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Abstract—This paper investigates the theoretical basis for using
ground relaying in multi-antenna satellites exposed to blocking
situations. Inactive and unobstructed User Equipments (UEs)
located on ground are the relaying nodes of UEs that are not in
the field of view of the satellite. Exact closed-form relationships
of the Signal-to-Noise Ratio (SNR) and the outage probability
are obtained for the case where each user is connected to two
transmitting antennas at the satellite. The channel between the
satellite and ground is modeled as a shadowed-Rician (SR),
whereas a Fluctuating Two-Ray (FTR) fading model is used
for the mmWaves ground link between relay and UE, as well
as cases with perfect and imperfect Channel State Information
(CSI). The simulation results showed that if perfect CSI is not
available in the pre-coding and only the signal phase is estimated,
the performance loss is minimal and the system can reach its
ideal performance by spending limited power. In any case, the
closed-form for the ideal state are a good proxy to predict the
performance under non-ideal conditions.

I. INTRODUCTION

Satellite communications are receiving a lot of attention
in the last decade fueled by the boom of Low-Earth Orbit
(LEO) communications and the quest for fully ubiquitous
internet service. It is in the low orbits – between 500 km
and 2000 km – where we have witnessed a rapid development
of proprietary and legacy initiatives. For the former, projects
such as SpaceX’s Starlink, Amazon’s Kuiper and OneWeb are
state-of-the-art examples of a new space market determined
to bring internet to the most distant corners of the Earth.
For the latter, the umbrella term of Non-Terrestrial Networks
(NTN) [1] encompasses the 3GPP effort to include the whole
air and space ecosystem in 5G New Radio (NR) and the future
6G. In this vision, LEO constellations with hundreds or even
thousand of satellites are the enablers of extended cellular
coverage, serve as a global backbone, and offload the cellular
base stations in congested areas [1]–[4].

However, the promise of ubiquitous service is challenged by
the need of Line-of-Sight (LOS) in satellite communications.
As terrestrial User Equipment (UE)s move in a certain area,
shadowing and multipath conditions might change abruptly
causing large-scale variations in the received signal. This is
critical in urban areas, with buildings and other obstacles that
prevent line of sight between communicating devices, but also
observable in rural low-scattered areas and depending on the
elevation angle and the satellite move. One way to address
Non-Line-of-Sight (NLOS) scenarios is to complement the

Hadi Hashemi, Beatriz Soret and M. Carmen Aguayo-Torres (corresponding
email: bsoret@ic.uma.es) are with the Telecommunication Research Institute
(TELMA), Universidad de Málaga, Spain.

satellite network with terrestrial relaying to ensure that terres-
trial obstacles do not compromise the connectivity. The idea
is that an unobstructed ground relay receives and retransmits
signals between the satellite(s) and the obstructed ground
users. At the same time, the trend towards higher frequencies
on ground increases also the probability of interruption of
the direct communication between source and destination.
Therefore, relay networks play a key role in future terrestrial
and non-terrestrial networks [5] [6].

Ground relaying has been widely addressed in the literature
(see, e.g., [7], [8]). Satellite relaying networks is in general
a more recent topic, but several references have looked at
different scenarios and challenges [9]–[13]. Authors in [9]
consider a satellite as source and unmanned aerial vehicles
(UAV) as relay to sent its data to user on earth. All nodes
are equipped with a single antenna devices, and the outage
probability of received signal to destination through decode-
and-forward (DF) relay was studied. In [10], using UAVs
as relay to control network when terrestrial relay infrastruc-
ture is unavailable, an approximate and asymptotic outage
probabilities of the considered system in present interference
are studied. The network performance of the satellite full-
duplex relay with relay selectability is reviewed in [11].
Authors in [12] studied the physical-layer security of a hybrid
satellite-terrestrial network where multiple terrestrial DF relays
and users in the presence of a terrestrial eavesdropper. In
[13], a two-user multi-relay non-orthogonal multiple access-
based hybrid satellite-terrestrial relay network is proposed for
minimizing the whole system outage probability and providing
full diversity order for users.

Another key aspect in the analysis of terrestrial and non-
terrestrial systems is the choice of a suitable and close to
reality channel model. There are various statistical models for
satellite channels and millimeter wave communication. Among
them, we have chosen the shadowed-Rician (SR) fading model
for the communication between the satellite and the user on the
ground [14] and the Fluctuating Two-Ray (FTR) fading model
for the communication between the users on the ground [15].
These models agree with the experimental results and thus
bring the results of calculations in this article closer to reality
[16], [17]. In recent years, the FTR model has been applied
in the study of a relay network in the mode of amplify-and-
forward as well as decoding-and-forward [18], [19].

In this paper, we study the theoretical basis for using
ground relaying in multi-antenna satellites exposed to blocking
situations. The decode-and-forward mode is assumed. After
stating the problem model, the statistical behavior of the SNR
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and the probability of outage have been analyzed in two
different cases for the amount of channel state information
in the transmitter.

The rest of this article is organized as follows. In Section
II, we present the system model. Section III presents our
analyses to obtain the SNR distribution at the relay node when
perfect and imperfect channel state information is present.
Then in Sections IV, we obtain the outage probability and,
finally, Section V presents our numerical results followed by
conclusions drawn in Section VI.

II. SYSTEM MODEL

Consider the situation in Figure 1 where a LEO satellite
with Ns antennas provides service to single-antenna users
located at the Earth surface within its coverage area. Assuming
that the satellite knows the location of all users, the direction
of the beam is set towards the intended user. As shown in
the Figure, the end user receives a poor signal and cannot
decode the message due to the blocking of its line of sight
to the satellite. Another unobstructed node (which can be an
inactive user or a ground station) acts as a relay to complete
this communication. The received signal at the relay node can
be modeled as follows

ysr =
√
PsGh

T
srws+ n, (1)

Where Ps is the power transmitted by each of the antennas,
which can be optimally adjusted between the Ns antennas, G
is the gain of the transmitter antennas in the direction of the
desired user, hsr is the channel vector between the source and
the relay node, w is a precoding vector that can be designed
and specified based on the amount of existing Channel Station
Information (CSI), s is the desired signal, and n is the additive
zero-mean white Gaussian noise (AWGN) noise with power
N0.

Without losing the generality of the problem, we analyze
the case of two antennas and assume that the power is equally
divided between the two antennas, Ps = Pt

2 . We assume hsr
as the 2×1 shadowed-Rician (SR) channel vector between the
source and the relay node. The complex base-band sample of
a wireless fading channel for satellites can be expressed as

hSR = ζ
√

Ωejφ +X + jY, (2)

where ζ is a unit power Nakagami-m random variable for
specular component with power Ω and a uniformly distributed
random phase, φ, such that φ ∼ U [0, 2π). On the other hand,
X + jY is a complex zero-mean Gaussian random variable
with power 2σ2, such that X,Y ∼ CN (0, σ2). Based on these
assumptions, the Probability Density Function (pdf) of |hSR|2
for a single link with SR fading is written [14]

f|HSR|2(x) = Ae−
x

2σ2 1F1(m, 1, Bx) (3)

Fig. 1. The system model of satellite communication through DF users.

where A = (2σ2m)m

2σ2(2σ2m+Ω)m , B = Ω
2σ2(2σ2m+Ω) , and 1F1(, , )

denotes the confluent hyper-geometric function. This equation
for integer m can be represented as follows

f|HSR|2(x) =

m−1∑
k=0

αSR(k)xke−βSRx (4)

where (.)k is the Pochhammer symbol, αSR(k) =
mm(−Ω)k(1−m)k

(2σ2)k−m+1(2σ2m+Ω)k+m(k!)2
, and βSR = 2σ2m

2σ2(2σ2m+Ω) .
Upon successful reception of the signal, the relay will

decode it and send it to the destination. In other words, it works
with the Decode-and-Forward (DF) protocol. We can obtain
the minimum required signal-to-noise ratio (SNR) level based
on the data rate, R, and the bandwidth, B, and the decoding
condition implies that the SNR in the relay is greater than
ηth = 2RB − 1.

The received signal from the relay at the destination node
can be modeled as follows

yrd =
√
Prhrds+ n, (5)

where Pr is the transmit power at the relay and hrd is the
channel vector between the relay and the destination node.

The relay transmits this signal using a single antenna
using ground millimeter waves. The channel between users is
modeled according to the Fluctuating Two-Ray (FTR) fading
model [15]. We chose this model due to its high compati-
bility with the experimental results and its generality. Having
adjustable parameters allows it to be accurately modeled for
different conditions. In this model, in addition to the LOS
signal, the largest environmental reflection is also considered.
For this reason, the signal of this channel is given by

hFTR = ζV1e
jφ1 + ζV2e

jφ2 +X + jY, (6)

where the distribution of ζ, φ1, φ2, X and Y are similar to
the SR model. For this model, K =

V 2
1 +V 2

2

2σ2 is the power ratio
between specular and diffuse components, and ∆ = 2V1V2

V 2
1 +V 2

2

is the parameter expressing how similar to each other are the
average received powers of the specular components. The pdf
of the FTR model can be represented similarly to the SR model



for integer m. The pdf of |hFTR|2 for a FTR fading with the
use of [15] and after some manipulation is as follows

f|HFTR|2(x) =

M∑
i=1

2∑
j=1

m−1∑
b=0

αFTR(i, j, b)xbe−βFTR(i,j)x,

(7)

where M = dK∆e + 1, δi = ∆ cos((i−1)π)
2M−1 ,

βFTR(i, j) = (K+1)m
K(1+(−1)jδi)+m

, I =∫ 2M−1

0

∏2M
k=1,k 6=i(u − k + 1)du, and αFTR(i, j, b) =

mm(K+1)b+1(−1)i(K(1+(−1)jδi))
b(m−1

b )I
(K(1+(−1)jδi)+m)m+b(2M−1)Γ(2M−i+1)Γ(i)Γ(b+1)

. By
adjusting the parameters of this model, all other fading
models can be reached [15]. Therefore, the analysis of this
model will be very valuable.

III. PROBABILITY DENSITY FUNCTION OF THE SNR AT
THE RELAY NODE

To obtain the outage probability, we first have to derive the
pdf of the SNR at the relay node. According to the level of
CSI, the source node can choose the appropriate precoding
vector so that the SNR at the relay node is maximized.
We consider two different CSI scenarios: perfect CSI and
imperfect (partial) CSI.

A. Perfect CSI

With perfect channel estimation, we consider the precoding
vector for the satellite as follows

w =
h∗sr√
||hsr||2

(8)

Therefore, the received signal is

ysr =
√
PsGh

T
sr

h∗sr√
||hsr||2

s+ n =
√
PsG||hsr||2s+ n.

(9)

The SNR at relay node is Λr =
PsG(|hsr,1|2+|hsr,2|2)

N0
= Λr,1 +

Λr,2, where Λr,i =
PsG|hsr,i|2

N0
= ρ̄|hsr,i|2 is the received SNR

from ith channel between the source and relay node. With the
use of (4), the pdf of the received SNR from each link can be
written

fΛr,i(x) =
1

ρ̄
f|Hsr,i|2(

x

ρ̄
) =

m−1∑
k=0

α′SR(k)xke−β
′
SRx, (10)

where α′SR(k) = αSR(k)
ρ̄k+1 and β′SR = βSR

ρ̄ . Due to the
small distance of the antennas to each other (as much as
half a wavelength) and the fact that both links have similar
conditions, it can be assumed that the parameters of these
two links are similar but they are independent. Because the
total SNR is the sum of two independent SNRs, we apply the
distribution of the sum of the independent random variables.
For this we do the convolution of their distribution functions

together. With two active antennae, and according to [20, Eq
3.191.1], this yields

fΛr (x) = fΛr,1 ∗ fΛr,2(x) (11)

=

m−1∑
k1=0

m−1∑
k2=0

α′SR(k1)α′SR(k2)e−β
′
SRx

∫ x

0

tk1(x− t)k2dt

=

m−1∑
k1=0

m−1∑
k2=0

α′SR(k1)α′SR(k2)B(k1 + 1, k2 + 1)xk1+k2+1e−β
′
SRx

where B(., .) is the Beta function.

B. Imperfect CSI

It is more difficult to estimate the amplitude of the channel
than its phase. In this subsection, we suppose that the satellite
has only an estimation of the channel phases. Then, the
precoding vector is as follows

w =
1√
2

[e−jθ1 , e−jθ2 ]T . (12)

With the use of this vector, the received signal is similar to
the output of the equal gain combiner, i.e.,

ysr =

√
PsG

2
(|hsr,1|+ |hsr,2|) s+ n. (13)

Let us define ht = |hsr,1|+ |hsr,2|, so the SNR at relay node
is Λr = ρ̄

2h
2
t . As expected, by reducing the level of informa-

tion from the channel, the power level reached to the relay
also decreases, because the relationship (|hsr,1|+|hsr,2|)2

2 <
|hsr,1|2+|hsr,2|2 is always established. The pdf of the channel
amplitude is f|H|(x) = 2xf|HSR|2(x2). Unlike the perfect CSI
case, we have to work with the convolution of two pdfs of the
channel amplitudes as follows

fHt(x) = fHsr,1 ∗ fHsr,2(x)

=

m−1∑
k1=0

m−1∑
k2=0

4αSR(k1)αSR(k2) (14)

×
∫ x

0

t2k1+1(x− t)2k2+1e−βSR(t2+(x−t)2)dt.

By change of variables u = t− x
2 and binomial expansions of

the resulting terms, we get

fHt(x) =

m−1∑
k1=0

m−1∑
k2=0

2k1+1∑
b1=0

2k2+1∑
b2=0

4αSR(k1)αSR(k2)e−βSR
x2

2

(
2k1 + 1

b1

)(
2k2 + 1

b2

)
(
x

2
)2k1+2k2+2−b1−b2(−1)b2I, (15)

where I =
∫ x

2

− x2
ub1+b2e−2βSRu

2

dt. This integral for odd
values of b1 + b2 is zero. We can rewrite integral as
I = ((−1)b1+b2 + 1)

∫ x
2

0
ub1+b2e−2βSRu

2

dt. Because this



relation is the definition of a lower incomplete gamma, I =
(−1)b1+b2+1

2(
√

2βSR)b1+b2+1 γ( b1+b2+1
2 , βSRx

2

2 ), and we can rewrite

fHt(x) =

m−1∑
k1=0

m−1∑
k2=0

2k1+1∑
b1=0

2k2+1∑
b2=0

αSR(k1)αSR(k2)(
2k1 + 1

b1

)(
2k2 + 1

b2

)
(−1)b1 + (−1)b2

22k1+2k2+1− b1+b2−1
2

1

β
b1+b2+1

2

SR

x2k1+2k2+2−b1−b2e−βSR
x2

2 γ(
b1 + b2 + 1

2
,
βSRx

2

2
). (16)

The pdf of the SNR is related to the pdf of the channel
amplitude as follows

fΛr (x) =
1√
2ρ̄x

fHt

(√
2x

ρ̄

)
. (17)

And using (16) we write

fΛr (x) =

m−1∑
k1=0

m−1∑
k2=0

2k1+1∑
b1=0

2k2+1∑
b2=0

α′SR(k1)α′SR(k2)(
2k1 + 1

b1

)(
2k2 + 1

b2

)
(−1)b1 + (−1)b2

2k1+k2+1

1

β
′ b1+b2+1

2

SR

xk1+k2− b1+b2−1
2 e−β

′
SRxγ(

b1 + b2 + 1

2
, β′SRx). (18)

IV. OUTAGE PROBABILITY ANALYSIS

Outage in the destination can occur under two conditions.
First, the signal power in the satellite path is lower than the
threshold and the relay cannot receive the correct signal. The
second may occur when the relay does not deliver enough
power to receive the message. We define this total outage
probability in the network as follows

POut(ηth) = POut−SR(ηth)

+ (1− POut−SR(ηth))POut−FTR(ηth), (19)

where POut−SR = Pr(Λr ≤ ηth) is the outage probability
in the source-relay link, POut−FTR = Pr(Λd ≤ ηth) is the
outage probability in the relay-destination link, and ηth is
a pre-defined threshold. The closed-forms of POut−SR and
POut−FTR are obtained next.

A. Outage Possibility of the Satellite Link with Perfect CSI

When perfect CSI is available, we have a pdf of SNR at the
relay node from (11). The outage probability can be studied
as follow

POut−SR(ηth) =

∫ ηth

0

fΛr (x)dx

=

m−1∑
k1=0

m−1∑
k2=0

α′SR(k1)α′SR(k2)B(k1 + 1, k2 + 1)

×
∫ ηth

0

xk1+k2+1e−β
′
SRxdx (20)

According to [20, Eq 8.350.1] we have

POut−SR(ηth) =

m−1∑
k1=0

m−1∑
k2=0

α′SR(k1)α′SR(k2)B(k1 + 1, k2 + 1)

× γ(k1 + k2 + 2, β′SRηth)

β′k1+k2+2
SR

(21)

B. Outage Possibility of the Satellite Link with Imperfect CSI

The distribution function of the SNR changes in this situa-
tion. On average, we will be a little far from the optimal power
and it is expected that the probability of outage is higher. The
outage probability is given by (18)

POut−SR(ηth) =

∫ ηth

0

fΛr (x)dx

=

m−1∑
k1=0

m−1∑
k2=0

2k1+1∑
b1=0

2k2+1∑
b2=0

α′SR(k1)α′SR(k2)(
2k1 + 1

b1

)(
2k2 + 1

b2

)
(−1)b1 + (−1)b2

2k1+k2+1

1

β
′ b1+b2+1

2

SR

×
∫ ηth

0

xk1+k2− b1+b2−1
2 e−β

′
SRxγ(

b1 + b2 + 1

2
, β′SRx)dx

(22)

To solve this integral, we use the series form of the gamma
function, γ(a, x) =

∑∞
d=0

Γ(a)
Γ(a+d+1)x

a+de−x, and after some
rewriting we obtain

POut−SR(ηth) =

∫ ηth

0

fΛr (x)dx

=

m−1∑
k1=0

m−1∑
k2=0

2k1+1∑
b1=0

2k2+1∑
b2=0

∞∑
d=0

α′SR(k1)α′SR(k2)

(
2k1 + 1

b1

)(
2k2 + 1

b2

)
(−1)b1 + (−1)b2

22k1+2k2+d+3

Γ( b1+b2+1
2 )

Γ( b1+b2+1
2 + d+ 1)

× γ(k1 + k2 + d+ 2, 2β′SRηth)

β′k1+k2+2
SR

(23)

C. Outage Possibility of the Ground Link

For the millimiter link between the ground relay and the
ground destination, the SNR distribution function, fΛd(x) =
1
ρ̄f|HFTR|2

(
x
ρ̄

)
, is written using (7)

fΛd(x) =

M∑
i=1

2∑
j=1

m−1∑
b=0

α′FTR(i, j, b)xbe−β
′
FTR(i,j)x (24)

where α′FTR(i, j, b) = αFTR(k)
ρ̄b+1 and β′FTR = βFTR

ρ̄ . Then, the
outage probability can be formulated as follows

POut−FTR(ηth) =

M∑
i=1

2∑
j=1

m−1∑
b=0

α′FTR(i, j, b)

β′b+1
FTR

γ(b+ 1, β′FTRηth)

(25)
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V. SIMULATION RESULTS

In this section, we provide numerical results to validate
the analysis and quantify the system performance. Monte
Carlo simulations have been done with 106 iterations using
MATLAB software.

Figure 2 shows the pdf of the SNR at the relay node with
perfect and imperfect CSI. For each path to the relay node,
the power budget is set to Ps = 1, the gain of the transmitter
antennas is one and the average SNR is 1 dB. The channel
gains are normalized by setting the expected value of their
squares to 1 and m = 5. With perfect CSI the peak of the graph
is tilted to the right, which means that more estimation of
the channel increases the communication quality. The average
received power for this simulation is 2.51 dB in perfect CSI

Fig. 4. The outage probability versus threshold at the destination node when
CSI is perfect or imperfect whit 2 or 4 active antenna at the source.

and 2.35 dB in imperfect CSI.
In Figure 3, the outage probability versus the threshold

at the relay node when the CSI is perfect or imperfect is
depicted. Besides the analyzed case of 2 antennas, we show
the simulated result with 4 active antennae at the source to
give additional insight of the generalization of our analyses.
For the case with two antennae, the figure shows the accuracy
of equations (21) and (23). The series in relation (23) is
truncated to 30 terms. Having perfect CSI leads to a lower
outage probability as compared to imperfect CSI, and this
improvement is more visible as the number of antennae
increases. As expected, increasing the number of antennae
reduces the outage probability.

In Figure 4, we plot the outage probability versus threshold
at the destination node with perfect and imperfect CSI and
2 or 4 active antennae at the source. The graph of perfect or
imperfect CSI are very close to each other, but still perfect CSI
has a lower outage probability for a given threshold. Also, the
more active antennae the less outage probability.

Finally, Figures 5 and 6 plot the outage probability versus
the average SNR at the relay and destination node, respec-
tively, with perfect and imperfect CSI. We can see the diversity
orders of the outage probability are proportional to the number
of antennae. One interesting observation from Figure 5 is that
the performance of the system in both modes, perfect and
imperfect CSI, is very close to each other. This is useful in
the case that the satellite wants to serve a large number of
users and each user is assigned two antennae. To reduce the
complexity, the estimation of the channel amplitude would be
avoided in a practical implementation. The analytical results
of this paper showed that the obtained formula has a simpler
form when we have complete information, constituting a
close approximation of the performance of non-ideal practical
scenarios.



-5 0 5 10 15

[dB]

10
-4

10
-3

10
-2

10
-1

10
0

P
O

u
t-

S
R

Perfect CSI (N
s
 = 2)-Analysis

Perfect CSI (N
s
 = 2)-Simulation

Imperfect CSI (N
s
 = 2)-Analysis

Imperfect CSI (N
s
 = 2)-Simulation

Perfect CSI (N
s
 = 4)-Simulation

Imperfect CSI (N
s
 = 4)-Simulation

Fig. 5. The outage probability versus average SNR at the relay node when
CSI is perfect or imperfect whit 2 or 4 active antenna at the source.

VI. CONCLUSION

In this article, a ground relaying scenario for satellite sys-
tems has been analyzed. The obstructed connection between
the source satellite and the ground destination is supported
by an inactive ground user acting as a relay. Exact closed-
form relationships of the SNR and the outage probability were
obtained for the case where the satellite has two transmitting
antennas. The analysis is supported by numerical evaluations.
If the perfect CSI is not available in the pre-coding and only
the signal phase is estimated, the performance loss is not
too high and the system can reach its ideal performance by
spending limited power.
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