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The introduction of Reconfigurable Intelligent Surfaces (RIS) technology marks a
transformative era in modern communication systems, enhancing coverage and facilitating
higher data transmission rates. While recent research has delved into the integration of RIS
into satellite networks, a critical and practical gap persists concerning its implementation in
the satellite-Very Small Aperture Terminal (VSAT) downlink, specifically amplifying
contributions from the VSAT side. This paper addresses this gap by proposing a simple and
engineering methodology to optimize RIS position and orientation, incorporating
considerations for the antennas’ radiation patterns and the system’s topology to streamline
optimization variables. The primary objective of this paper is to alleviate the double fading
constraint in the reflect link without the need for active elements, achieved by leveraging the
Fresnel zone of the RIS. The improvement power ratio depends on the frequency and the
VSAT ’s diameter. The results show that for a VSAT with diameter 1m the gain is up to 9dB at
2 GHz (S band) and up to 14dB at 4 GHz (C band). Additionally, the RIS channel equation is
refined, encompassing the tropospheric attenuation and accounting for electromagnetic wave
polarization.

Keywords: Position and orientation optimization, reconfigurable intelligent surfaces, satellite
networks

1. INTRODUCTION

Reconfigurable Intelligent Surfaces (RIS) have emerged as a transformative technology
poised to enhance modern communication systems, promising expanded coverage and
elevated data transmission rates [1, 2]. In recent years, the scientific community has turned
its attention to exploring the integration of RIS in satellite networks [3, 4]. The current
bibliography unveils a spectrum of applications, each contributing to the advancement
of communication systems. Noteworthy among these applications is the proposal in [5],
where RIS is strategically employed on neighboring Low Earth Orbit (LEO) satellites
operating in the Terahertz (THz) band. This deployment aims to alleviate misalignment
fading, compensate for high path loss, and consequently enhance the Signal-to-Noise
Ratio (SNR). Investigating scenarios devoid of Line of Sight (LoS) paths between User
Equipment (UE) and satellites, papers [6] and [7] offer distinct perspectives. The former
focuses on minimizing total transmit power while meeting UE rate requirements, while
the latter proposes innovative deployments to extend the coverage of RIS-aided links.
Additionally, the discrete phase shift RIS takes center stage in [8], studying its orientation
in a cellular environment without analytically defining the orientation matrix. In paper
[9], authors solve the orientation and beamforming problem for the implementation of
RIS in satellite networks. However, the topology of the RIS and the radiation patterns of
ground terminals are ignored. The implementation of RIS in near-field conditions within
IoT non-terrestrial networks is explored in [10], and in [11], RIS is employed to mitigate
the Doppler effect in Low Earth Orbit (LEO) satellites. In addition, RISs are proposed to
provide a solution to the interference mitigation between LEO and Geostationary (GEO)
satellites in [12]. In paper [13], authors optimize the phase shift of the RIS and the

© International Telecommunication Union, 2025
Some rights reserved. c b n d

This work is available under the CC BY-NC-ND 3.0 IGO license: https://creativecommons.org/licenses/by-nc-nd/3.0/igo/. 
More information regarding the license and suggested citation, additional permissions and disclaimers is available at: 

https://www.itu.int/en/journal/j-fet/Pages/default.aspx

ITU Journal on Future and Evolving Technologies, Volume 6, Issue 2, June 2025



beamforming vector of UE in order to perform in a multi-
satellite cooperative system. Finally, authors in [14]
explore the implementation of RIS to satellite–terrestrial
integrated networks with Non-Orthogonal Multiple Ac-
cess (NOMA); and in [15], they propose simultaneously
transmitting and reflecting RIS (STAR-RIS) for satellite
communication.

Building upon the foundations laid by the current bibli-
ography, this paper introduces several key contributions.
Firstly, this work focuses on optimizing the position and
orientation of RIS in relation to a ground terminal VSAT
in a satellite network. The radiation patterns of the VSAT
and a RIS element play a significant role to an achievable
improvement and also determine the topology which
achieves this maximum achievable improvement. In ad-
dition, a comparative analysis is conducted, investigating
the implications of directing the VSAT beam towards the
satellite versus the RIS. The current design direction of
these terrestrial satellite networks is to orient the VSAT
towards the satellite and use cooperative reception or
adaptive transmission techniques to improve the power
margin of the link. In this study, we propose the VSAT to
be oriented towards the RIS, which can be considered as
an additional parabolic antenna with the property of both
mechanical and electronical rotation of radiation patterns.
Furthermore, the challenge of double fading in the reflect
path is addressed by leveraging the Fresnel zone of the
RIS, without requiring active elements. The presence of
active elements is following by the demand of additional
power consumption and more complex electronic hard-
ware, and thus the main advantages of a passive RIS,
which are low energy consumption and low-cost man-
ufacturing, retreat. Finally, the RIS channel equation is
enhanced by incorporating tropospheric attenuation and
accounting for the polarization of electromagnetic waves,
guided by the International Telecommunication Union’s
Radiocommunication Sector (ITU-R). These propagation
phenomena are extremely important for satellite commu-
nications and affect their performance.

2. SYSTEM MODEL

2.1 Antennas theory preliminaries and radia-
tion zones

To start with the antennas’ radiation patterns, the antenna
mask for VSAT complies with guidelines from ITU-R
[16],[17], specifically designed for small ground terminals
operating as Fixed Satellite Systems (FSS) across the
frequency bands from 2 GHz to 31 GHz. The VSAT’s
directional gain is symmetric to the direction of the
beam focus, exhibiting cylindrical symmetry.The far field
formula for a parabolic antenna is

Rparabolic
far field =

2 ·D2

λ
(1)

Figure 1 – Radiation diagrams of VSAT (ITU-R 456-6), D = 1m

Figure 2 – Radiation diagrams of VSAT (ITU-R 456-6), D = 2m

where D is the diameter of the parabolic antenna and λ
is the wavelength.

The directional gain of the RIS element, outlined in
paper [18], is symmetric to the direction of beam focus
(cylindrical symmetry), independent of the operating
frequency, and depends only on the patch size, which is
defined only for the half space. The far field formula for
a patch antenna is

Rpatch
far field =

2 · (d2
x + d2

y)

λ
(2)

where dx and dy are the two dimensions of the patch
antenna. The far field formula for a rectangular antenna
array is

Rarray
far field =

2 · (a2 + b2)
λ

(3)

where a and b is the two dimensions of the rectangular
antenna and the radiating near field of it is

Rarray
radiating near field = 0.62 ·

√
(a2 + b2)

3
2

λ
(4)

Defining the radiation zones requires addressing critical
distances and their relationships. The distance between
VSAT and the satellite is calculated using the formula
[19]. In this book, the formula of the elevation angle
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Figure 3 – Radiation diagrams of RIS element

of the satellite is determined, involving the parameters
of Earth’s radius, satellite height, VSAT’s longitude and
latitude, and the satellite’s latitude. Also, cooperation
between satellite networks and terrestrial systems is
analyzed in [20].

In addition, the physical dimensions of the examined sys-
tem, independent of the type of satellite system technical
characteristics, give us the ability to consider

dRIS
sat ≫ dvsat

RIS and dRIS
sat ≈ dvsat

sat (5)

Further, because the directional gain mask of VSAT and
the directional gain of the RIS element have been defined
for the far field for each one, the distance between RIS and
the VSAT should be dvsat

RIS ≥ Rparabolic
far field , as in the majority

of the cases Rparabolic
far field ≫ Rpatch

far field. Moreover, the selection
of the appropriate channel model based on the topology
and the engineering restrictions of the system is an issue
of paramount importance.

• If the inequality RRIS
far field < Rparabolic

far field is satisfied, the far
field approximation can be used.

• On the contrary, if the inequality RRIS
radiating near field <

Rparabolic
far field < RRIS

far field is satisfied and at the same time
dvsat

RIS ≤ RRIS
far field, the analytical near field equations

should be used.

For the case of a rectangular RIS (M = N) and rectangular
elements (dx = dy) with value dx =

λ
w ,w ∈N

∗, the expres-
sion between the far field bounds of VSAT and the RIS
can be transformed into expression between the sizes of
VSAT and RIS as follows:

M <
w
√

2

D
λ

(6)a

w
√

2

D
λ
<M < 1.54w

(D
λ

) 4
3

(6)b

where ((6)a) one describes the case, in which we can use
far field approximation, while ((6)b) illustrates the case,
in which we might have to use an analytical near field
model.

Table 1 – The parameters of the optimization problem

dvsat
sat

Distance between satellite and
VSAT

dRIS
sat

Distance between satellite and
RIS

dvsat
RIS Distance between RIS and VSAT

GRIS,(m,n)
sat

Directional gain of satellite to-
wards the (m,n) element of RIS

Gsat
RIS,(m,n)

Directional gain of the (m, n) ele-
ment of RIS towards the satellite

Gvsat
RIS,(m,n)

Directional gain of the (m, n) ele-
ment of RIS towards the VSAT

GRIS,(m,n)
vsat

Directional gain of VSAT towards
the (m, n) element of RIS

ρ̂sat
The unity vector of polarization
of satellite

ρ̂VSAT
The unity vector of polarization
of VSAT

ρ̂RIS
The unity vector of polarization
of RIS

Am,n
The amplitude of reflection coef-
ficient of the (m, n) element of RIS

Figure 4 – An example of rotation of GCS (black) to the LCS of VSAT
(red). The y axis is vertical to the surface of the paper.

2.2 Coordination systems

The main direction of optimizing the position of RIS
leads us to define the topology of the system using a
Global Coordination System (GCS) as reference and two
Local Coordination Systems (LCS), one for VSAT (LCS-
VSAT) and one for RIS (LCS-RIS). Each of the LCSs can
be described by the position vector (centerLCS) of their
center with reference to the GCS and the rotation vector
(rotationLCS), which includes the bearing angle, the down
tilt angle and the slant angle and describes the orientation
of the radiation pattern of the antenna. More precisely,
the bearing (α), down tilt (β) and slant (γ) angles refer to
the anti-clockwise rotation following the right hand rule
around the z, y and x axis respectively [21].
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2.3 Path loss modeling

The modeling of channel equation by using RIS has
been proposed in [18] and can be considered as the
superposition of links between a transmitter and receiver
by using one element of the RIS independently from the
others. The authors formulate a channel equation for
distances larger than the bound of Fresnel distance of RIS
and a simpler approximation of this equation, which can
be applied to the far field of RIS. In this work, we focus
only on a beamforming case, in which RIS is associated
with only one VSAT. The multiple user perspective of
this problem will be the main scope of future work. So,
the channel coefficients for the beamforming case are the
following:

hbeam
re f l = |ρ̂sat · ρ̂RIS| · |ρ̂RIS · ρ̂VSAT | ·

M∑
m=1

N∑
n=1

√
Fm,n

Lre f l,(m,n)
Am,n

(7)a

hbeam
dir = |ρ̂sat · ρ̂VSAT | ·

√
Gvsat

sat Gsat
vsat

Ldir
(7)b

where ((7)a) refers to the reflect path and ((7)b) to the
direct path between the VSAT and a satellite. The com-
ponent

Fm,n = GRIS,(m,n)
sat Gsat

RIS,(m,n)G
vsat
RIS,(m,n)G

RIS,(m,n)
vsat (8)

includes the directional gain of the satellite towards the
(m, n) element of RIS, the directional gain of (m, n) element
of RIS towards the satellite, the directional gain of (m, n)
element of RIS towards the VSAT and the directional
gain of the VSAT towards the (m, n) element of RIS. Gvsat

sat
is the directional gain of the satellite towards the VSAT
and Gsat

vsat is the directional gain of the VSAT towards the
satellite. It should be mentioned that due to the fact that

dRIS
sat ≈ dvsat

sat and dRIS
sat ≫ dvsat

RIS ⇒

GRIS,(m,n)
sat ≈ Gvsat

sat ,∀(m,n) (9)

These assumptions are established on the scale of the
distances between the telecommunication objectives as
dvsat

RIS has a value at the scale of 10m - 100m and dRIS
sat , d

vsat
sat at

the scale of 10 000 km, depending on the type of satellite
system. Furthermore,

Lre f l,(m,n) = Ltrop
re f l

4πd(m,n)
sat

λ

2 4πdvsat
(m,n)

λ

2

(10)

and

Ldir = Ltrop
dir

(
4πdvsat

sat

λ

)2

(11)

are the components which include the free space path
loss and the attenuations due to troposphere Ltrop [22],
[23], [24], for the reflect and direct path respectively. As
we study a beamforming case for one user, the large scale

fading can be incorporated into the upper mentioned
expression as another component and the small scale
fading due to the propagation environment are supposed
to be handle by perfect Channel State Information (CSI).
Each one of the inner products’ components in the expres-
sions of channel coefficients describes the polarization
alignment between the RIS and the satellite |ρ̂sat · ρ̂RIS|,
the RIS and the VSAT |ρ̂RIS · ρ̂VSAT |, and the VSAT and the
satellite |ρ̂sat ·ρ̂VSAT |. These parameters are very important
for satellite communications due to the phenomenon of
troposheric depolarization at higher frequencies. Finally,
Am,n is the amplitude of the reflection coefficient of (m, n)
element of RIS. The impact of the space-time variations of
propagation phenomena in the the path loss evaluation
and in the interference is a subject of future work.

3. TOPOLOGY AND OPTIMIZATION OF RIS
POSITION AND ORIENTATION

When considering the LCS-VSAT, there are two main
cases. Firstly, the VSAT can be rotated towards the satel-
lite in order to align with it and as a result the RIS is
going to add a reflection path to the standard direct path
of transmission. It should be noticed that the location
and the rotation of VSAT in this case is predefined and
unchanged despite the presence of RIS. In the second
case, the VSAT can be rotated towards the center of RIS
and in this case the transmission path consists only of
the reflection path. In the rest of the work, the first case
will be refereed to as RIS-assisted (Fig. 5) and the second
as RIS-primary (Fig. 6). In our previous work [25], the
RIS-assisted topology was studied in a beamforming
scenario under both near and far field conditions and
the main results were that the near field implementa-
tion should be preferred and that this topology does not
provide sufficient improvement. Hence, following the
direction of near field implementation, we are going to
study RIS-primary topology and it will be shown that this
topology can address the occurred issues of RIS-assisted
topology and deal with double fading constraint. This
improvement in performance is related with the collab-
oratively effective use of the RIS and VSAT directivity
and the looser angular restrictions. More precisely, in the
RIS-assisted case, there is a wider portfolio of possible
orientations of RIS than the RIS-assisted case.

We are going to compare the received power of RIS-
assisted and RIS-primary cases with the received power
in case of a topology, where the VSAT is oriented towards
the satellite and the RIS is absent. The improvement
factor will be the percentage of improvement as follows:

Improvement Power Ratio =

 Pr
Pt
|
case
with RIS

Pr
Pt
|without RIS

− 1

 · 100

(12)
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Figure 5 – System topology for RIS-assisted in 2-D

Figure 6 – System topology for RIS-primary in 2-D

where case = {RIS-assisted,RIS-primary},

Pr

Pt
|
case
with RIS = |h

beam
re f l + hbeam

dir |
2 (13)

and
Pr

Pt
|without RIS = |hbeam

dir |
2
|without RIS (14)

The component Pr
Pt
|without RIS refers to the case, in which

the VSAT is oriented towards the satellite and the RIS is
absent from the topology.

In RIS-primary topology, the VSAT is located in the center
of the GCS, has direction of the beam the Ox axis in its
LCS and the satellite is located in the xz plane. The LCS-
RIS will be optimization parameters of these problems:
centerRIS

LCS = [xris, yris, zris] , rotationRIS
LCS = [αris, βris, γris]. It

should be mentioned that the direction of RIS beam is
the Ox axis in its LCS. The center of the LCS-VSAT does
not change but because the VSAT should be focused on
the center of LCS-RIS, the rotation vector of LCS-VSAT
rotationvsat

LCS = [αvsat, βvsat, γvsat] is also an optimization
parameter. However, the RIS in this case is located in the
directive axis of the VSAT, the position of it in spherical
coordination in LCS-VSAT will be

centerRIS
LCS = [r = dvsat

ris , θ = 90◦, ϕ = 0◦] (15)

In addition, in order to mitigate the double fading con-
straint of RIS and because path loss attenuation has more
impact to the power ratio than the antenna gain of the
RIS element, the distance between RIS and the VSAT
dvsat

ris is assumed to be equal to its down limit Rparabolic
far field .

Furthermore, the topology has as axis of symmetry the
imaginary direct line between the VSAT and satellite
(cylindrical symmetry) and so we can study the system
at a half plane with its boundary being this symmetry
line. With this observation the optimization problem is

reduced from the three dimensions to the two and we
choose to solve the problem to the plain, which is defined
through the rotation vector of LCS-VSAT as follows:

[αvsat = 180◦,−180◦ + ϕα ≤ βvsat ≤ +ϕα, γvsat] (16)

or equivalent

[αvsat = 0◦,−180◦ − ϕα ≤ βvsat ≤ −ϕα, γvsat] (17)

Further, the directional axis of RIS and the VSAT should
be aligned in this topology and for this reason αris =
180 + αvsat. Hence, the total optimization variables of
the studied problem are

(
βris, γris, βvsat, γvsat

)
. In partic-

ular, γ rotation parameter is responsible for the polar-
ization of the VSAT and RIS due to their axis of prop-
agation, βris is responsible for maximizing the product
Gsat

RIS,(m,n)G
vsat
RIS,(m,n),because it controls the input and out-

put angle of RIS, and βvsat determines the d(m,n)
sat . As

we can see in Fig. 6, the maximization of the product
Gsat

RIS,(m,n)G
vsat
RIS,(m,n) and the minimization of d(m,n)

sat are two
contradictory features.

min
βris.γris,βvsat,γvsat

− |hbeam
re f l + hbeam

dir |
2

s.t. − 180◦ + ϕα ≤ βvsat ≤ +ϕα
− 90◦ ≤ βris ≤ +90◦

0◦ ≤ γvsat, γris ≤ +360◦

(18)

The minimization optimization problem is not convex
and as a result we are solving this problem numerically
following a Successive Convex Approximation (SCA)
method, [26], [27], [28]. In a nutshell, in SCA we approxi-
mate the concave (convex) or linear parts of a function,
which we want to minimize (maximize), with a surrogate
function and we solve the problem iteratively using the
knowledge of the previous iteration results until con-
vergence. The main construction rules for the surrogate
function in terms of a minimization problem are the
follows:

1. f̃ (x|x(k)) should be strongly convex in X.
2. ∇ f̃ (x(k)

|x(k)) = ∇ f (x(k)), ∀ x(k)
∈ X

3. ∇ f̃ (x|x(k)) is continuous on X
4. {Optional for further convergence results} ∇ f̃ (x|x(k)) is

uniform Lipschitz continuous on X

where X is the domain of x and f̃ (x|x(k)) is the surrogate
function of the original function f (x) in the (k + 1)-th
iteration. In our optimization problem more precisely,
we approximate the non-convex function

F(x) = −|hbeam
re f l (x) + hbeam

dir (x)|2 (19)
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where x = [βvsat, βris, γvsat, γris] in the domain

X = {−180◦ + ϕα ≤ βvsat ≤ +ϕα}×

{−90◦ ≤ βris ≤ +90◦}×
{0◦ ≤ γris ≤ +360◦}×
{0◦ ≤ γvsat ≤ +360◦}

(20)

with a Newton-based surrogate in each iteration k =
0, 1, . . . as follows:

F̃
(
x|xk

)
= F(xk) + ∇F(xk)T

· (x − xk)+
µ

2
(x − xk)TH(x − xk)

(21)

The parameterµ is strictly positive and the matrix H is any
positive definite matrix. For our case, we have chosen the
matrix H to be the identity matrix. Hence, the surrogate
function is strictly convex and the surrogate problem
can be solved by using a gradient descent method or
Lagrangian duality theory in each iteration k = 0, 1, . . . .
After each iteration k, we get an approximation of the
optimization variables

x̂
(
xk

)
= arg min

x∈X
F̃
(
x|xk

)
(22)

and then we are going to update the value of xk+1 for the
iteration k + 1 as follows:

xk+1 = xk + qk
·

(
x̂
(
xk

)
− xk

)
(23)

In order to have convergence of the iterative optimiza-
tion algorithm, the parameter qk should follow the di-
minishing stepsize update formula, qk+1 = qk

· (1 − ϵqk)
,q0 < 1

ϵ , ϵ ∈ (0, 1) for every iteration k = 0, 1, . . . . This
choice along with the structure of the proposed surrogate
function, which is uniformly Lipschitz continuous on X,
leads to the fact that all the limit points xk are stationary,
[28].

Algorithm 1 SCA algorithm for optimization problem

Set k = 0, initialize feasible point x0
∈ X, {qk

} ∈ (0, 1]
repeat

x̂
(
xk

)
= arg minx∈X F̃

(
x|xk

)
xk+1 = xk + qk

·

(
x̂
(
xk

)
− xk

)
k← k + 1

until convergence
return xk

4. SIMULATION RESULTS

In this section we are simulating a hypothetical GEO
satellite system at height of 38 000 km from the ground
which is located in ϕs = 39◦E, which is the position of
satellite HELLAS-SAT 2. The earth is considered as an
ideal sphere with radius Re =6371km and the VSAT is
located at (ϕs = 37◦E, θs = 23◦N), which is the location
of NTUA campus at Zografou, Athens. Two different

Figure 7 – RIS-assisted, D = 1m.

Figure 8 – RIS-primary, D = 1m.

Figure 9 – RIS-assisted, D = 2m.
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Figure 10 – RIS-primary, D = 2m.

diameters for VSAT are considered, D = {1m, 2m} and
two different downlink frequency operating bands: S
at 2 GHz, C at 4 GHz. Finally, we should mention that
we consider horizontal polarization of electromagnetic
signals, which depends significantly on the orientation
of the antennas. The spacing of the RIS will be equal
to dx = dy =

λ
2 , the number of rows M is equal to the

number of columns N, all elements are passive (Am,n = 1)
and the distance between RIS and the VSAT is equal to
Rparabolic

far field . As referred to previously, the VSAT is located
at the radiating near field of RIS and we are going to
evaluate the improvement provided by using RIS as a
function of VSAT diameter, carrier frequency and number
of RIS elements per row, under the constraint of equation
((6)b), which describes the range of number of elements
per dimension of a square RIS in order that the receiver
(VSAT in this case) is in the radiating near field of it.

As easily observed from the diagrams in figures 7-10,
the RIS-primary topology demonstrates greater enhance-
ments compared to the RIS-assisted topology. This occurs
because we capitalize on the directivity of VSAT antennas
to equalize the dual fading constraints of the reflective
path, taking into consideration the VSAT position in the
radiating near field of the RIS. In the case of RIS-assisted
topology, the RIS is served from the lower side lobes
of the VSAT, resulting in marginal improvement. It is
crucial to emphasize that the negative improvement in
decibel scale in the RIS-primary topology can be inter-
preted as follows: the RIS gain, approximately equal to
Am,n ·M ·N, is not sufficiently high to mitigate the dual
fading. Furthermore, we observe that with an increase
in frequency and under the same VSAT diameter, the
improvement decreases in RIS-assisted topology and
increases in RIS-primary topology.

Further, it is interesting to compare different use cases
under the same topology. Firstly, for the same VSAT
diameter, as the frequency increases, more elements
per dimension of the RIS are required to achieve the
same improvement. For example, to achieve a 3dB

improvement (doubling of the power margin) in the RIS-
primary case with a VSAT diameter of 1m, we require
25 elements per dimension at 2 GHz, 49 elements per
dimension at 4 GHz, and 97 elements per dimension
at 8 GHz. However, these requirements translate to
the need for a RIS with a length approximately equal
to 1.85m for all three cases. Furthermore, for the same
carrier frequency, as the diameter of the VSAT increases,
higher maximum improvements can be achieved, but
simultaneously, more elements per dimension of the RIS
are needed to achieve the same improvement as expected.
Hence, it is evident that there is a practical limitation in
this case as we need an equal size RIS in order to improve
the performance of the classic VSAT system.

CONCLUSION

In conclusion, it is evident that the implementation of
RIS can provide sufficient improvement to the power
margin of an FSS system under the condition of optimum
positioning of RIS. Moreover, it is necessary that the VSAT
is located at the near field of RIS and to focus its antenna
on RIS. An important outcome of the simulation was the
decrease of the improvement as the frequency increases
and the number of RIS elements does not change. In
addition, it should be mentioned that the size of RIS must
be of the order of magnitude of diameter VSAT in order
to achieve a notable improvement to power margin, for
instance 3 dB. A future research step will be the study
of interference, which is caused by this system topology,
when many pairs of VSAT-RIS, which maybe are linked
with different satellites, are located near to each other.
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