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ABSTRACT Link budgets are widely applied to evaluate communication links for low Earth Orbit (LEO)
satellites. However, approaches to calculate the received power from LEO satellites have followed similar
procedures to those for Geostationary (GEO) satellites and other fixed distance wireless systems, ignoring
the satellite mobility that causes continuous changes in the path length and in the elevation angle. Link
budgets found in the literature for LEO communication systems have commonly opted to characterize the
best and worst-cases of the received signal; however, this common approach tells little about how often those
cases occur, and little can be inferred about the expected received power and its measures of dispersion. This
article introduces an innovative methodology to evaluate LEO link budgets using the long term statistics
and probabilities of occurrence of the elevation angle, which is characterized in this work through a random
variable. This characterization of the elevation angle through a random variable allows the calculation of the
expected value of the received power, its standard deviation, quantiles, among other quantities. The received
power is essential to calculate other link indicators such as the carrier-to-noise ratio (C/N), and with the
proposed methodology it can be now calculated considering the path length and elevation angle variability
that occur for LEO satellites.

INDEX TERMS Elevation angle, LEO, link budget, NGEO, satellite communications.

I. INTRODUCTION
The number of Low Earth Orbit (LEO) satellites has signifi-
cantly increased since the Iridium constellation deployment
in the ’90s and now this number increases and represents
the potential infrastructure for the next generation satellites
planned to be massively deployed, [1]. LEO has been particu-
larly popular for deployment of small satellites such as Cube-
Sats, because there are several advantages for small and big
satellites at LEO compared to higher orbits, such as a shorter
path length and round trip time (RTT). Nevertheless, there are
also more challenges, one of which is the time-varying nature
of the channel produced by the mobility of the satellite over
the Earth at high speeds.

The LEO satellite channel has not been treated thoroughly
in the literature as the geostationary Earth orbit (GEO) chan-
nel has. One notorious difference between those two chan-
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nels is that GEO often considers a fixed elevation angle,
θ . However, for LEO, from the early works describing this
channel, [2], up to more recent approaches, [3], it has been
notorious the need to consider the variations of θ in order
to characterize the channel and calculate the received signal
power.

The receiver environment modifies the transmitted signal
through effects such as multipath and shadow fading; how-
ever, models including those effects are only valid for specific
locations with similar characteristics. The link budget cal-
culates link quality based on received power, and in general
the receiver environment effects are not considered relevant.
This has been widely used in the past in satellite and ground
wireless communications.

The satellite link budget is thus a calculation of the
received power at the spacecraft or Earth station (ES). Dis-
cussions and examples about this topic are comprehen-
sively explained in many satellite communications books
such as [4] and [5], whereas a brief review about additional
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operational considerations is available in [6]. Even though
the link budget is usually developed for every satellite mis-
sion during the planning stage, as in [7], [8], and [9], lit-
tle work has been done to adapt it for spacecraft operating
at LEO.

Typical link analysis assume independence between the
factors that cause attenuation, allowing to calculate the
received power as a product of gains, losses, and system
performance indicators (such as noise temperature of the
receiver, or figure of merit) [10]. A detailed explanation of
the factors affecting the link is available in [11]. However, the
main challenge for LEO link budgets is not the calculation
of the attenuation and atmospheric losses [12], but how to
integrate those with the spacecraft mobility over the Earth’s
surface [13], [14].

Link budgets have been applied for LEO small satellites
by many works [15]–[18] in the same way as it has been for
GEO, and fixed distance wireless communications using best
and worst-cases. For LEO, those cases have been associated
with the minimum and maximum value of θ , respectively.
Nonetheless, spacecrafts’ mobility at LEO make the best and
worst-cases provide a minimal description of the link, since
those cases do not exhibit the always-occurring path length
changes that cause variable received power for the elevation
angle values of θmin < θ < θmax .

As mentioned previously, traditional satellite link budgets
resemble those developed for terrestrial and GEO commu-
nication systems, since those contain a best and worst-case
scenarios. Nevertheless, from merely those cases it is not
possible to determine which one will occur more often. Fur-
thermore, it is not inferable the expected received power,
E[PR], nor are available measures of dispersion such as the
standard deviation of PR, or its quantiles (which come from
its cumulative distribution function).

This article presents a link budget analysis for LEO satel-
lites using the long term probabilities of the elevation angle
θ . In addition, improvements to the current link budget
approach for LEO satellites are achieved, together with bet-
ter estimations of the received signal power at a particular
Earth station (ES) location. The results include basic statis-
tics of the received power, PR, and allow a description of
the link with a probability basis, instead of just using best
and worst cases of PR as it is commonly done for LEO
link budgets. The proposed model has been developed for
the downlink, however, it can be adapted for the uplink
as well. Similarly, the same procedure can be applied for
more ES locations and LEO or MEO (medium Earth orbit)
configurations.

The structure of the document is as follows, Section II
contains the theoretical fundamentals; Section III describes
the methodology to calculate the received signal power, and
definitions and requirements for the link budget calculations.
The results are discussed in Section IV, which contains first
a typical LEO link budget analysis, and then one considering
the randomness of θ . Finally, Section V contains the conclu-
sions and future work.

FIGURE 1. Elevation Angle.

II. THEORETICAL FUNDAMENTALS
This section contains the theoretical fundamentals that con-
stitute the base of the link budget analysis proposed. First
some important parameters are introduced in order to explain
the working scenario. After that, the link budget is defined
including its relationship with other link indicators.

A. ELEVATION ANGLE
The angle between the ES and the satellite taking as a ref-
erence the local horizon line is known as elevation angle, θ .
The calculation of θ is typically derived from the geometric
relations of the instantaneous position of a satellite and an ES.

A procedure to calculate θ , as described by [19], is

θ = arctan

(
cos1 cosφES − (rE,O/rS,O)√

1− cos21 cos2 φES

)
, (1)

where rE,O and rS,O are the distances from the center of the
Earth to the ES and the satellite, respectively; and φES is the
latitude at which the ES is located in degrees. The subsatellite
point, M, corresponds to the latitude and longitude of the
satellite instantaneous position, and 1 is the difference in
longitude between the ES and M in degrees. Fig.1 contains
a graphical description of θ , where the center of the Earth is
labeled as O. Table 1 contains a selected group of abbrevia-
tions to facilitate reading through the different sections of the
document.

B. OUTAGE PROBABILITY
The outage probability, Pout , describes the proportion of time
that the link is unavailable and it is often expressed as the
probability of the received signal power in dBW, PR, being
below a power threshold, Pth, that is

Pout = P(PR ≤ Pth). (2)
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In satellite communications, Pout depends on several con-
ditions such as the distance between the satellite and the ES,
rS,E , the atmospheric attenuation,AAtm, and interference from
ground and space sources, I . The total attenuation in dB’s,AT ,
is the sum in logarithmic units of AAtm and the free space path
loss, LFS .

Assuming negligible depointing losses, interference, and
receiver environment effects such as multipath and shadow
fading, one can see that Pout depends only on the transmitter
effective isotropic radiated power (EIRP), the figure of merit,
G/T (the ratio of the gain at the receiver antenna, GR, to the
system temperature noise, TS ), andAT . If it is further assumed
that the receiver and transmitter maintain constant their EIRP
and G/T values for a contact duration, then, the following
equivalence occurs because in this case, AT is the only cause
of outage

P(PR ≤ Pth)⇐⇒ P(AT ≥ Ath) (3)

where Ath is a threshold level of AT .
For LEO, rS,E , AT , and I depend on the elevation angle,

which changes as the satellite moves. As the angle θ

decreases, rS,E increases as follows

θ → min(θ )⇐⇒ rS,E → max(rS,E ), (4)

and similarly

θ → max(θ )⇐⇒ rS,E → min(rS,E ), (5)

where max(rS,E ) occurs at θ ≤ 90◦ (subject to θ > min(θ))
and min(rS,E ) at some small value of θ ≥ 0◦.

A larger distance rS,E causes a higher value of LFS ; how-
ever, the same path length dependence of AAtm requires the
assumption of the same atmospheric conditions for the short-
est and largest paths. Once assumed equal atmospheric condi-
tionsAAtm increases for low values of θ , since the atmospheric
path becomes larger for lower values of θ . On the other hand,
when θ takes values close to 90◦, rS,E will be at its minimum,
and so does AT .
Once it is assumed that AAtm and AT are distance-

dependent, from (4) and (5) that dependence can be rewritten
in terms of θ as

P(AT ≥ Ath)⇐⇒ P(2 ≤ θmin), (6)

where 2 is a random variable (to be specified in
Section III-A) that takes values of θ , and θmin is the minimum
value of θ for which the link is available. Combining (3)
and (6), we can relate the outage probability Pout through
the equivalence of the distribution of the received power to
that of the elevation angle

P(PR ≤ Pth)⇐⇒ P(2 ≤ θmin). (7)

A similar approach to the one developed in (6) and (7) is
found in [20] to evaluate the rain attenuation for satellite
communications with variable elevation angle θ .

C. THE LINK BUDGET
The link budget calculation is one common method to eval-
uate the performance of a satellite link. For GEO, rS,E and
θ are constant for a large region or typically slowly varying
for mobile users traveling at ground speeds; then, its link
budget can be evaluated at a fixed distance and constant θ .
Additionally, a few propagation cases can describe a GEO
link; for example, a two-case model, where the best case is a
clear sky, and the worst case when it rains. However, rS,E and
θ are always varying between a fixed ES and a LEO satellite.
The link budget equation is commonly defined for GEO

and LEO as

PR = PT + GT−AT + GR, (8)

where PT is the transmitted power, GT is the transmitter
antenna gain,AT is the total attenuation, andGR is the receiver
antenna gain, and all quantities are in dB’s. The received
power in dBW, PR, can be later employed to calculate the
carrier-to-noise ratio (C/N ), carrier-to-noise plus interfer-
ence ratio (C/(N + I )), carrier-to-noise density ratio (C/N0),
and bit energy-to-noise density ratio (Eb/N0), by considering
the characteristics of the receiver such as system temperature,
TS , modulation, bit rate, and interference.
The methodology to evaluate C/N , C/N0, and Eb/N0 is

based on the value of PR, and the particular system character-
istics and requirements. Detailed procedures and examples of
those calculations are commonly found in satellite literature
such as [1] and [15]. The calculation of C/(N + I ) is highly
relevant for LEO and discussed in several sources such as [21]
and [22]. Examples of strategies to avoid high levels of
interference with other satellites are presented in [23].

The definition of θ , derivation of PR, and link budget
description, are employed in the following sections to calcu-
late PR and its statistics using the elevation angle. However,
as previously mentioned, the analysis can be easily extended
to compute other link indicators such as C/N0, (Eb/N0), and
C/(N + I ).

III. METHODOLOGY
Simulations of a LEO satellite were performed with the
parameters shown in Table 2, three remaining orbital parame-
ters, not included in the table, are the argument of perigee, ω,
right ascension of the ascending node, �, and true anomaly,
ν; all of those were set to zero in their initial value. This was
considered because these remaining orbital parameters do
not affect the statistical behavior of the elevation angle. The
initial orbit eccentricity, e, and the inclination, i, were selected
with values close to those of real satellites. However, the
semi-major axis, a, was only simulated for 1.75 years and for
altitudes between 1000 km and 2000 km, since no propulsion
system was considered in the simulations and lower altitudes
caused more significant orbit perturbations in the selected
period. The simulation results included the satellite position,
velocity, and contact duration for θ ≥ 10◦. From the satellite
position, parameters rS,E and θ were calculated and recorded
with a time step of five seconds.
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TABLE 1. Abbreviations.

TABLE 2. Simulation parameters.

Fig. 2(a) shows the mean contact duration per day using
gray dots, its moving average in blue, and the moving median
in red, using a window size of 30 contacts, which corresponds
to approximately five days. Orbital perturbations [24], that
are not emphasized in this article, cause the oscillations.
Those oscillations are small compared to the values shown
in the moving average and median in the 640 days of the
simulation. In the last days of the simulation, the moving
average and median are just about 30s longer than those
in the initial days; this is a good indicator, showing that
the satellite behavior is very similar during the simulation
period. Fig. 2(b) contains the histogram of the daily mean
contact duration, showing that the values around 650s have
the highest relative frequencies.

A. CHARACTERIZATION OF θ AS A RANDOM VARIABLE
From the values of θ obtained through the simulation, its
probability density function (PDF), f2, and cumulative dis-
tribution function (CDF), F2, were fitted with those of the

FIGURE 2. Values of the daily mean contact duration for circular LEO orbit
using (a) data points, and (b) histogram.

gamma distribution, which are respectively given by

f2 =
1

ba0(a)
θa−1 exp(−θ/b), (9)

and

F2 =
1
0(a)

γ

(
a,
θ

b

)
, (10)
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FIGURE 3. Empirical vs Gamma CDF for a = 7751 km and i = 50◦.

FIGURE 4. Gamma CDF vs Empirical CDF absolute error plots, for a=7751
km and i = 50◦.

where a is the shape and b is the scale parameter, and γ (·) is
the incomplete gamma function.

The parameters for the PDF f2 were obtained using the
maximum likelihood estimation method, and the CDF of
θ was compared against its kernel distribution using the
quadratic error. However, an analytical approach to charac-
terize f2 is available in [25] to obtain both f2 and F2 instead
of simulation results or ephemeris files.

More simulations were performed extensively for different
ES locations, orbit inclinations, and altitudes, showing also
good fit to the Gamma distribution. Fig. 3 and Fig. 5 show the
Gamma fit for F2 for two ES’s located at different latitudes,
and for satellites with different orbit configurations as shown
in Table 3, whereas Fig. 4 and Fig. 6 show their correspond-
ing error plots. As mentioned before at the beginning of
Section III, three remaining orbital parameters not included in
Table 3 are set as ω = 0, � = 0, and ν = 0. Fig. 4 and Fig. 6
show two kinds of error plots, the first indicates the absolute

FIGURE 5. Empirical vs Gamma CDF for a = 8151 km and i = 80◦.

FIGURE 6. Gamma CDF vs Empirical CDF absolute error plots, for a =
8151 km and i = 80◦.

error between the empirical F2 and the calculated Gamma
CDF; and the second plot contains a boxplot of the absolute
error, showing that the errors are less than 5% for at least the
first three quartiles (which corresponds to 75% of the errors).
The performed simulations and analysis show the suitability
of using the gamma distribution to characterize the elevation
angle for more ES locations and orbit configurations.

Also, it is possible to calculate the probability of contacts
above a value of θ , e.g., θmin, using the complementary func-
tion of (10) as follows

F̄2 = P(2 ≥ θ) = 1− F2, (11)

which in addition to (10), can be applied to calculate the
quantiles of θ and PR as will be shown in IV-B2.

B. CHARACTERIZATION OF AT AS A FUNCTION OF θ

Once fθ and Fθ were obtained, we calculate AAtm as described
by ITU-R P.618-13, [26], considering rain, gas, clouds, and
fog attenuation; then, LFS was added to obtain AT . Finally,
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TABLE 3. Gamma distribution fit for the elevation angle PDF and CDF with other orbit configuration and ES locations.

FIGURE 7. Contacts for one simulation day.

the transmitter EIRP and GR where coherently added in log-
arithmic units in the link budget as in (8).

The calculated AAtm values come from a well known
approach that can be developed also for other locations using
the data sets already provided with the ITU Recommenda-
tions, or other available local data. However, there are more
attenuation models in the literature to characterize AAtm, such
as probabilistic models [27] that assume correlation between
the atmospheric losses. Nevertheless, all of those models
need to be adapted to the variable elevation angle conditions
produced by LEO.

ALEO satellite is visible for short periods of time as shown
in Fig. 7, which contains all the contacts (in a 24-hour format)
for one of the simulation days, and where it is observable
the variability of θ and θmax . Each time the satellite appears
over the horizon, θ is at its lowest value and increases until
it reaches its maximum point, θmax , to decrease again. For
each contact, θmax coincides with the minimum AT . Fig. 8
shows AT for a contact with θmax ≈ 90◦, and it includes for
simplicity an auxiliary variable (θ ′) defined as follows

θ ′ =

{
θ − 90 deg for t ≤ tθmax
90− θ deg, for t > tθmax .

(12)

As it can be observed in Fig. 8, AT is symmetrical with
respect to the time at which θmax occurs, tθmax , and it is the
same for equal values of θ ; then, AT can be approximated
by a polynomial function of θ , AT (θ ), using the AT data of a

FIGURE 8. Total attenuation for a contact with fc = 20 GHz and θ ≈ 90◦.

contact with θmax ≈ 90◦ as follows

AT (θ ) =
K∑
k=0

ak

(
θ − µθ

σθ

)K−k
, (13)

where AT (θ ) is in dB, ak are the polynomial coefficients, and
µθ and σθ are the mean and standard deviation, respectively,
of the θ values corresponding to the AT (θ ) data. Different
AT curves can be calculated for several attenuation scenar-
ios such as multiple rainfall rates, or different values of
exceedance probability, pe, of the total attenuation. The AT
data representation, that we propose through (13) is just one
of the available options to characterize the AT data as a
function of θ . One can also select other methods such as
spline curves, lookup tables, as well as interpolation.

C. PROPOSED LINK BUDGET
Typical LEO link budget analysis involves the calculation
of the received power at the shortest and largest link paths.
The maximum link length occurs at the minimum elevation
angle, θmin, which satisfies a received power threshold, Pth.
Nevertheless, θmin, which is preferably located close to the
local horizon, should be chosen large enough to skip any
significant local obstructions (e.g., θmin satisfies Pth and is
large enough to skip tall buildings or mountains). On the other
hand, the minimum link length occurs close to the maximum
elevation angle, θmax , which ideally coincides with the ES
zenith, and with the minimum value of rS,E .
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FIGURE 9. AT (θ) and its polynomial representation.

With obstructed line of sight conditions, the best and
worst-case elevation angle for a particular ES location can be
determined by several methods, including geometrical-based
approximations using data of the obstacles height and posi-
tion as in [28]. Another approach based on digital hemispher-
ical photographs has been utilized by [29] and more recently,
by [30] and [31], among others, to extract the elevation angle
conditions of a particular location. This approach based on
hemispherical images is an easy-to-implement methodology
(e.g., compared to terrestrial laser scanning [32]) that can
provide detailed information about the elevation angle and
the ES environment.

Knowing the transmitter EIRP and GR, one can calculate
the values of θmin and AT (θmin) from the polynomial approx-
imation AT (θ ) as well as the attenuation at θmax to have the
best and worst cases of (8). However, the value of θmin should
be verified to be non-obstructed (above any obstruction), and
in case the calculated value of θmin is not suitable, it could be
replaced by a larger value above enough local obstructions as
mentioned at the beginning of this subsection.

After determining a value for θmin, to develop the proposed
link budget, first, we calculate the expected received power,
E[PR], with the assumptions in (3)-(7) which consider con-
stant transmitted power and receiver antenna gain, as well as
AT dependent only on the distance and atmospheric condi-
tions.

The expected value of the received power can be calculated
from (8), and using AT (θ ) as defined in (13) as follows

E[PR] = E[EIRP+ GR + AT (θ )]

= EIRP+ GR + AT (E[θ ]), (14)

or it can be further worked to describe PR for a desired range
of θ , e.g., the region outside outage, that is

E[PR|θ ≥ θmin] = EIRP+ GR + AT (E[θ |θ ≥ θmin]), (15)

where

E[θ |θ ≥ θmin] =
∫
θ

θ f2(θ |θ ≥ θmin)dθ, (16)

and for simplicity it can be rewritten as in [33] as

E[θ |θ ≥ θmin] =

∫ θmax
θmin

θ f2(θ )dθ

F2(θmax)− F2(θmin)
, (17)

The numerical value of the variance and standard deviation
of the received power can be obtained from the variance of θ ,
which we get as follows

Var[θ |θ ≥ θmin] = E[θ2|θ ≥ θmin]

−E[θ |θ ≥ θmin]2, (18)

The standard deviation of the received power can be calcu-
lated from an interval of the received power caused by one
standard deviation of θ such as

SD[pR] = pR(E[θ ]+ SD[θ])− pR(E[θ ]), (19)

where pR is the received power in linear units, and SD[θ] or
SD[θ |θ > θmin] are obtainable from (18).

Then, the link budget can be expressed with its expected
receiver power, variance, and standard deviation, in addition
to the common best and worst cases. Additionally, the quar-
tiles (nQ: n ∈ {1, 2, 3}) can be obtained through the inverse
CDF (ICDF) of θ , which can be evaluated numerically for the
gamma distribution. The link margin can also be evaluated as
the difference between PReq and any of the link indicators
such as E[PR].
Fig. 10(a) shows the trajectory of a satellite going from

position S1 to S3, with its corresponding link distances rS1,E ,
rS2,E , and rS3,E . Even though rS,O is constant for a circular
orbit, rS,E is not, and it will be larger when the spacecraft
is close to the horizon. Fig. 10(b) shows the largest link
length (which occurs at θmin), which is the worst case sce-
nario, because it has the greatest value of AT as discussed
in Section II. Similarly, the best-case occurs at the shortest
link path (ideally at θ = 90◦). LEO link budgets commonly
analyze the received power only for the best and worst-
cases. However, this description can be enhanced considering
not only the extreme ranges (best and worst-cases), but also
including the set of all possible values of the elevation angle
to obtain relevant quantities as proposed in this section and
shown in Fig. 10(c).

Although it is not further discussed in this article, statistics
of the received power such as its minimum, expected value,
and quantiles, can be individually obtained for satellites in
diverse orbits of a constellation with the same methodology
proposed here. Additionally, the linkmargins andPR statistics
can be helpful in the estimation of required handovers since
those usually depend on the variable distance to the satellite
(which is implicitly addressed in this article by considering
the elevation angle variability), or on performance indicators
such as C/N (which can be easily obtained from PR as
mentioned in Section II-C). However, handovers for LEO
satellites depend on more factors, such as traffic load, which
are discussed in works such as [34] and [35].
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FIGURE 10. Considerations for the proposed link budget.

TABLE 4. Coefficients for the polynomial approximation of AT .

IV. RESULTS
This section presents numerical results for a common LEO
link budget using θmin and θmax for its calculation; and the
proposed link budget, based on f2 and its statistics. The two
link budget calculations use the polynomial approximation of
AT (θ ) which was first introduced in Section III-B.

A. CHARACTERIZATION OF AT
In this section we present the characterization of AT as a
function of θ as it was explained in Section III-B. Table 4
contains the polynomial coefficients for two curves of AT for
pe = 1.00% and pe = 5.00%, for the ES location shown in
Table 2. The polynomial coefficients were obtained from the
numerical data of Fig. 8 using (13), the number of coefficients
is the minimum to satisfy amaximum error criterion (arbitrar-
ily chosen) of 0.5 dB for AT (θ ). Fig. 9 shows the calculated
values of AT (θ ) and its polynomial representation obtained
thought coefficients of Table 4.

B. LINK BUDGET CALCULATIONS
Here we present the calculations for the link budget. First
introducing the results of a typical LEO link budget and
then, presenting the results for the proposed link budget as
explained in Section III-C.

TABLE 5. Best and worst case of link budget.

TABLE 6. Parameters for the distributions of θ and θmax .

1) TYPICAL LINK BUDGET FOR LEO
A link budget calculation was developed for a satellite with
the orbit characteristics of Table 2, a transmitter EIRP of
56 dBW,GR of 40 dBi, and a carrier frequency, fc, of 20 GHz.
The required received power, PReq, is −105 dBW, then
from (8), the maximum allowable value of AT for satisfy-
ing this requirement is 201 dBi. From those specifications,
a classical link budget analysis can be developed as shown in
Table 5.

For the link budget best-case, where the satellite is closest
to the ES, the value of θ that satisfies the received power
requirement is θmin = 5◦ for pe = 1% and θmin = 9◦ for
pe = 5%. The value of θmax is assumed to be 90◦, that is,
when the satellite is just above the ES. Theworst case value of
θ , θmin, is calculated from the polynomial of (13) and the PR
requirement, PReq, as AT (θmin) = −201 dB; however, in the
case of considerable obstructions, it could be replaced by a
larger value as mentioned in Section III-C.

2) PROPOSED LINK BUDGET FOR LEO
For the proposed link budget, the distribution parameters
of (9)-(10) were first obtained from the recorded values of
θ as shown in Table 6. Fig. 11 shows the histogram of 2,
and its PDF approximated by both a kernel distribution and
by (9). Similarly, Fig. 12 shows the CDF’s of 2, and a box
plot indicating the absolute error between the kernel and
gamma distributions. The maximum error value was about
2.5%, or about 0.025 for F2, as shown in the region inside
the red box in the CDF graph; but, for 75% of the data it was
below 1.25%.

Since the mean and expected value of PR depend on θ ,
it is convenient to first obtain its statistics. Table 7 contains
the required statistical information of θ obtained from its
recorded values, in the columns labeled as data; as well as
from analysis and use of the properties of the gamma distri-
bution, in the columns labeled as gamma. Those statistics are
obtained for the same pe and θmin values as those used for the
link budget calculations of Table 5.
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FIGURE 11. PDF of θ .

FIGURE 12. CDF of θ .

TABLE 7. Statistics of θ in deg.

From the results of Table 7, AT (θ ) is evaluated in Table 8
according to (13) with the coefficients of Table 4. The values
of AT (θ ) obtained from the statistics of the analytical function
f2 are in the columns labeled as gamma. The actual AT (θ )
values are in the columns labeled as data.

Finally, Table 9 shows the link budget including the cal-
culated values for E[PR|θ ≥ θmin], SD[PR|θ ≥ θmin], and
the quartiles nQ[PR|θ ≥ θmin], for the same values of θmin

TABLE 8. Statistics of AT in dB’s.

TABLE 9. Link budget in dBW considering θ as a random variable.

as those used for the link budget in Table 5. The margin of
PR can be expressed as the difference between the required
power and any of the indicators of PR such as its expected
value, or median as

Link margin = E[PR]− (PR)REQ. (20)

V. CONCLUSION AND FUTURE WORK
This work presented a methodology to evaluate a LEO satel-
lite link considering the ever-changing elevation angle, θ . The
variability of θ was characterized through a gamma distri-
bution, showing a good description of the actual behavior.
Using the obtained PDF and CDF of θ , the statistics of PR
such as the expected received power were later calculated.
Additionally, the quantiles ofPR allowed the quantification of
the probability of PR being above or below certain threshold
level.

The characterization of the elevation angle through a ran-
dom variable can be expanded for more ES locations and orbit
configurations as mentioned in Section III-A. The gamma
distribution offered a good fit of the actual θ behavior, spe-
cially for the CDF, and simplified the process to calculate
the statistics of the elevation angle. The maximum observed
absolute error between the empirical and gamma CDF for θ
was around 0.05 (5%), but the error was much below 5% for
more than 75% of all the points in the CDF.

Differences between the empirical PDF of the elevation
angle and the gamma PDF were observed in Fig. 11. How-
ever, the gamma distribution was able to represent the behav-
ior of the elevation angle in the CDF as shown in Fig. 12.
The small errors between the empirical CDF and gamma
CDF show that the gamma distribution is a suitable alternative
to characterize the elevation angle behavior for different ES
locations and orbit configurations.
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In addition to the statistical characterization of θ , the pro-
posed link budget analysis develops not just the best and
worst cases of the received power as it is commonly done in
typical link budgets for LEO satellite, but restricts those cases
to the minimum and maximum values of PR, and provides
additional statistical descriptors as the expected value for PR,
its standard deviation, median, and quartiles.

Finally, even though the link analysis was developed for
a particular ES location, the developed methodology can be
applied to more ES’s at diverse locations as it was shown in
Section III, and with different link characteristics (e.g., EIRP
or antennas gain). Also, the methodology can be extended
to the uplink by replacing the downlink parameters. Further-
more, the values of PR can be utilized to calculate related link
indicators, such as C/N and C/N0, by considering the par-
ticular characteristics of the receiver and transmitter system,
such as the figure of merit, G/T .
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