
Federated MIMO in NTN mega-
constellations: an overview

Dr. Alessandro Guidotti, CNIT
Prof. Alessandro Vanelli-Coralli, University of Bologna

EuCNC 2023, June 8
Mega-Constellation Non-Terrestrial Network for 6G



The role of Non-Terrestrial Networks in 6G

• 6G systems are expected to achieve more than
"just" extremely fast connectivity
– digital twinning for process/product/service virtualisation
– AI-based connected intelligence
– immersive communications: high-resolution visual/spatial,

tactile/haptic, and other sensory data

A. Guidotti et al., "Role and Evolution of Non-Terrestrial Networks 
towards 6G systems," submitted to IEEE Access, June 2023.

Network based positioning

Positioning

Dynamic Spectrum Access and New spectrum
Coordinated and uncoordinated sharing among different access technologies, 
inter and intra layer, higher frequency bands, Q/V and above

Network and system orchestration, Radio Resource Management, Network traffic 
forecasting, Physical layer management, Channel estimation, 

AI/ML

Low PAPR and low OOBE solutions, Non-orthogonal techniques to increase the 
connection density, novel RA procedures to allow multiple transmissions per 
beam, multipoint transmission from the sky, distributed beamforming

Flexible and integrated waveforms

Active antennas for link budget and flexible coverage, Refracting RIS for 
indoor coverage, regenerative payload, high-parallel energy efficient HW, 
Optical devices

Antennas and components

Multilayered constellation from GEO to drones, Innovative LEO and vLEO orbits, optical 
inter and intra node-links design, cell-free MU-MIMO, traffic-driven coverage

Architecture and system design

Softwarization, virtualization, and orchestration of network resources, functional 
split, advanced IP, routing in the sky, resource management,  integrated edge 
communication and computing

Networking, edge computing and communications



Multi-point transmission from space: Federated CF-MIMO

• Legacy SatCom systems: geographical coverage through co-located radiating elements

• Cell-Free in 6G NTN: centralised/federated feed space beamforming
– single multi-beam satellite: co-located radiating elements, on-board/on-ground CPU
– multiple multi-beam satellites: radiating elements distributed in a NGSO swarm, on-ground/on-board CPU

• Architecture design choices
– type of payload: regenerative or transparent
– type of functional split
– availability of ISLs
– where BF is applied: OBBF or OGBF

• ISLs are needed to manage (very) large constellations
– logical links between the satellites (gNB-DU) and

the GWs (gNB-CU)
– each gNB can manage tens of logical connections

• multiple gNB-CUs and beam management procedures
A. Guidotti, A. Vanelli-Coralli, C. Amatetti., "Federated Cell-Free MIMO in Non-Terrestrial Networks: Architectures and Performance," submitted to IEEE Transactions on Aerospace
and Electronic Systems, June 2023.
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• On-Ground Beamforming and Scheduling Computation (OGBSC)
– scheduling and beamforming are computed 

at the gNB-CUs
– the beamforming matrix can be applied 

at the gNB-DUs (OBBF) or at the gNB-CU (OGBF)
– intra-swarm ISLs not strictly necessary

• On-Board Beamforming and Scheduling
Computation (OBBSC)
– scheduling and beamforming are computed at

a master gNB-DU
– significantly reduced latency, but the complexity is increased
– intra-swarm ISLs needed



Multi-point transmission from space: Federated CF-MIMO

A. Guidotti, A. Vanelli-Coralli, C. Amatetti., "Federated Cell-Free MIMO in Non-Terrestrial Networks: Architectures and Performance," submitted to IEEE Transactions on Aerospace
and Electronic Systems, June 2023.

• Ancillary information is needed for beamforming
and scheduling: CSI or location estimates

• In NGSO systems, ancillary information aging is present
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TABLE I
ARCHITECTURE OPTIONS FOR MIMO IN NGSO NTN.

Payload type Architecture option Computation Application �t factors

Transparent OGBSC
OGBF

centralised gNB (on-ground)
gNB (on-ground)

user+feeder(+ISLs)
OBBF on-board

Regenerative
OGBSC

OGBF
federated or
centralised

gNB-CU (on-ground)
gNB-CU (on-ground)

user+feeder(+ISLs)
OBBF gNB-DU (on-board)

OBBSC OBBF gNB-DU (on-board) gNB-DU (on-board) user(+ISLs)1
1: The ISLs with OBBSC solutions are intra-swarm and, thus, might be negligible in terms of additional latency.

on-ground in the Centralised Unit (gNB-CU); iii) the network
entity in which the beamforming coefficients are computed
based on the considered CF-MIMO algorithm; and iv) the
network entity in which the beamforming coefficients are
applied to the signals, i.e., On-Board Beamforming (OBBF) or
On-Ground Beamforming (OGBF). The system architecture is
represented in Figure 1 and it includes:

• The ground segment, which includes G on-ground gate-
ways (GWs) providing NTN access to the Terrestrial Net-
work(s) (TN). In particular, the G GWs provide the con-
nectivity between the NGSO nodes in the constellation,
the gNBs, and the Next Generation Core network (NGC).
As for the latter, the ground segment also includes the
Operations Support Systems (OSS), which is in charge
of managing the overall satellite system. Depending on
the type of payload on-board the NTN nodes, different
elements are needed in this segment: i) with transparent
payloads, the full gNB shall be implemented on-ground
and the NTN nodes basically act as relays; ii) with
regenerative payloads and functional split, as shown in
Figure 1, the gNB-DUs can be located on-board, leaving
the gNB-CUs on-ground. In the latter case, it shall be
mentioned that each gNB-CU (full gNB with transparent
payloads) can manage up to tens of connections; assum-
ing one connection per beam, depending on the total
number of beams per NTN node, multiple gNB-CUs (full
gNBs) might be needed to manage all of the connections
supported by the gNB-DUs (single node).

• The Non-Terrestrial (NT) access segment, which includes
the NGSO nodes in the constellation. We refer to nodes
since the elements in the NGSO constellation can be any
type of platform on one or more NGSO orbits, e.g., LEO
satellites organised in one or more sub-constellations at
different altitudes, or a High Altitude Platform Stations
(HAPS) formation. As mentioned above, these nodes
can implement either a transparent or a regenerative
payload, depending on the cost and complexity of the
target system. With respect to coverage, in 3GPP beam-
based coverage solutions we might have: i) Earth-fixed
beams, i.e., through digitally steering of the signals, the
coverage area generated by each node is fixed on-ground
independently of its position on the orbit (as long as it
falls in the node field of view); or ii) Earth-moving beams,
i.e., the coverage area of each node is always centered
around its Sub Node Point (SNP) and, thus, the beams
move on-ground along with the node on its orbit. When

Cell-Free approaches are considered, the very concept of
beams is not necessary anymore, as extensively discussed
in Section III.

• The on-ground user segment, composed by a potentially
massive number of User Equipments (UE), either fixed
or moving. These directly connect to the serving node(s)
by means of the Uu air interface through the user access
link. In this work, we consider both handheld terminals
and Very Small Aperture Terminals (VSAT).

Based on the above observations, the selected functional
split option [53] has an impact on where the users’ scheduling
and beamforming coefficients are computed; in particular,
two architecture design options are possible: i) On-Ground

Beamforming and Scheduling Computation (OGBSC), where
the scheduling and coefficients computation is performed at
the on-ground gNB-CU; or ii) On-Board Beamforming and

Scheduling Computation (OBBSC), where these operations are
performed at the on-board gNB-DUs. Moreover, NGSO-based
systems with regenerative payloads allow the implementation
of federated (distributed) MIMO solutions, in which multiple
satellites cooperate to implement MIMO transmissions. We
refer to the cooperating satellites as satellite swarm or swarm.

B. Centralised and Federated MIMO

Table I summarises the architecture options based on the
payload type, where the users’ scheduling and beamforming
coefficients are computed (OGBSC or OBBSC), where the
beamforming coefficients are applied to the users’ signals
(OGBF or OBBF), and whether a federated MIMO solution is
possible or not. Depending on the selected option, the entity
performing the different operations can be identified.

With legacy transparent payloads, scheduling and beam-
forming are entirely defined on-ground (OGBSC); then, the
beamforming coefficients can be applied to the users’ signals
either on-board (OBBF) or on-ground (OGBF). In this sce-
nario, no federated solution is possible and each satellite in
the constellation operates as a standalone node; in fact, fed-
erated MIMO architectures require a tight time and frequency
synchronisation among the cooperating satellites in the swarm,
which can only be achieved by means of intra-swarm Inter-
Satellite Links (ISL) with regenerative payloads.

When considering future regenerative payloads, legacy cen-
tralised architectures are clearly still possible. However, the
exploitation of the advanced on-board computational capa-
bilities supports two additional MIMO architecture options:
i) OBBSC, in which the users’ scheduling and beamforming
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CF-MIMO algorithms
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A. Guidotti, A. Vanelli-Coralli, C. Amatetti., "Federated Cell-Free MIMO in Non-Terrestrial Networks: Architectures and Performance," submitted to IEEE Transactions on Aerospace
and Electronic Systems, June 2023.
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TABLE II
SUMMARY OF THE CONSIDERED BEAMFORMING ALGORITHMS.

Algorithm Channel coefficient Beamforming matrix Information Errors
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exploited to infer the channel coefficients between the UE
and the NGSO nodes. In particular, all terms in (3) can be
estimated, exception made for the additional losses and the
phase misalignment, which are stochastic terms:
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where the tilde denotes that the terms are actually deduced
from the relative positions of the UE and the swarm nodes.
Clearly, the accuracy of the estimated channel coefficient is
directly impacted by the accuracy of the location estimate
performed by the UE and by the accuracy of the ephemeris
data. In addition, as extensively discussed in Section IV-C,
eg(TX,t)
k,n,s and eg(RX,t)

k,n,s might also be impacted by a non-ideal
knowledge of the radiation pattern, i.e., the antenna mathemat-
ical model used to compute the antenna pattern might not be
flawlessly representing the actual radiation. From (10), we can
compute the beamforming matrix for the proposed Location-

Based MMSE (LB-MMSE) as:

W
(t0)
LB�MMSE = eHH

⇣
eH eHH + diag(↵)IK

⌘�1
(11)

Compared to CSI-based techniques, LB-MMSE has the ad-
vantage of not requiring the UEs to estimate the channel
coefficients, with manifold benefits. Firstly, the signalling
overhead is significantly reduced, as the CSI vectors are not
needed at the gNB-CU (OGBSC) or gNB-DU (OBBSC) and
the UEs’ positions require much smaller data packets to be
transmitted4. Moreover, it shall be noticed that the estimation
of the channel coefficients is typically assuming the presence
of beams, each of which is associated to a known Data/Pilot
sequence on which the estimation is performed; when moving
to CF solutions, the concept of beam is lost and, thus,
adjustments to the air interfaces would be needed. Finally, this
approach also avoids the well-known issue of estimating the
channel coefficients in low Signal-to-Interference Ratio (SIR)
conditions. In fact, some of the known Data/Pilot sequences

4Assuming 32 bits for floating point values, 64 bits are needed per channel
coefficient per user; this leads to 64 ·NF bits per user. For the location, each
coordinate in the Global Positioning System (GPS) requires 24 bits, leading
to 48 bits per user.

might be received with a significantly lower power compared
to others. In such conditions, the UE is not able to estimate
the channel coefficient, which shall then be either inferred at
the gNB-CU/gNB-DU through more complex approaches, e.g.,
Machine Learning, or reported as a null in the channel matrix,
which might lead to sparse ill-conditioned matrices.

C. Beam-based MIMO

Aiming at providing a complete performance comparison
for the newly designed LB-MMSE algorithm, we also consider
two beam-based solutions. The first one is a system imple-
menting a phase-only digital beam steering. In this case, an on-
ground hexagonal beam lattice is defined based on the desired
number of tiers around the center of the coverage area and on
the 3 dB angular beamwidth, #3dB , as defined in TR 38.821
[58]. Denoting as c`,s the (u, v) coordinates of the generic
`-th beam center from the s-th node5, its n-th beamforming
coefficient is:

bn,`,s =
1p
NF

e�|k0rn,s·c`,s (12)

where k0 = 2⇡/� is the wave number and rn,s the position
of the n-th radiating element on the s-th on-board UPA.
Assuming that in each time slot one user per beam is served,
the beamforming matrix of the s-th node is fixed and it is given
by WPO,s = [bn,`,s]n=1,...,NF

`=1,...,NB

, where NB is the number of

beams. The overall (NnodeNF ) ⇥ NB beamforming matrix
WPO is obtained by vertically concatenating the NF ⇥ NB

WPO,s, s = 1, . . . , Nnode, node matrices. It shall be noticed
that, when advanced scheduling algorithms are implemented
and not all of the beams are illuminated in all time slots, the
Switchable Multi-Beam (MB) MIMO algorithm proposed in
the literature [56] is obtained. In the following, we refer to
MB beamforming also with all beams being illuminated.

The second beam-based approach is the SS-MMSE algo-
rithm [37]. In this case, the generic i-th user is associated to
the closest beam center, thus leading to a beam-based solution;
then, the channel coefficients are estimated based on (10), in

5The (u, v) system is centered at the satellite and, thus, the coordinates
depend on the considered node [56].



Power distribution

• Notably, proper normalisations of the beamforming matrix are needed aiming at
1. Not exceeding the total on-board available power
2. Not working in the non-linear regime in the on-board HPAs
3. Preserving the optimal MMSE solution (i.e., orthogonality among the matrix columns)

Sum Power Constraint (SPC)
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– (1) and (3) are guaranteed
– (2) cannot be ensured
– Typically the best performance, 

but not entirely feasible due to 
violating (2)

Maximum Power Constraint (MPC)
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– (1), (2), (3) are guaranteed
– The total on-board power is not

fully exploited
– It might lead to a loss in the SNR 

and, then, in the SINR

Per Antenna Constraint (PAC)
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1
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– (1) and (2) are guaranteed
– (3) is violated and it can lead to a 

significant performance loss in 
interference-limited scenarios

• Multiple satellites: sSPC and sMPC à implemented per block

A. Guidotti, A. Vanelli-Coralli, C. Amatetti., "Federated Cell-Free MIMO in Non-Terrestrial Networks: Architectures and Performance," submitted to IEEE Transactions on Aerospace
and Electronic Systems, June 2023.



Performance with Earth moving beams and (s)MPC: VSAT

• MMSE and LB-MMSE have the
same performance in clear-sky

• Centralised vs Federated
– significant capacity gain with

two satellites per swarm
• +50% in clear-sky
• +12.5% in NLOS dense-urban

– reduction in the number of unserved
users thanks to path diversity in NLOS

• FR3/FR4 vs federated
– massive capacity gain thanks to

the exploitation of the full bandwidth
• up to +350% in both environments

– increase in the percentage of
unserved users
• ancillary information aging is 

challenging with multiple satellites

Single satellite Two satellites3GPP channel
TR 38.811

A. Guidotti, A. Vanelli-Coralli, C. Amatetti., "Federated Cell-Free MIMO in Non-Terrestrial Networks: Architectures and Performance," submitted to IEEE Transactions on Aerospace
and Electronic Systems, June 2023.
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Performance with Earth moving beams and (s)MPC: handheld

• Centralised vs Federated
– similar capacity performance
– reduction of the unserved users

thanks to path diversity in NLOS
– massive increase of the unserved

users in clear-sky
• due to ancillary information aging,

the improved SNR cannot
compensate the loss in the SIR

• FR3/FR4 vs federated
– massive capacity gain thanks to

the exploitation of the full bandwidth
• up to +80% in both environments

– reduction in the percentage of
unserved users with federated MIMO
• ancillary information aging is still

challenging

Single satellite Two satellites3GPP channel
TR 38.811

A. Guidotti, A. Vanelli-Coralli, C. Amatetti., "Federated Cell-Free MIMO in Non-Terrestrial Networks: Architectures and Performance," submitted to IEEE Transactions on Aerospace
and Electronic Systems, June 2023.
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Challenges

• Payload design and constraints
– array dimension
– BFN and OBP
– on-board power consumption

• Tight intra-swarm time and frequency synchronisation
• Need for accurate CSI or location estimates

– ancillary information aging
– potentially low C/I and overhead for CSI-based algorithms
– privacy and non-GNSS enabled UEs for location-based algorithms

• Inter-swarm interference
• Scheduling: non-trivial since the beamformed SINR is known a posteriori

– multiple time-slot based à increased aging interval
– iterative and integer programming solutions have been recently proposed
– ML/NN solutions can be considered



Conclusions

• The integration of a NTN component into 5G is a reality since Rel. 17

• However, both evolutionary and revolutionary technologies are needed towards a truly unified 
6G NT-T system infrastructure

• Federated CF-MIMO will be one of the pivotal technologies for 6G NTN
– significant gains can be achieved, in particular for VSAT
– the outage introduced by the ancillary information aging might pose a challenge in some scenarios
– additional satellites are beneficial when path diversity is more important (NLOS conditions)
– compared to FR 3 and 4 schemes, the advantage can be impressive, but considering also the outage 

that can be introduced, it strongly depends on the propagation environment
• single satellite: significantly better in clear-sky conditions for all terminals
• multiple satellites: significantly better in NLOS conditions for handheld terminals



Current initiatives…

https://www.6g-ntn.eu/

https://twitter.com/6Gntn

https://www.linkedin.com/company/6g-ntn/
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