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ABSTRACT In this paper, optimal linear precoding for the multibeam geostationary earth orbit (GEO)
satellite with the multi-user (MU) multiple-input-multiple-output (MIMO) downlink scenario is addressed.
Multiple-user interference is one of the major issues faced by the satellites serving the multiple users
operating at the common time-frequency resource block in the downlink channel. To mitigate this issue, the
optimal linear precoders are implemented at the gateways (GWs). The precoding computation is performed
by utilizing the channel state information obtained at user terminals (UTs). The optimal linear precoders are
derived considering beamformer update and power control with an iterative per-antenna power optimization
algorithm with a limited required number of iterations. The efficacy of the proposed algorithm is validated
using the In-Lab experiment for 16 × 16 precoding with multi-beam satellite for transmitting and receiving
the precoded data with digital video broadcasting satellite-second generation extension (DVB-S2X) standard
for the GW and the UTs. The software defined radio platforms are employed for emulating the GWs,
UTs, and satellite links. The validation is supported by comparing the proposed optimal linear precoder
with full frequency reuse (FFR), and minimum mean square error (MMSE) schemes. The experimental
results demonstrate that with the optimal linear precoders it is possible to successfully cancel the inter-user
interference in the simulated satellite FFR link. Thus, optimal linear precoding brings gains in terms of
enhanced signal-to-noise-and-interference ratio, and increased system throughput and spectral efficiency.

INDEX TERMS FFR, MU-MIMO, precoding, power control, satellite communications.

I. INTRODUCTION
During last decades, the multiple-input-multiple-output
(MIMO) communications concept has had a surge in pop-
ularity in academia and industry. The MIMO concept, and
in particular the massive-MIMO (M-MIMO) concept has
been the most salient characteristic of the latest wireless

communication standards including the fifth-generation (5G)
of mobile radio systems, Wi-Fi, and even power line com-
munications. However, this strong impulse has not been seen
yet in the field of satellite communications (SATCOMs). To
meet the high user demands, most SATCOM services fo-
cus on high throughput satellites (HTSs) with multiple spot
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beams for enhancing spectral efficiency (SE) and high data
rate connectivity. Primarily, in the multiple spot beams, full
frequency reuse (FFR) is employed, leading to high SE [1].
The major challenge associated with the multiple spot beam
is the interference between the adjacent beams owing to the
presence of the side lobes in the beam radiation pattern on a
particular coverage area [2].

Recent years have witnessed a strong impulse in adopting
M-MIMO in wireless networks [3], [4]. Despite the wide
literature related to M-MIMO for terrestrial networks, much
less attention has been devoted to its possible exploitation
in the forward link of SATCOM systems. As such, the 5G
mobile radio communication systems aim to deliver seamless
integration and enhanced flexibility across various telecom-
munication networks. Traditionally, terrestrial and satellite
systems have developed separately, leading to significant tech-
nological differences between these networks. However, the
vision of 5G heterogeneous networks includes SATCOM to
increase the capacity of 5G networks in terms of better cover-
age, reliability, availability, and scalability. The coexistence
of satellites and the 5G networks require interference-free
links. The role of precoding schemes and power allocation
is critical in guaranteeing interference-free communication
with enhanced quality. Therefore, it is important to define
standards for incorporating 5G with SATCOM. The 5GPPP
research initiative, co-funded by the European Commission,
aims to establish new unified standards for 5G networks [3].
Within this initiative, the METIS 2020 project focuses on
laying the groundwork for next-generation mobile and wire-
less communication systems, targeting 2020 and beyond [4].
These standards will enable the seamless integration of mobile
cellular communications and satellite systems into a unified
service.

Incorporating modern SATCOM systems into 5G networks
offers various use cases, such as extending coverage for
traditional terrestrial cells, enabling caching through mul-
ticast/broadcast data transmission, and providing off-load
backhauling for unicast user traffic [5], [6]. The digital video
broadcasting satellite-second generation extension (DVB-
S2X) [7] was developed to complement new scenarios for
flexible SATCOM integration into 5G and beyond networks.
MIMO precoding techniques are based on the closed-loop ap-
proach by employing the retrieved channel state information
(CSI) from the user terminals (UTs), requiring a feedback
channel from UT back to the gateway (GW). Due to the
time-varying channel, the GW has only access to a delayed
version of CSI, which can eventually limit the overall sys-
tem performance [8], [9], [10], [11]. However, in contrast to
general multiuser (MU) MIMO terrestrial systems, the CSI
degradation in multibeam mobile applications has a very lim-
ited impact on typical fading channel and system assumptions.
Under realistic conditions, the numerical results of [9] demon-
strate that precoding can offer an attractive gain in the system
throughput compared with the conservative frequency reuse
(FR) allocations. Fig. 1 depicts the four-color FR scheme.
MIMO precoding techniques, which are generally defined as

FIGURE 1. Four-color FR (4FR).

closed-form methods or approximate methods, are very quick
and less complex. But, these methods provide suboptimal
solutions and have to be solved by time-consuming itera-
tive convex optimization (CVX) or non-negative least squares
(NNLS) solving methods that must fit into a relevant time
frame [12]. Recent research is advanced on the reduction of
the processing times to meet channel requirements [11], [13].

Academic research shows that precoding techniques in
SATCOM potentially allow more efficient spectral uti-
lization and substantially higher service availability than
the conservative four-color FR allocation for interfer-
ence minimization [14], [15], [16], [17], [18], [19].
Zero-forcing (ZF) precoding was practically demonstrated
in [20], [21], [22] using real-time signal processing and
transmission.

To enable the efficient utilization of satellite transponders,
multiple carriers have to be relayed through a single high
power amplifier (HPA). However, the non-linear nature of the
HPA results in adjacent channel interference and increased
peak-to-average power ratio (PAPR), which limits the ex-
pected performance gains [23]. The symbol-level precoding
design proposed in [24] allows controlling the instantaneous
per-antenna transmit power, thus, leading to a reduction of
the power peaks, which are detrimental to the aforementioned
non-linearity problem. It should be mentioned that this is not
possible in the channel-level approach, where the precoder is
designed for an entire codeword, including several symbols.
Hence, the transmitted power can be controlled only on an
average basis, not on a symbol-by-symbol basis. In the con-
text of nonlinear channels, it is also worth mentioning that
more advanced symbol level precoding schemes [24], [25],
[26], [27] which aim at reducing the PAPR of the transmitted
waveform, considerably improve their robustness.

Inspired by the aforementioned discussion, in this pa-
per, we consider an optimal minimum mean square error
(MMSE) precoding scheme while employing a proper itera-
tive per-antenna power optimization algorithm with a limited
required number of iterations. This paper advances the field by
designing, implementing, and experimentally evaluating the
performance of MMSE algorithms with per-antenna optimiza-
tion using a software-defined radio, specifically the universal
software radio peripheral (USRP) platform. The study in-
volves constructing a practical communication system, which
includes a transmitter, a channel emulator, and a receiver.
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Our work emphasizes on a multi-beam DVB-S2X compli-
ant GW, incorporating a satellite MIMO channel emulator
and considering the characteristics of UTs. In contrast to
the method proposed in [6], which involves a two-step opti-
mization process comprising beamformer updates and power
control updates, we present an efficient iterative per-antenna
power optimization algorithm. This proposed algorithm is
specifically designed for satellite communication applica-
tions, offering rapid convergence within a limited number of
iterations. This ensures computational efficiency and makes it
particularly suitable for the complex nature of satellite com-
munication systems.

In particular, we focus on creating a hardware demonstra-
tor for a closed-loop 16 × 16 precoded SATCOM system.
We develop the multi-beam DVB-S2X compliant GW, the
satellite MIMO channel emulator, and the associated UTs.
Further, we validate the design requirements with appropri-
ate software and hardware resources. Notably, the DVB-S2X
physical layer is implemented using commercial SDR plat-
forms. The data interface for this DVB-S2X gateway adheres
to the “Mode Adaptation input interface,” delivering com-
plete bundled frame packets alongside the corresponding
MODCOD configuration [28]. All functional components of
the DVB-S2X GW—such as scrambling, encoding, framing,
modulation, and pulse-shaping—along with the precoding
algorithm operate in real-time on the SDR. Utilizing SDR
technology allows for rapid prototyping and deployment of
the precoded transmission via the optimal MMSE precoding
scheme in a realistic setting, as opposed to relying solely on
numerical simulations. In summary, our main contributions in
this paper can be pointed out as follows:
� We explore an optimal MMSE precoding scheme in-

tegrated with an efficient iterative per-antenna power
optimization algorithm. This algorithm is designed to
converge within a limited number of iterations, ensuring
computational efficiency.

� The performance of the MMSE precoding scheme com-
bined with per-antenna optimization algorithms is fur-
ther experimentally evaluated using a Software-Defined
Radio (SDR) platform, specifically the USRP.

� To assess the practical performance of our proposed
solutions, we develop a comprehensive communication
system. This includes a transmitter, a channel emulator,
and a receiver, providing a realistic environment for test-
ing.

� A hardware demonstrator for a closed-loop 16× 16
precoded satellite SATCOM system is implemented, de-
tailing the design and functionality of a multi-beam
DVB-S2X compliant gateway, a satellite MIMO channel
emulator, and a set of UTs.

� The system design requirements are validated using
practical software and hardware resources. This in-
cludes demonstrating the real-time execution of DVB-
S2X physical layer components such as scrambling,
encoding, framing, modulation, and pulse-shaping, all
implemented using SDR techniques.

FIGURE 2. System model concept diagram.

� We utilize the “Mode Adaptation input interface” for the
data format of the DVB-S2X gateway, guaranteeing that
complete bundled frame packets are delivered along with
the appropriate MODCOD configuration.

� By leveraging SDR technology, we achieve rapid de-
ployment of the prototype, enabling us to test the optimal
MMSE precoding scheme in a realistic environment,
moving beyond mere numerical simulations.

The rest of this paper is organized as follows. In Section II,
we describe the system model. Precoding implementation is
presented in Section III. Section IV provides details on the
experimental validation of the proposed methods, followed by
concluding remarks in Section VI.

Notations: The upper-case and lower-case bold-faced let-
ters are used to denote matrices and column vectors, respec-
tively. The superscripts (·)H, (·)†, and (·)−1 represent the
Hermitian, transpose, and inverse operations in the matrix,
respectively. Further, || · || denotes an absolute magnitude of
a complex value, whereas I being the Identity matrix.

II. SYSTEM DESCRIPTION
We consider a precoding-enabled geostationary earth orbit
(GEO) satellite system consisting of a GW, a transponder
capable of generating N beams, and K (K ≤ N ) single-antenna
UTs as shown in Fig. 2. The precoded signals transmitted
from the satellite towards the UTs can be grouped in a vector
x = [x1, . . ., xN ] related to the received signals at the UTs
r = [r1, . . ., rK ] by

r = Hx + z, (1)

where H represents the K × N channel matrix and z contains
the independent additive white Gaussian noise (AWGN) at
the UTs modeled as circularly symmetric complex Gaussian
random variables with zero mean and variance σ 2.

The channel matrix elements are complex-valued and are
denoted as |hkn |ejψkn , with |hkn | represents the attenuation and
ψkn being the phase distortions to the beam n received by the
k-th UT. To apply precoding technique, the intended modu-
lated symbols s = [s1, . . ., sK ] are multiplied by the N × K
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precoding matrix W, (HW = I) in such a way that (1) be-
comes

r = HWs+ z = s+ z. (2)

As such, the precoding matrix is calculated at the GW us-
ing the CSI from each UT. The CSI contains the channel
estimation for each beam the k-th UT receives. Formally, it
can be represented as ĥk = [ĥk1 , . . ., ĥkN ], where ĥkn is the
estimated complex channel coefficient. The CSI estimation1

is performed at the UT using the non-precoded pilots periodi-
cally sent by the GW.

Other channel impairments could impact the precoding
performance, but only those introducing time-varying phase
differences across the beams [30]. For the presented scenario,
these are the phase noise introduced by the local oscilla-
tor in the multi-beam payload [31] and the Doppler shifts
for the different uplink subcarriers caused by the (although
small) oscillatory relative movement of the GEO satellite
with respect to the gateway [32]. Nevertheless, we assume
the system implements the mitigation techniques proposed
and demonstrated for such impairments [31], [32]. Therefore,
these effects will be neglected in our analysis and experi-
ments.

III. PRECODING IMPLEMENTATION
The DVB-S2X data streams are jointly precoded via the pre-
coding block, which applies the precoding matrix W to the
data symbols. According to [3], only certain fields of the
DVB-S2X SF are precoded. For example, the precoding block
is not activated at the start of SF (SOSF) and SF pilots. The
SOSF is a known Walsh-Hadamard sequence that can be re-
liably detected at UTs even in high-interference conditions.
On the other hand, the P-pilots are not precoded since they
are used by the UTs to estimate the CSI, denoted by Ĥ,
and to calculate the differential frequency and phase offset
between the two spot beams. Note that the estimated CSI Ĥ
at the UTs is fed back through the return link and is repeat-
edly used to compute the precoding matrix coefficients by
the GW. Optimal linear precoding relies heavily on precise
knowledge of the CSI at the transmitter. However, in practical
scenarios—especially in satellite communication where delay
and Doppler effects can introduce additional complexity—
obtaining accurate CSI can be challenging. Imperfections in
CSI can lead to a mismatch between the actual and estimated
channel conditions, resulting in suboptimal performance, such
as residual interference and degraded signal quality. This sen-
sitivity to CSI is particularly relevant in satellite systems,
where the propagation delay and the mobility of ground ter-
minals can further degrade the accuracy of CSI, making the

1This operation is supported by the DVB-S2X standard that establishes the
alternate transmission of precoded data and non-precoded pilots in its super-
frame (SF) format structure. Considering standard DVB-S2X SF-compliant
terminals helps in estimating the real-time CSI to facilitate precoding at the
GW. Thus, the GW can compensate for the differential frequency and phase
distortions introduced by the conventional satellite transponder design, as
discussed in our previous work [29].

implementation of optimal precoding more challenging com-
pared to terrestrial systems. Therefore, it is crucial to feed
back the estimated CSI from the UT via the return link to
maintain effective precoding.

A. CALCULATION
In our experiments, three precoding schemes are implemented
at the GW, namely, two different types of MMSE precoding
and optimal linear precoding. The simplest precoder imple-
mented at the GW is the MMSE scheme in its basic form [4],
which is given by

WMMSE = ĤH(ĤĤH + σ 2I)−1, (3)

with σ 2 denoting the noise variance measured at the UT side.
Another type of precoding implemented at the GW is the so-
called MMSE per-antenna power-constrained (PAC) in which
the precoding matrix is calculated as

WMMSE-PAC = ĤH(ĤĤH +�)−1, (4)

where the regularization � is a real diagonal matrix consisting
of the Lagrangian dual variables. The optimal regularization
� must satisfy

�
(
diag(WWH)− φI

) = 0, (5)

where φ is the available per-antenna transmit power. To find
the optimal �, we use a low-complexity iterative method as
proposed in [5] with its convergence proof. Note that, assum-
ing symbols with unit average power, the squared Euclidean
norms of the rows and columns of the precoding matrix re-
spectively correspond to the per-antenna and per-beam power
levels. The MMSE-PAC technique is particularly of interest
as it yields a precoding matrix with all rows and columns
normalized to have a squared norm of φ. For example, by
setting φ = 1, both per-antenna and per-beam power levels in
WMMSE-PAC are normalized to one. Nevertheless, further nor-
malization steps are needed which may affect the optimality
of the precoder.

The third precoding scheme is implemented based on the
technique presented in [6]. We refer to this scheme as optimal
linear (OPTL) precoding. Let hi and wi respectively denote
the channel and the precoding vectors for the i-th UT such that
H = [h1,h2, . . .,hK ]H and WOPTL = [w1,w2, . . .,wK ]. The
OPTL technique aims to find the optimum precoding vectors
by solving the following virtual uplink problem as follows:

min
ui,pi

K∑
i=1

pi

s.t.
piuH

i hihH
i ui∑

j �=i
p jγ juH

i h jhH
j ui + 1

≥ 1, i = 1, 2, . . .,K

‖ui‖2 = 1, i = 1, 2, . . .,K, (6)

where γ j is the given signal-to-noise-and-interference ratio
(SNIR) requirement for the j-th UT. The optimal precod-
ing vectors are then obtained as hi = √piui, for all i ∈
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{1, 2, . . .,K}. To solve the problem in (6), an iterative algo-
rithm is presented in [6] which is composed of two main steps,
namely, beamformer update and power control update. The
corresponding algorithm is summarized as in Algorithm 1,
wherein the superscript t refers to the iteration number, with
Q being the total number of iterations.

B. COMPLEXITY ANALYSIS
The complexity of designing precoding in (4) has two fold:
(i) calculating W; and (ii) computing Algorithm 1, which
yields �. In this context, the concrete takeaway messages of
designing precoding in (4) are as follows:
� In both (i) and (ii), only linear vector and matrix calcu-

lation operations are required, leading to low complex
designing of precoding W.

� To calculate � via using Algorithm 1 in (ii), it is not
necessary to consider greedy iterative search so that the
number of Q is small. This will be justified later in
analyzing the numerical results.

In the following, we resume the main operations needed to
determine the precoding matrix using the proposed technique.
(i) Matrix summation or differentiation - O(K0)

(ii) Matrix multiplication for K × K matrices A and B -
O(K3)

(iii) Matrix inversion - O(K3)
(iv) Multiplication and division of two vectors a and b -

O(K )
(v) Scalar multiplied with vector or matrix - O(K0).
The rest of the operation complexities can be neglected.

Assuming Niter iterations and Lframe the length of the frame to
which a single precoder is applied, the following complexity
can be found:
� The complexity of calculating W: O(3K3) (over bundle

frames)
� Complexity of calculating � into W: O(6K2Niter) (over

bundle frames)
� Complexity of application of precoding matrix W:
O(K2) (per symbol)

It is clear that the application of the precoders (both stan-
dard MMSE or the proposed one), taking into account a
system of 16 beams, counts more than the computation itself
since the ratio between the symbol rate and the Bundle rate
is about 67920 for Format 2 and about 16984 for Format 3.
The above analysis does not take into account operations that
are or are not parallelizable within an FPGA. This complexity
analysis is crucial to justify the exclusion of optimization-
based techniques. According to the literature, the complex-
ity of each iteration for solvers such as the interior point
method used to solve Semi-Definite Programming problems
in CVX is O(K6) [33]. Although low-complexity methods
or optimized techniques could potentially reduce this com-
plexity, their performance has not been validated in satellite
systems.

Algorithm 1: OPTL Precoding.

1: input : {hi, γi}Ki=1
2: output : {wi}Ki=1

3: t = 0, p(0)
i = 1, i = 1, 2, . . .,K

4: while the terminating condition is not met do
5: Beamformer update:

6: μ
(t+1)
i ← max

‖ui‖=1

pi
(t )uH

i hihH
i ui∑

j �=i

p j
(t )γ juH

i h jhH
j ui + 1

7: Power control update:
8: p(t+1)

i ← (γi/μi ) p(t )
i

9: t ← t + 1
10: end while
11: q = [γ1σ

2, γ2σ
2, . . ., γKσ

2]T

12: [F]i, j =
{

uH
i hihH

i ui, i = j,

−γiuH
j h jhH

j u j, i �= j

13: p = F−1q
14: wi =

√
[p]i ui.

C. NORMALIZATION
To address the requirements of the GW feeder link, we have
to ensure a unit output signal power for each transmit an-
tenna. From the optimization problem in (6), it follows that
the OPTL design satisfies the sum power constraint but has
no control over the per-antenna powers. Therefore, our im-
plementation of the OPTL precoding includes an additional
row-wise normalization so that each row of the precoding
matrix WOPTL has a unit Euclidean norm.

IV. EXPERIMENTAL VALIDATION
The experimental validation corresponding to the 16 × 16
AWGN channel emulation is depicted in this section. For the
satellite link, we emulated the SES-14 satellite. The beam
patterns, HPA, and thermal noise were simulated to emulate
the SES-14 satellite link. SES-14 is operational since 2018.
The hybrid satellite provides C-and Ku-band wide beam cov-
erage, as well as Ku-and Ka-band HTS coverage across the
Americas and the North Atlantic region. Also, SES-14 has
two spot beams in the Ku-band covering a part of Western
Europe and the United Kingdom. We show the approxi-
mated spot beams in Fig. 3. The In-Lab equipment setup
and overview are shown in Fig. 4 and Fig. 5, respectively.
The in-house developed MIMO end-to-end satellite emula-
tor includes several key components: a multichannel GW
with precoding functionality, a MIMO satellite channel em-
ulator (ChEm), multiple independent UTs, and a return-link
emulator.

To summarize the system: the GW subsystem is responsible
for producing data packets following the DVB-S2X standard,
utilizing the SF format II structure, and implementing the
chosen precoding technique. The ChEm replicates the whole
forward link chain, from the intermediate frequency (IF) input
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FIGURE 3. SES-14 scenario SES14_A1, 16 Beams over South America,
users at beam center.

FIGURE 4. In-Lab demo equipment.

of the GW block up-converter (BUC), toward the low-noise
block down-converter (LNB) IF output at the user terminal.
It emulates the impairments present in the GW, the payload,
the downlink channel, and the UTs. The UTs implement
the synchronization and decoding features in the DVB-S2X-
compliant receivers and perform the CSI estimation. Finally,
the return-link emulator allows each UT to send its estimated
CSI to the GW. Additional details on the demonstrator sub-
systems can be found in [29]. The current implementation is
an upgraded version of the setup presented in the cited work,
extending the MIMO emulation capabilities from 6× 6 to
16× 16 channels. It is also worth noting that the developed

FIGURE 5. In-Lab demo setup overview.

TABLE 1. Summary of the Hardware Components of the In-Lab Demo

TABLE 2. Lab Demo Computers Specifications

DVB-S2X modems performance has been successfully tested
over a live GEO link [26].

The hardware components associated with the In-Lab
demo are summarized in Table 1, with the specifications for
computers controlling the SDR platforms given in Table 2.
Additionally, each server is equipped with a peripheral com-
ponent interconnect express (PCIe)-8381 host interface card
to control the NI peripheral component interconnect (PCI) ex-
tensions for instrumentation (PXI) chasses from the servers. A
PXI remote control module is placed in the system slot of the
PXI chassis and a host interface card is used in the host server.
This allows the host computer to establish a PCI Express
connection to the chassis using a compatible multisystem
extension interface (MXI)-Express cable and simultaneously
operate all the universal software radio peripherals (USRPs).
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TABLE 3. System Parameter Used for the Experiments

We performed hardware-in-loop (HIL) testing with real-
time channel emulation providing a close approximation of
practical conditions, making our results applicable to real-
world scenarios. The performance of the In-Lab test is
evaluated for different frequency reuse configurations using
MMSE precoder with PAC, MMSE precoder with maximum
power constraint (MPC), and 4FR. These comparisons for
frequency allocation techniques are made with respect to three
conditions of CSI. The first CSI condition is that precoders are
calculated considering the ideal channel matrix, whereas the
second and third CSI conditions are based on the calculation
of precoders with CSI errors corresponding to the normal CSI
and ESA NGW project. The parameters used for all experi-
ments are summarized in Table 3.

V. RESULTS AND DISCUSSION
In this section, the performance of the precoders is evaluated
with respect to the received precoded SNIR amongst beams
versus the per-beam peak power. The results are as a function
of the satellite per antenna power (Psat) minus the output
back-Off (OBO). It is noteworthy that the FFR configurations
use half of the power of the 4FR since the throughput is
calculated on the per-polarization SNIR and then multiplied
by a factor of two (both polarizations). Specifically, with PAC
we refer to the per-line normalization of the precoding matrix
so that the transmission power is maximized for each antenna,
whereas with MPC we refer to the power scaling applied to
the whole precoder based on the maximum value calculated
on per-line in the precoding matrix. In order to account for
the channel amplifier (CAMP) effect, and in particular, for
the normalization effect of the automatic level control (ALC)
which normalizes over the signal power, a per-line re-scaling
of the precoder is performed and termed as per-antenna power
re-scaling (PAR). Hereby, a fair comparison of MMSE-PAC
is performed with the MMSE.

From Figs. 6 and 7, it can be visualized that for the
operational point, which is 4.5 dBW, MMSE-PAC has bet-
ter performance in terms of SNIR and total throughput as
compared to MMSE. The average SNIR for MMSE-PAC at
4.5 dBW is 6.8 dB for estimated and actual ones, whereas,
for MMSE-PAR, it is around 5.9 dB for estimated and actual.

FIGURE 6. Numerical results for SES-14 scenario SES14_A1 and
performance comparison between obtained average SNIR and Psat using
CSI errors.

FIGURE 7. Numerical results for SES-14 scenario SES14_A1 and
performance comparison between obtained total throughput and Psat
using CSI errors.

While throughput increased from 0.96 Gbps to 1 Gbps using
the MMSE-PAC if compared with the MMSE.

It is worth noting that both precoding schemes show lower
SNIR than the 4FR technique. However, this is an expected
result, as the conservative 4FR allocation has been conceived
to minimize the interference by spacing the beams that use
the same carrier frequency but at the price of using less band-
width. The advantage of precoding is observed in a significant
throughput increase regardless of the lower SINR, as depicted
in Fig. 7, due to exploiting a larger bandwidth. This can
be understood considering the throughput is proportional to
the product of spectral efficiency and the bandwidth, with
the spectral efficiency being dependent on the MODCOD
(modulation and coding) selected as a function of the SINR.
While the spectral efficiency when using precoding is lower
than the 4FR transmission, the higher throughput comes from
improving the frequency spectrum usage (full bandwidth, i.e.,
four times larger bandwidth than in 4FR).
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FIGURE 8. Obtained SNIR for beams 16 and 15 as a function of Psat using
CSI errors.

While Fig. 6 aims at evaluating the average received SNIR
performance over the whole coverage, in Fig. 8 the objective
is to highlight the received SNIR performance versus (Psat) by
focusing on some specific users in some specific beams. The
received SNIR performance is more sensitive to errors in the
estimation (mainly nullification) for higher power transmis-
sions. To highlight this aspect, the curve for PAC SNIR User
Beam 16 has to be compared with the curve for PAC SNIR
User Beam 16 Normal CSI, and the curve for PAC SNIR User
Beam 15 has to be compared with the curve for PAC SNIR
User Beam 15 Normal CSI.

Finally, based on Scenario SES14A1 as illuminated earlier
in Fig. 3, 16 × 16 scenario has been tested with the In-Lab
demo with all the users located in the beam centers. Accord-
ingly, in the case of MMSE precoding, we used two different
power constraints: in the first case, we rely on the constant
power spectral density (PSD) assumption between the FFR
and 4FR systems, whereas in the second case, we rely on
a constant total power constraint. In particular, we use as a
reference the power of the precoding case, so the PSD of the
precoding is not changing, while the PSD of the 4FR in this
configuration increases, leading to an increase of the SNIR in
the 4FR constant total power scenario. For the MMSE-PAC
precoding technique, only the constant PSD power constraint
has been tested. Corresponding to the above, the results are
summarized from Table 4 to Table 7, whereby one can note the
significant advantages brought by the MMSE-PAC precoding
technique in terms of average SNIR and system throughput.

VI. CONCLUSION
In this work, we implemented optimal linear precoders at
the GW for multibeam GEO satellite systems to mitigate the
issue of multi-user interference. We demonstrated the use of
standard DVB-S2X SF-compliant terminals capable of esti-
mating real-time CSI to facilitate effective precoding at the
GW. Using the SF structure, the GW can compensate for
the differential frequency and phase distortions introduced

TABLE 4. Scenario SES14A1 MMSE SNIR Comparison (In Db)

TABLE 5. Scenario SES14A1 MMSE Precoding Throughput Comparison (In
Mbps)

by conventional satellite transponder designs. Field tests con-
firmed the end-to-end SNIR and coded throughput gains
achievable through precoded communications over the actual
satellite forward link. The results demonstrated that terminal-
specific data could be reliably transmitted to independent
UTs through the same physical channel by leveraging closed-
loop precoding over a multi-beam satellite. Furthermore, we
showed that precoding techniques, when combined with FFR,
significantly outperform conventional 4FR schemes. Perfor-
mance evaluations revealed that the MMSE-PAC scheme
outperforms MMSE-PAR in terms of SNIR and throughput
at the 4.5 dBW operational point.
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TABLE 6. Scenario SES14A1 MMSE-PAC SNIR Comparison (In Db)

TABLE 7. Scenario SES14A1 MMSEPAC Throughput (In Mbps)

However, a critical challenge identified is the sensitivity of
optimal linear precoding to inaccuracies in CSI, especially
at higher power transmission levels. Optimal linear precod-
ing relies heavily on precise knowledge of the CSI at the
transmitter. In practical scenarios—particularly in satellite
communication where delays and Doppler effects introduce
additional complexity—obtaining accurate CSI can be chal-
lenging. Imperfections in CSI can lead to a mismatch between
the actual and estimated channel conditions, resulting in
suboptimal performance, such as residual interference and de-
graded signal quality. This challenge is especially pronounced
in satellite systems, where the propagation delay and mobil-
ity of ground terminals can further degrade CSI accuracy,
making the implementation of optimal precoding more diffi-
cult compared to terrestrial systems. Therefore, it is crucial
to continuously feed back the estimated CSI from the UT
via the return link to maintain effective precoding. Overall,
our analysis highlights that while optimal linear precoding
offers significant gains in data transmission efficiency, its
success depends on accurate CSI estimation and feedback.
This advancement not only enhances data transmission effi-
ciency but also paves the way for more robust and adaptable
satellite communication systems, showcasing the potential

for future applications in various satellite communication
scenarios.

VI. APPENDIX: CSI ESTIMATION ACCURACY
In this section, we evaluate the CSI accuracy performance
over the 16x16 satellite demo. For this purpose, we use the
following measure

G(n) = Hest (n)×H−1
act , (7)

where Hest (n) denotes the estimated CSI reported by the UTs
at time instant n and Hact is the actual channel matrix loaded
into the channel emulator. Both Hest and Hact are 16× 16
matrices where each row collects the channel coefficients for
a UT over different beams. The diagonal and the off-diagonal
elements of G(n) respectively correspond to the desired signal
and the interference from the adjacent beams. If the channel
estimation is perfect, G(n) is a diagonal matrix up to a scaling
factor. However, this is not the case in practice due to the
imperfect channel estimation process and the UT’s receiver
noise. In the sequel, we plot the element-wise mean (E ) and
variance var of G(n) calculated over N realizations, respec-
tively, as follows:

E [G(n)] = 1

N

N∑
n=1

G(n) (8)

var [G(n)] = 1

N

N∑
n=1

{(G(n)− E [G(n)])

◦ (G(n)− E [G(n)])∗} (9)

with ◦ denoting the element-wise product.
For this test, we consider two realizations for the channel

with different interference conditions. Namely, we assume
the off-diagonal channel coefficients to be 0.05 or 0.1 times
smaller than the diagonal coefficients. The two considered
channels are as follows:

H5%
act =

⎡
⎢⎣

0.5 . . . 0.025
...

. . .
...

0.025 . . . 0.5

⎤
⎥⎦ ,

H10%
act =

⎡
⎢⎣

0.5 . . . 0.05
...

. . .
...

0.05 . . . 0.5

⎤
⎥⎦ (10)

Moreover, we introduced a noise power at each UT equivalent
to a signal-to-noise ratio (SNR), i.e., with respect to the main
beam without interference, of 16 dB. Fig. 9 and Fig. 10 depicts
the G(n) statistics results obtained over N = 100 realizations.

The accuracy of the CSI estimation in the experimental
setup can be observed in the likelihood of the measured mean
values (subfigures a) with diagonal matrices, as expected re-
sults from ideal estimations. The results show the off-diagonal
elements of G(n) being more than 20 dB below the diagonal
elements level, denoting a highly accurate estimation.
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FIGURE 9. Results with H5%
act : (a) element-wise mean, and (b) element-wise

variance.
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