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Abstract—The coming extension of cellular technology to basestations in low-earth orbit (LEO) requires a fresh look at
terrestrial 3GPP channel models. Relative to such models, skyto-ground cellular channels will exhibit less diffraction, deeper
shadowing, larger Doppler shifts, and possibly far stronger
cross-cell interference: consequences of high elevation angles
and extreme “sectorization” of LEO satellite transmissions into
partially-overlapping spot beams. To permit forecasting of expected signal-to-noise ratio (SNR), interference-to-noise ratio
(INR) and probability of outage, we characterize the powers of
desired and interference signals as received by ground users from
such a LEO satellite. In particular, building on the Shadowed
Rician (SR) channel model, we observe that co-cell and crosscell sky-to-ground signals travel along similar paths, whereas
terrestrial co- and cross-cell signals travel along very different
paths. We characterize SNR, signal-to-interference ratio (SIR),
and INR using transmit beam profiles and linear relationships
that we establish between certain SR random variables. These
tools allow us to simplify certain density functions and moments,
facilitating future analysis. Numerical results yield insight into
the key question of whether emerging LEO systems should be
viewed as interference- or noise-limited.

I. I NTRODUCTION
LEO satellite communication systems are experiencing a
renaissance. Deployment costs have dropped dramatically due
to new launch technology, both enabling and being enabled
by ongoing mass deployments by companies such as SpaceX
and Amazon. This renewal of commercial investment in LEO
may mark an end to the commercial-space Dark Ages brought
about by the bankruptcies of Iridium and Globalstar. Beyond
broadband Internet service, LEO communications satellites are
under consideration as components of future cellular systems.
In such a system, each LEO satellite delivers service to
ground users through multiple onboard antennas, collectively
producing a number of spot beams that make up the satellite’s
coverage footprint. Due to aggressive frequency reuse across
spot beams, these systems are expected to have nontrivial
interference, making signal-to-interference ratio (SIR) and
signal-to-interference-plus-noise ratio (SINR) important metrics rather than simply signal-to-noise ratio (SNR) [1] [2].
Most existing work studying these metrics to gauge system
performance often rely on simple channel models. For instance, in [3], SNR, SIR, and SINR of geostationary satellitebased communication systems are studied under channels that
are deterministic and common across spot beams.
Extensive studies to characterize received signal power on
the ground in satellite communication systems have recognized

that satellite signals have line-of-sight (LOS) and non-line-ofsight (NLOS) components and that both have random fluctuations. Among the efforts to parameterize a distribution to
fit collected measurements, the Shadowed Rician (SR) model
[4] is a widely accepted distribution that captures the characteristics of downlink signals [5]. Based on the probability
distribution function (PDF) of the SR model, the distribution
of a sum of the Squared Shadowed Rician (SSR) random
variables was analyzed in [6] [7] – assuming the SSR random
variables are independent and uncorrelated – and then used
to model the interference power in satellite communication
systems. The cumulative distribution function (CDF) of the SR
distribution is obtained in [8] in closed-form, however, most
of the analytical results in [6]–[8] involve infinite power series
and special functions, which are computationally complex and
challenging to gain insight from.
In this work, we conduct analysis of a LEO satellite
communication system with multiple spot beams under the
SR channel model. Unlike [6] [7], we assume the downlink
desired and interference signal powers are fully correlated
rather than independent. We justify this by the fact that
signals from multiple onboard transmitters reach a ground
user after experiencing approximately the same propagation
channel due to the vast separation between the satellite and
user. From this, we characterize the desired and interference
power levels and important metrics such as SNR, SIR, and
interference-to-noise ratio (INR). To do so, we establish a
relation between parameters of linearly related SR random
variables. In addition, we present a useful, yet minor, assumption on SR fading order that simplifies the density function
and moments of SR random variables. We provide numerical
results to evaluate the system performance of low-earth orbit
(LEO)-based satellite communication for various degrees of
shadowing and satellite elevation angles, which show that such
systems are not necessarily interference-limited, as is the case
when only considering simplified channel models that neglect
shadowing.
II. S YSTEM M ODEL
We consider the downlink of ia LEO satellite communication system serving several ground users simultaneously.
Multiple transmit antennas at the satellite form spot beams,
where the area on the ground that each spot beam serves is
referred to as a cell, as illustrated in Fig. 1. The coverage area
served by all spot beams populate the satellite footprint.
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We consider a SR channel model [4], where |h| ∼
SR(b, m, Ω) is a SR random variable with PDF as in (2)
where 1 F1 (·, ·, ·) is the confluent hypergeometric function [9].
The SR channel model captures LOS and NLOS propagation,
like conventional Rician fading, and also incorporates random
shadowing into the LOS term to account for fluctuations due
to the environment. Intuitively, the model is summarized as 2b
being the average power of the scattered component, Ω being
the average power of the LOS component, and m being the
fading order.
III. C HARACTERIZING D OWNLINK D ESIRED AND
I NTERFERENCE S IGNAL P OWERS

Fig. 1. An illustration of the spot beams and their cells comprising the
footprint of a satellite communication system.

Let NB be the number of spot beams the satellite maintains,
where each spot beam is created by a dedicated transmitter
onboard the satellite, each transmitting with power Ptx . We
assume a frequency reuse factor of one, meaning each spot
beam operates using the same time-frequency resource. As
such, NB − 1 spot beams inflict interference onto a desired
ground user. Let xi be the transmitted symbol from the i-th
onboard transmitter, where i = 0, . . . , NB − 1. Let us assume
each onboard transmitter is equipped with a dish antenna
having gain pattern G(θ, φ), where θ and φ are the azimuth
and elevation relative to boresight, respectively. We assume
the i-th transmitting dish is steered to serve the i-th cell on
the ground.
Given the overwhelming distance between the satellite and
a ground user relative to the separation between onboard dish
antennas, the desired signal and NB − 1 interference signals
experience approximately the same propagation channel h. As
such, we can write the received symbol of a user being served
by the 0-th spot beam as
p
y0 = Ptx · G(θ0 , φ0 ) · h · x0
+

NX
B −1

p

Ptx · G(θi , φi ) · h · xi + n0 ,

(1)

i=1


where n0 ∼ NC 0, σn2 is additive noise, θi and φi are
elevation and azimuth of a user relative to boresight of the
i-th dish.

With our system model in hand, we now characterize desired
signal power and the interference inflicted on a ground user
by the NB − 1 spot beams. From this, we can gain insights on
the distribution of important metrics such as SNR, SIR, INR
and SINR, which dictate system performance and drive design
decisions.
A. Desired Signal Power
Henceforth, let us consider a user being served by the 0-th
spot beam. The desired signal power Pdes received by the user
is simply
Pdes = Ptx · G(θ0 , φ0 ) · |h|2 .

(4)

With |h| ∼ SR(b, m, Ω) modeled as an SR random variable,
|h|2 follows an SSR (squared SR) distribution with PDF
shown in (3) [4]. Since the received desired signal power
is proportional to the channel gain, Pdes is also an SSR
random variable with distribution related to that of |h|2 .
From Theorem 1 below, we conclude that, when |h|2 ∼
SSR(b, m, Ω), the received desired signal power is distributed
as Pdes ∼ SSR(b̃, m̃, Ω̃) where
b̃ = Ptx · G(θ0 , φ0 ) · b

(5)

m̃ = m

(6)

Ω̃ = Ptx · G(θ0 , φ0 ) · Ω

(7)

Theorem 1. If X ∼ SR(b, m, Ω) and Y = k · X 2 , then
Y ∼ SSR(k · b, m, k · Ω)

(8)

Proof. See (9)–(11) where the PDF of Y is obtained using
2
the relation fY (y) = fX (x) dx
dy where f|h| (·) and f|h| (·) are
given in (2) and (3).
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Corollary 1.1. Two SSR random variables X
∼
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The instantaneous SNR observed by the ground user is
simply
SNR =

Pdes
Ptx · G(θ0 , φ0 ) · |h|2
=
2
σn
σn2

B. Interference Power
Now, let us turn our attention to characterizing interference.
The total interference power Pint incurred at the user can be
written as
Pint =

NX
B −1

Ptx · G(θi , φi ) · |h|2 ,

(16)

i=1

which is also merely a scaled version of |h|2 and, thus, of
Pdes . As such, using Theorem 1, we can readily conclude that
Pint is an SSR random variable with parameters b̄, m̄, Ω̄ as
b̄ = Ptx ·

NX
B −1

G(θi , φi ) · b

(17)

i=1

m̄ = m
Ω̄ = Ptx ·

(18)
NX
B −1

G(θi , φi ) · Ω

Shadowing
Light
Average
Heavy

(19)

i=1

While both interference and desired signal power follow the
SSR distribution, it is important to realize that they are fully
correlated since both are scaled versions of the channel gain
|h|2 ; recall this is due to the fact that the stochastics seen by
the signal of the 0-th spot beam are also seen by the signals
of the other spot beams considering they propagate along the

(11)

b̃
0.158
0.126
0.063

m̃
19.4
10.1
0.739

Ω̃
1.29
0.835
8.97 ×10−4

same path to the user. With this being said, the SIR can be
expressed deterministically as
SIR =

This may be particularly useful for conducting analyses and
simulations involving the probability of outage, ergodic capacity, and the like, especially in settings where interference
is low such as with wider cells or less aggressive frequency
reuse.

(10)

TABLE I
D ESIRED RECEIVED SIGNAL POWER SSR PARAMETERS USED IN [4] [5].

(14)

which, from Theorem 1, follows an SSR distribution as


Ptx · G(θ0 , φ0 )
Ptx · G(θ0 , φ0 )
·
b,
m,
·
Ω
SNR ∼ SSR
σn2
σn2
(15)

(9)

Pdes
G(θ0 , φ0 )
= PNB −1
Pint
G(θi , φi )
i=1

(20)

In other words, we see that SIR is completely irrespective
of the shadowing realization and is solely a function of
the position of a user relative to the steering direction of
the onboard dish antennas. The SINR observed by a user,
on the other hand, is indeed a random variable tied to the
shadowing distribution, though it is challenging to characterize
statistically. A useful expression of SINR as a function of SNR
and INR is
Pdes
SNR
SINR = 2
(21)
=
σn + Pint
1 + INR
where INR = Pint /σn2 is also an SSR random variable. The
received INR is a convenient metric gauging if a system
is noise-limited or interference-limited, which can drive cell
placement/size and other system factors such as antenna beam
pattern. Realizing that INR is an SSR random variable whose
distribution is tied to system parameters can provide engineers
with means to better tailor satellite communication systems in
the face of shadowing.
IV. A U SEFUL A SSUMPTION ON FADING O RDER
While it is fairly straightforward to show that desired signal
power and interference power follow SSR distributions, the
complex nature of such a distribution—chiefly the infinite
series in the Confluent Hypergeometric function 1 F1 (·, ·, ·)—
makes it complicated to implement numerically and difficult
to assess analytically. This motivates an approximation on
the distribution that offers convenience in both numerical
realization and mathematical analysis.
Let us further motivating this by the fact that satellite
channel measurements (e.g., [4] [10]) have been collected and
fitted to the SSR distribution and have become ubiquitous
in literature as realistic shadowing parameters under various
settings; these papers suggest the shadowing parameters as in
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Proof. Via Kummer’s transform [11] as a polynomial, we have
Ω
1 F1 (m, 1, Ω) = e

m−1
X
i=0

(m − 1)! · Ωi
(m − 1 − i)! · (i!)2

(26)

Heavy shadowing

which, along with algebra, yields (22) and (25).
Average shadowing

Light shadowing

Fig. 2. The PDF of an SSR random variable Y with integer and non-integer
fading order m for various levels of fading.

Table I to categorize shadowing conditions as light, average,
or heavy, from which engineers can simulate, evaluate, and
tailor satellite communication systems. Note that the shadowing parameters in Table I are denoted with tildes since
they correspond to measurements of received signal power
rather than to the channel itself. We would like to point out,
however, that these received power shadowing parameters can
be mapped to channel parameters by scaling b̃ and Ω̃ according
to Theorem 1 to recover the channel parameters b and Ω.
The SSR parameters in Table I are certainly useful but do
not provide much intuition (e.g., in terms of expected received
signal power) nor are they easily used in analysis or perfectly
realized numerically. To address this, we utilize the following
theorem from [11].
Theorem 2. An SSR random variable Y ∼ SSR(b, m, Ω) has
PDF in (22) and CDF in (23)–(25) when m Ris an integer,
x
where Γ(i + 1) = i! for integer i and γ(a, x) = 0 e−t ta−1 dt
is the unnormalized incomplete Gamma function [11].

Fig. 2 shows the PDF of an SSR random variable Y with
integer and non-integer m for various levels of shadowing—
particularly, those in Table I. It can be seen that rounding m
to an integer in any of the three shadowing levels does not
result in noticeable changes in distribution. Rounding m to an
integer will offer convenience analytically, as we will highlight
further, and makes little difference in the distribution versus
non-integer m; this is especially true when SSR parameters
are fitted from measurements since no channel model will
perfectly represent the true channel.
With Theorem 2, we can exactly numerically represent the
PDF and CDF of an SSR random variable and can more easily
analyze it mathematically. For instance, when m is not an
integer, the mean of Y is quite involved to express, involving
the Gauss Hypergeometric function [9]. However, when m
is an integer, the mean becomes quite easy to express and
provides straightforward consequences of b and Ω.
Corollary 2.1. The mean of Y ∼ SSR(b, m, Ω) when m is
an integer is
E [Y ] = 2 · b + Ω
Proof. (27) is obtained using the formula
i! · µ−i−1 in [9].

(27)
R∞
0

z i · e−µz dz =

The average SNR with integer m, using Corollary 2.1 and
(15) is
E [SNR] =

Ptx · G(θ0 , φ0 )
· (2 · b + Ω) .
σn2

(28)

The average of other metrics such as INR, Pdes , and Pint ,
which are all SSR random variables, can be expressed similarly using Corollary 2.1.
In addition to expected values, the CDF of an SSR random
variable with an integer m is useful for a variety of communi-

(a) No shadowing.

(b) Average shadowing.

Fig. 3. A realization of SINR as a function of ground user location (a) with no shadowing and (b) with average shadowing, where the satellite elevation
angle is 90◦ . Triangles indicate the location of cell centers.

cation system performance metrics. For instance, probability
of SNR outage


σn2
(29)
P (SNR ≤ γ) = F̃Y γ ·
Ptx · G(θ0 , φ0 )
can be evaluated using Theorem 2.
V. N UMERICAL R ESULTS
We simulate a LEO-based satellite communication system to
highlight the importance and consequences of SR channels on
desired signal and interference powers as well as on SNR, SIR,
INR, and SINR. We simulate a satellite communication system
at 500 km altitude with NB = 19 spot beams operating at 2
GHz over a bandwidth of 30 MHz at various elevation angles.
The spot beams create 19 cells on the ground in a hexagonal
fashion, each with a cell radius of 12.6 km (corresponding to
the 3 dB beamwidth at an elevation of 90◦ ). Each spot beam
is steered toward its corresponding cell center using a 30 dBi
dish antenna whose azimuth and elevation patterns [12] are

1,
ζ = 0◦
2
g(ζ) =
(30)
4 J1 (ka sin ζ) , 0◦ < |ζ| ≤ 90◦
ka sin ζ
where ζ is the azimuth or elevation angle, J1 (·) is the firstorder Bessel function of the first-kind, a is the radius of
the dish antenna, k = 2π/λ is the wave number, and λ
is the carrier wavelength; we simulate dish antennas having
radius a = 10λ. The resulting antenna gain at some (θ, φ)
can be written as G(θ, φ) = g(θ) · g(φ). Each onboard
transmitter supplies 4 dBW/MHz of power. We randomly
distribute ground users across satellite cells, each of which
has a noise power spectral density of −167 dBm/Hz and a
receive antenna gain of 0 dBi. When simulating shadowing, we
employ the light, average, and heavy shadowing conditions in

Table I. In addition to free space path loss, 5.3 dB of path loss
including scintillation loss, atmospheric loss, and shadowing
margin are considered.
We begin by considering the result of Fig. 3, where we
have plotted the realized SINR as a function of ground user
location for the cases of no shadowing in Fig. 3a and with
average shadowing in Fig. 3b. For the sake of discussion,
let us consider only the center cell and the six surrounding
cells. In the case of no shadowing, we can see that the SINR
at a given location is deterministic based on our hexagonal
cell layout. In any of these seven cells, users near the center
of the cell see higher SINR and those near the cell edge
see lower SINR due to interference from neighboring spot
beams and the fact that spot beams are steered to cell centers.
In the case of average shadowing, SINR is no longer welldefined as a function of user location. Instead, the stochastics
of shadowing can play a significant role in the level of desired
signal power and interference power that a user receives. Even
users close to the cell center are susceptible to low SINR,
though they tend to see higher SINR than those on the cell
edge. With average shadowing, extremely poor SINR levels—
on the order of −20 dB or more—are not unlikely. These
results highlight the potential for poor signal quality even
when near the cell center and the very deep fades that are
not practical for communication.
In Fig. 4, we look at the CDF of INR, evaluated at user
locations across the center cell, for elevation angles of 90◦ ,
60◦ , and 45◦ . Recall that INR is a useful metric for gauging
if a system is noise-limited (INR  0 dB) or interferencelimited (INR  0 dB). Without shadowing, we can see
that almost all users across the cell have a high INR at all
three elevation angles, suggesting that they are interferencelimited. As a result, SINR can be well approximated by SIR
and noise can be neglected. With shadowing, however, it is

Fig. 4. The CDFs of INR across the center cell under various levels of
shadowing and elevation angles.

Fig. 5. The CDFs of SIR, SNR, and SINR across the center cell at an elevation
of 90◦ .

clear that the system is no longer necessarily interferencelimited. Under light and average shadowing, we can see
that there are significant probabilities of INR being above
or below 0 dB. However, the tails below 0 dB are much
more substantial than those above, which only reaches at
most around 8 dB, suggesting that even then the system is
not in an overwhelmingly interference-limited regime. With
heavy shadowing, the INR is almost exclusively less than 0
dB, with a significant density below 10 dB. These results
can be explained by the fact that, in addition to shadowing
diminishing the power of the desired receive signal, it also
reduces that of interference. As the elevation angle decreases
from directly overhead at 90◦ , the main lobes of the spot
beams begin to overlap, driving up inter-cell interference and,
thus, the INR.
Fig. 5 shows the CDFs of SIR, SNR, and SINR under
various shadowing levels at an elevation of 90◦ . Recall that
SIR is invariant of the shadowing level and, thus, only a
single line is shown. Without shadowing, there is a sizable
gap between SNR and SINR since the system is interferencelimited, as discussed. With light and average shadowing,
the gap between SNR and SINR shrinks, though it remains
significant. With heavy shadowing, however, the gap nearly
vanishes as the system becomes fully noise-limited and SINR
is well approximated by SNR.

shown numerically that approximating the fading order to
the nearest integer offers convenience in analysis at little
cost in generality. The main benefit of integer fading order
lies in the development of tractable algebraic expressions for
modeled probability densities and expected values. Finally, we
have provided numerical evidence that sky-to-ground cellular
channels, though potentially interference-limited due to limited
cross-cell isolation, are in fact rendered noise-limited when
realistic levels of shadowing are introduced.

VI. C ONCLUSION
We have characterized the desired (co-cell) and interference (cross-cell) signal power levels of a cellular satellite
communication system downlink under a SR channel model.
Leveraging the fact that co-cell and cross-cell signals from
spot beams travel along the same propagation channel, we
have obtained distributions for received signal power along
with SNR, SIR, and INR, where we saw that SIR is independent of fading. We have established means to relate
the parameters of linearly related SR variables, and we have
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