels on the left of figure 9
correspond to an orbit inclinations of 60°, while those of the right correspond to 120°. The
plots within each column correspond to ascending nodes with right ascensions of 0°, 15°,
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30°, 45° and 60°. Although the differences are small, the distribution with ¢ = 120° and
2 = 30° at epoch appears to be the most uniform. Note that this orbit starts at epoch in
one of the six planes containing the GPS satellites, but thereafter precesses eastwards at
approximately 3° per day, so that after 10 days it lies midway between two GPS planes.

Results for the antenna configurations 2 and 3 are presented in figures 10-11. The
number of occultations is approximately one-half that for antenna configuration 1, but
otherwise the patterns are similar. Occultations observed with configuration 4 are identical
to those for configuration 1, and therefore are not shown. Generally, the orbit that is most
nearly uniform has inclination ¢ = 120° and ascending node with right ascension 2 = 30°
at epoch.

3.4 Time distributions of occultations

Figure 12 show the probability distributions of times of occultation for antenna config-
urations 1-4. Only one inclination is shown (i = 60°) because distributions for other
inclinations are very similar. The insensitivity to inclination is simply a reflection of the
regularity of the placement of the GPS navigation satellites. The distributions show that
the times of occultation are spread uniformly over the hours of the day. The small ripple
superimposed on the mean value is unlikely to have any significant consequences.

3.5 Number of GPS underflights, N,

Whenever the LEO underflies a GPS satellite, it is possible in principle to determine the
free electron content of the ionosphere along the radial line between LEO and GPS satellite.
In this subsection, we present distributions showing how frequently such configurations
occur.

Figure 13 shows the number N, of times per day that a GPS satellite lies within a
10° cone (half-angle) above the LEO, plotted as a function of the inclination 7 of the
LEO orbit for five values of €, the right ascension of the ascending node. The number
of GPS underflights has maxima when the inclination of the LEO orbit is 55° or 125°, in
which cases the plane of the orbit coincides with one of the six planes containing the GPS
constellation.

The spatial distribution of underflights is shown in figures 14 and 15 for inclinations
of the LEO orbit ranging from 0° to 180° and right ascension of the ascending node
Q = 30° at epoch. For 0° and 180° inclination, the underflights are confined to the
equator. For polar orbits with inclination 90°, there are no underflights within a latitude
band from approximately 20° S to 20° N. The orbit that gives the most uniform distribution
of occultations has a sparse distribution of underflights confined to the latitude band from
60° S to 60° N. Spatial distributions of underflights for orbits with = 0,...,60° at epoch
are similar in form.

4 Conclusions

We have tracked a low earth orbiting satellite (LEO) and the GPS constellation to deter-
mine:
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1. the number of GPS satellites visible from the LEO;

2. the suitability of the visible GPS constellation for precise determination of the LEO
orbit;

3. the number and spatial distribution of occultations of GPS satellites by the earth;
4. the number and spatial distribution of underflights of GPS satellites by the LEO.

Four GPS antenna configurations and 105 orbits were considered for the LEO.

Configuration 4 with upward pointing GPS antenna offers the highest number of visible
GPS satellites for navigation, the lowest geometrical dilution of precision G, and the highest
number of occultations per day. These results are independent of rotation of the satellite
about its vertical axis. However, the configuration assumes that the GPS antenna has
very wide field of view and can detect rays from directions at 120° to the antenna axis.
Whether such an antenna is technically feasible is an open question.

Of the configurations with the antenna axis in the horizontal plane, the case without
rotation observes approximately twice as many occultations per day as the rotating case,
and therefore is preferable. If other considerations (such as thermal control) dictate that
the LEO must rotate, then the performance for GPS meteorology could be improved with
two orthogonal antennas, rather than just the one assumed in this report.

An orbit with inclination 7 & 60° or 120° offers the most uniform distribution of
occultations over the globe. Inclinations below 50° or above 70° give unacceptable coverage
of the polar and equatorial regions, respectively. For an orbit with ¢ = 60° or ¢ = 120°, the
rate of precession of the orbit plane is approximately 3° per day, and so the constellation
of GPS satellites and LEO will repeat after approximately 20 days. The precise repeat
time would be determined by specifying the semi-major axis of the orbit.

The number of underflights of GPS satellites by the LEO is maximized if the inclination
of the LEO orbit is either 55° or 125°. The distribution of underflights is contained in
a latitude band bounded by the inclination of the orbit. For near polar orbits, there are
long periods (exceeding ten days) when the LEO never underflies a GPS satellite in a wide
latitude band centred on the equator.
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Figure 1: The left hand figure shows the intersection of the orbital plane and the equatorial
plane as seen from the north pole. Aries is the direction defined by the intersection of
the earth’s equatorial plane and the plane of the earth’s orbit around the sun. The angle
marked Q is the right ascension of the ascending node. The right hand figure shows the
view from within the equatorial plane. The angle marked ¢ at which the orbital plane of
the satellite cuts the equatorial plane is the inclination of the orbit.
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Figure 2: The upper panel shows w, the rate of precession of the argument of perigee in
degrees per day, for two values of the semi-major axis a as a function of 7, the inclination
of the LEO orbit. The middle panel shows Q, the rate of precession of the right ascension
of the ascending node in degrees per day. The bottom panel shows P’ — P, the difference
in seconds between the anomalistic period and the period for elliptical motion in a central
potential.
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Figure 3: Spatial distribution of GPS occultations in a ten-day period for configuration 1
with rearward pointing GPS antenna. In this model, the LEO is assumed to be non-
rotating. Only occultations within 45° of the satellite track have been included. The
panels on the left correspond to inclinations of 0°-40°, while those on the right correspond
to 180°-140°. The right ascension of the ascending node at epoch is 30°.
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Figure 4: Spatial distribution of GPS occultations in a ten-day period for configuration 1
with rearward pointing GPS antenna. In this model, the LEO is assumed to be non-
rotating. Only occultations within 45° of the satellite track have been included. The
panels on the left correspond to inclinations of 50°-90°, while those on the right correspond
to 130°-90°. The right ascension of the ascending node at epoch is 30°.
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Figure 5: Probability distribution P(N,) for the number N, of GPS satellites visible from
the LEO with rearward pointing antenna. The areas under the histograms are normalized
to unity. The panels on the left correspond to inclinations of 50°-70°, while those on the
right correspond to 130°-110°. The right ascension of the ascending node at epoch takes
the values indicated in the top left panel.
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Figure 6: Probability distribution P(G) for the geometric dilution of precision G of the
configuration of GPS satellites visible from the LEO with rearward pointing antenna. The
areas under the histograms are normalized to unity. The panels on the left correspond
to inclinations of 50°-70°, while those on the right correspond to 130°-110°. The right
ascension of the ascending node at epoch takes the values indicated in the top left panel.
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Figure 7: Probability distributions of the number of visible satellites (V,) and the geo-
metrical dilution of precision (G) for all four antenna configurations. The inclination of
the orbit is fixed at ¢ = 60°, while the right ascension of the ascending node at epoch takes

the values indicated in the top left panel.
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Figure 8: Number N, of setting satellites observed per day as a function of the inclination
of the LEO orbit for the four antenna configurations. The right ascension of the ascending

node at epoch takes the values 0°-60°, with the same symbols as used previously.
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Figure 9: Spatial distribution of GPS occultations in a ten-day period for configuration 1
with rearward pointing GPS antenna. In this model, the LEO is assumed to be non-
rotating. Only occultations within 45° of the satellite track have been included. The
panels on the left have inclination ¢ = 60°, while those on the right have ¢ = 120°. In each
column, the right ascension of the ascending node at epoch takes values of 0°-60°.
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Figure 10: Spatial distribution of GPS occultations in a ten-day period for configuration 2
with horizontal antenna that rotates with the LEO once every 10 minutes. Only occul-
tations within 45° of the satellite track have been included. The panels on the left have
inclination ¢ = 60°, while those on the right have 1 = 120°. In each column, the right
ascension of the ascending node at epoch takes values of 0°-60°.
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Figure 11: Spatial distribution of GPS occultations in a ten-day period for configuration 3
with two GPS antennas inclined at 45° to the position vector of the LEO, but separated
in azimuth by 180°. The LEO is assumed to rotate about its position vector once every
10 minutes. Only occultations within 45° of the satellite track have been included. The
panels on the left have inclination ¢ = 60°, while those on the right have 1 = 120°. In each
column, the right ascension of the ascending node at epoch takes values of 0°-60°.
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Figure 12: Probability distributions P(T}) for the time T’ of occultations visible from the
LEO for all four antenna configurations. The areas under the histograms are normalized
to unity. The orbit inclination is ¢ = 60°, while the right ascension of the ascending node
at epoch takes the values 0°-60°, with the same symbols as used previously.
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Figure 13: Number N, of GPS underflights per day as a function of the inclination of the
LEO orbit.
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Figure 14: Spatial distribution of GPS underflights in a ten-day period. The panels on the
left correspond to inclinations of 0°-40°, while those on the right correspond to 180°-140°.
The right ascension of the ascending node at epoch is 30°.
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Figure 15: Spatial distribution of GPS underflights in a ten-day period. The panels on the
left correspond to inclinations of 50°-90°, while those on the right correspond to 130°-90°.
"The right ascension of the ascending node at epoch is 30°.
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