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Abstract—Multi-beam mobile satellite systems have a great

potential in providing broadband mobile services over a large

area to achieve a high system throughput. On ground beam-

forming techniques are quite promising but require a large feeder

link bandwidth to deliver all the feeds’ signals. There are two

potential solutions to solve this problem. 1) Hybrid space-ground

beamforming is able to reduce the feeder link bandwidth and save

spectral resources, which exhibits a good trade-off between the

performance and the space/ground complexity. 2) The ground-

based beamforming using multiple distributed gateways divides

the whole spectrum of the feeder link into several sub-sets,

relaxing the bandwidth and processing requirements at each

gateway. In this paper, we propose a distributed non-linear

precoding based hybrid space-ground beamforming technique,

where on-board beamforming aims at suppressing interference

among gateways and on-ground beamforming is implemented

distributively at each gateway. The proposed technique takes ad-

vantages of both the hybrid scheme and the distributed multiple

gateway architecture, and does not require any cooperation or

any exchange of channel state information among gateways. We

show the benefits of the proposed technique over the fully on-

ground beamforming schemes as well as its linear counterparts.

Index Terms—non-linear precoding, multi-beam mobile satel-

lite systems, multiple gateways, on-ground beamforming, hybrid

space-ground beamforming, MIMO

I. INTRODUCTION

Multi-beam mobile satellite systems, which rely on im-

plementing a phased array antenna on the satellite, have a

high potential in providing broadband and high-speed services

via multiple spot beams to cover a large area as well as to

achieve a high system throughput. In order to form multiple

beams on ground, beamforming should be carried out either

on board or on ground to electronically steer the beams [1],

[2], [3], i.e., On-Board Beamforming (OBB) [4], [5] and On-

Ground Beamforming (OGB) [6], [7], [8], [9], [10], [11]. The

OBB that is fixed or programmable has limitations to mitigate

interference and its adaptive version would impose significant

efforts on the satellite. In contrast, the OGB has a higher

flexibility and a much lower on-board complexity, which can

also be designed dynamically or even adaptively. However, the

OGB architecture should deliver all the feeds’ signals via the

feeder link, which requires a large frequency spectrum for the

feeder link and a robust calibration scheme to compensate the

amplitude and phase variations for all the feeds’ signals.

There are two potential solutions to reduce the feeder link

bandwidth. The one is to use hybrid space-ground beamform-

ing, which does not only provide a good trade-off between

the on-board and on-ground complexity, but also alleviates

the efforts on the calibration of feeder link channels. Some

existing references have discussed hybrid space-ground beam-

forming, where various OBB techniques such as fixed [12],

[13], Discrete Fourier Transformation (DFT) based [14], [15],

non-adaptive Channel State Information based [16], or feed

selection based schemes [17] have been proposed. However,

those schemes still require a large feeder link bandwidth if a

large number of users are supported. The other one considers

multiple gateways to receive feeds’ signals in a distributed

fashion. It splits the feeder link channel into several bands,

each of which is allocated to one gateway. In this case,

the whole system is able to accommodate a lot of users

and beamforming carried out distributively at each gateway

alleviates the burden on backhaul links that are required in

the centralized case to connect all the gateways. References

[10] and [11] consider a multiple gateway scenario to reduce

the feeder link bandwidth and each gateway serves a group

of beams, i.e., a cluster. It proposes zero-forcing type precod-

ing carried out exclusively on ground (i.e., purely OGB) to

mitigate both intra-cluster and inter-cluster interference. Such

techniques, however, still require full or limited Channel State

Information (CSI) exchange among cooperating gateways, and

have a dimensionality constraint on the relationship of the

number of users and the number of feed elements needed due

to the zero-forcing type methods.

Furthermore, in current multi-beam satellite systems, it is

always assumed that only one user is active per spot beam.

If more than one user per beam is supported, user channels

within one beam will have a high correlation, which leads to a

significant performance degradation for linear precoding and

limits the system throughput. Therefore, non-linear precoding

such as the efficient Tomlinson-Harashima Precoding (THP)

will be preferred. The authors in [18] show a large perfor-

mance gain of THP for the multi-beam satellite system as

compared to that of linear precoding, but they only consider

the pure OGB, which requires significant efforts on processing

at the gateway such as computational complexity, channel

acquisition, and an excess utilization of bandwidth.

Therefore, our concept is to combine the hybrid space-

ground beamforming with distributed multiple gateway pro-

cessing. We propose a hybrid space-ground beamforming tech-

nique based on distributed on-ground non-linear precoding for
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a decentralized multiple gateway architecture. In our proposal,

we assume a large number of single-antenna users, where

more than one user per spot beam is enabled. The OBB

is applied to perform decoupling based on the whole array

so that clusters (or, groups of users) can be well separated

with sufficient degrees of freedom. We apply the Signal to

Leakage-and-Noise Ratio (SLNR) algorithm instead of the

widely discussed zero-forcing type scheme to relax the dimen-

sionality constraint of the latter. The distributed OGB at each

gateway utilizes THP precoding to mitigate interference of

potentially highly correlated users within its cluster (or group).

It not only reduces the feeder link bandwidth but also avoids

any CSI exchange among gateways. Additionally, processing

efforts at each gateway are greatly alleviated. We analyze the

performance of the proposed technique in the S-band scenario

and compare it with several baseline schemes.

Notation: The operations |X|, ‖X‖2, ‖X‖F denote the

determinant, 2-norm, and Frobenius norm of a matrix X . The

operator abs(·) takes the absolute value of a scalar. X(:, a : b)
is a MATLAB notation, meaning that the columns of the

matrix X indexed from a to b are chosen. The Hadamard

product is denoted by ⊙. We express the block diagonal matrix

X as X = blkdiag {X1, . . . ,XN}, consisting N matrices on

the diagonal of X .

II. SYSTEM MODEL

Multi-beam satellite system provides two-way communica-

tions: the forward link and the reverse link. The forward link

is the signal path from a gateway via the feeder uplink to the

satellite and then via the service downlink to the user terminals

on-ground. Vice versa, the reverse or return link is the signal

path from user terminals via the service uplink to the satellite

and via the feeder downlink to the gateway. In this paper, we

consider the beamforming for the forward link, i.e., precoding.
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Fig. 1. Block diagram of the proposed hybrid space-ground beamforming
technique with decentralized multiple gateways for a multi-beam satellite
system.

The block diagram of the proposed hybrid space-ground

beamforming technique with decentralized multiple gateways

for the multi-beam satellite system is shown in Figure 1. The

total number of spot beams is L and the number of feed

elements is M . We assume that Kb users are active in one spot

beam at each given time slot and Kb ≥ 1. Thus the total num-

ber of users is K = KbL. The users are divided into G clusters

(or groups), where there are Kg, g = 1 . . . , G users per cluster

and the g-th cluster is controlled by the g-th gateway, where

K =
∑G

g=1 Kg also holds. The transmitted data from all the

gateways is denoted as s = [s(1)T , . . . , s(G)T ]T and the data

provided by the g-th gateway is s(g) = [s
(g)T
1 , . . . , s

(g)T
Kg

]T .

Without loss of generality it is assumed that the complex

data are independent and identically distributed (i.i.d.) random

variables with a uniform distribution and have a unit variance.

The corresponding received signal r = [r
(g)T
1 , . . . , r

(g)T
Kg

]T at

all user terminals during a certain time slot is given by

r = H̄AFOBFOGs+ n , HFOBFOGs+ n. (1)

The full matrix A =
[

aT
1 , . . . , aT

K

]T ∈ C
K×M consists

of K array responses ak ∈ C
M×1 for users k = 1, . . . ,K,

corresponding to the complex gain of all the M feed elements

at azimuth and elevation angles ϑk,ϕk for user k. The channel

matrix for the user service link (downlink) is represented by

a diagonal matrix H̄ ∈ C
K×K . The Additive White Gaussian

Noise (AWGN) with zero mean and a power spectral density

N0 is given by n. We define the total channel H ∈ C
K×M

that is composed of the array responses and the channel of the

service link as H , H̄A =
[

H(1)T , . . . , H(G)T
]T

.

We consider the OBB is carried out based on the whole

array to ensure sufficient degrees of freedom and denote the

OBB matrix by FOB =
[

F
(1)
OB, . . . , F

(G)
OB

]

∈ C
M×K ,

where F
(g)
OB ∈ C

M×Kg corresponds to the OBB for the g-

th cluster. The OGB is carried out in a distributed fashion at

each gateway and denoted by F
(g)
OG ∈ C

Kg×Kg . The total OGB

can thus be represented by a block diagonal matrix FOG =

blkdiag
{

F
(1)
OG, . . . ,F

(G)
OG

}

∈ C
K×K .

III. HYBRID SPACE-GROUND PRECODING TECHNIQUE

A. Technical Problems

In our considered system, we split the design of hybrid

space-ground beamforming into two stages, i.e., to design the

coarse OBB and then the OGB separately. The OGB is carried

out by different gateways in a distributed fashion in order

to reduce the feeder link bandwidth as well as to alleviate

processing efforts on ground. To ensure a well separated

OGB, an efficient decoupling technique should be utilized for

the OBB. In [19], a Joint Spatial Division and Multiplexing

(JSDM) using Block Diagonalization (BD) method is proposed

to perform the decoupling, so that per-group processing can be

carried out to reduce the implementation complexity. However,

such a zero-forcing method has a dimensionality constraint

on the number of transmit and receive antennas and does not

take into account the influence of noise when designing beam-

forming vectors. Furthermore, the OGB usually applies linear

precoding techniques due to a lower complexity. However,

linear precoding may suffer from a significant performance

degradation for highly correlated channels, e.g., in the scenario

WSA 2018 · March 14-16, 2018, Bochum, Germany

ISBN  978-3-8007-4541-8 2 © 2018 VDE VERLAG GMBH ∙ Berlin ∙ Offenbach
Authorized licensed use limited to: TU Ilmenau. Downloaded on June 02,2020 at 12:39:43 UTC from IEEE Xplore.  Restrictions apply. 



where a lot of users are present. The reference [18] evaluates

non-linear precoding methods for the multi-beam satellite

system in the single-gateway scenario and shows remarkable

benefits in terms of system performance. Processing efforts

of non-linear precoding at a single gateway are tremendous,

which can be largely reduced by distributed OGB performed

at multiple gateways.

Therefore, we aim at finding hybrid space-ground beam-

forming solutions in our considered multiple gateway scenario,

where the OBB performs the low-rank transformation and

decoupling to efficiently reduce the inter-cluster interference,

and the non-linear precoding based OGB is carried out

distributively at each gateway to mitigate the intra-cluster

interference within its cluster of users.

B. Hybrid Space-Ground Beamforming based Distributed Pre-

coding Design

1) Design the OBB: The purpose of OBB is to mitigate the
inter-cluster interference. Let us consider the channel after the
OBB, which can be written as

Ȟ = HFOB =
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(2)

where the off-diagonal parts correspond to the inter-cluster

interference. A straightforward way is to find the per-cluster

OBB matrix F
(g)
OB so that

H(i)F
(g)
OB = 0, for i 6= g. (3)

The existing decoupling solution for massive MIMO be-

longs to the zero-forcing type [19]. An alternative scheme

is proposed based on the Signal-to-Leakage-plus-Noise Ratio

(SLNR) to relax the constraint on the number of transmit and

receive antennas as well as to avoid noise enhancement, which

is quite suitable for decentralized processing in [20]. Thus, in

our hybrid space-ground beamforming scheme, we propose to

apply the SLNR algorithm to decouple different clusters based

on the whole array. The SLNR maximization problem for the

g-th cluster can be formulated by

max
F

(g)
OB

SLNR(g) =
P

(g)
T

∥

∥

∥
H(g)F

(g)
OB

∥

∥

∥

2

F
G
∑

i=1,i6=g

P
(g)
T

∥

∥

∥
H(i)F

(g)
OB

∥

∥

∥

2

F
+ σ2

nKg

=
tr
{

F
(g)H
OB RgF

(g)
OB

}

tr
{

F
(g)H
OB R̃gF

(g)
OB

} ,

(4)

where P
(g)
T is the total transmit power for the clus-

ter g, the covariance matrices of the desired channel

and the leakage channel are Rg = H(g)HH(g) and

R̃g = H̃(g)HH̃(g) + σ2
nKg/P

(g)
T IM , respectively. H̃(g) =

[ H(1)T , . . . ,H(g−1)T ,H(g+1)T , . . . ,H(G)T ]T is the chan-

nel excluding the desired panel. The SLNR maximization

problem can be reduced to maximizing a lower bound [20],

which maximizes the smallest generalized Rayleigh quotient

as

max
F

(g)H
OB F

(g)
OB=IKg

min
i=1,...,Kg

f
(g,i)H
OB Rgf

(g,i)
OB

f
(g,i)H
OB R̃gf

(g,i)
OB

(5)

with f
(g,i)
OB being the i-th column of the matrix F

(g)
OB . The

decoupling matrix can then be obtained by the dominant Kg

eigenvectors corresponding to the Kg largest eigenvalues of

R̃−1
g Rg .

Please note that the above SLNR based OBB only relies on

the transmit covariance matrices from all clusters, which can

be obtained via long-term CSI. Accordingly, the OBB will not

be as adaptive as the OGB.

2) Design the Distributed OGB: After the OBB with de-

coupling, the effective channel for the g-th cluster can be

written as Ȟg = H(g)F
(g)
OB , which is used to design the

OGB at the g-th gateway. The non-linear THP technique

is a simplified and efficient version of Dirty Paper Coding

(DPC), which is less computationally demanding and thus

more attractive for practical implementation. It can provide

a significantly enhanced system performance as compared to

linear precoding, especially for highly correlated channels.

Therefore, to effectively mitigate the intra-cluster interference,

we apply the HP technique to users within each cluster. The

block diagram of the THP implementation is depicted in

Figure 2, which is carried out after the decoupling on-board.

By calculating an LQ decomposition on the channel Ȟg ,

we have

Ȟg = LgQg, (6)

where Lg is a lower triangular matrix and Qg is a unitary

matrix. The feedforward and feedback filters for the THP

algorithm can be obtained as

Pg = QH
g (7)

and

Bg = DgLg (8)

Dg = diag
{

L−1
g (1, 1), . . . ,L−1

g (Kg,Kg)
}

, (9)

respectively, where L−1
g (i, i) is the i-th diagonal element of

the matrix Lg . The overall feedforward filter matrix is block

diagonal, denoted by P = blkdiag {P1, . . . ,PG} ∈ C
K×K .

In Figure 2, the transmitted symbols x(g) are successively

generated by the feedback loop, which increases the transmit

power since its amplitude will exceed the modulation bound-

ary. Thereby, a modulo operation M(·) should be applied and

the corresponding operation is defined as

M(xi) = xi −
⌊

Re (xi)

τ
+

1

2

⌋

τ −
√
−1 ·

⌊

Im (xi)

τ
+

1

2

⌋

τ,

(10)

where ⌊·⌋ denotes the floor operation and τ is a constant

depending on the modulation alphabet [21]. At the user side,

the matrix Dg is used as the scaling matrix for weight-

ing data streams and a modulo operation is applied for
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demodulation. The overall weighting matrix can be written

as D = blkdiag {D1, . . . ,DG} ∈ C
K×K , which is also

diagonal.

M� �
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OBB
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Fig. 2. Block diagram of the THP implementation for the g-th cluster.

IV. SIMULATIONS

For simulations, we consider the forward link in the S-

band scenario with a signal spectrum of 15 MHz. The satellite

antenna is a 12-meter reflector illuminated by an array of 44

feed elements. In the forward link, 11 linguistic beams achieve

a coverage over Europe, where we assume that at least one user

is active in one beam and the users are generated at random

locations within their own spot beams. Full frequency reuse

and a single polarization of the satellite antenna are assumed.

According to the channel model in [3], the channel of the

user service link is modeled by Rician fading with a Rician

factor of 7 dB. For the baseline, we consider the full THP and

full Minimum Mean Square Error (MMSE) schemes, namely,

”Fully THP OGB” and ”Fully MMSE OGB”, which corre-

spond to the case where we apply THP or MMSE based OGB

with the highest flexibility. We will evaluate our proposed

scheme in terms of ”Hybrid SLNR-THP” and ”Hybrid SLNR-

MMSE”, depending on whether the intra-cluster precoding is

carried out by THP or MMSE, respectively. The performance

depicted by the achievable sum rate of the system, is calculated

by R =
∑K

k=1 log2(1 + SINRk), where SINRk indicates the

signal-to-interference-plus-noise ratio at the user k.

Figure 3 shows the Cumulative Distribution Functions

(CDFs) of the sum rate performance for various schemes1.

It can be observed that when we have only one user per spot

beam, i.e., Kb = 1, there is a small gain obtained by the non-

linear THP scheme, since the users are well separated and not

so highly correlated. However, in the case of Kb = 2, 3, when

more users are supported in one spot beam, linear precoding

exhibits a large performance degradation as compared to the

non-linear counterpart due to increased channel correlations

among users. It is especially obvious that the performance of

all linear schemes with Kb = 2 is worse than that of the case

with Kb = 3. Furthermore, from the point view of the number

of clusters G, we can see that for the linear case ”Hybrid-

SLNR-MMSE”, almost no performance difference can be seen

for different G. But the performance of ”Hybrid-SLNR-THP”

decreases with G being larger, since the precoding gain that

can be exploited within a smaller number of users also reduces.

We also summarize the gain of the non-linear precoding

scheme ”Hybrid-SLNR-THP” with G = 2, 3 over the case

1Please note that the range of the x-axis in Figure 3(a) is not scaled to the
same values as in the other two cases (Kb = 2, 3) for a better visibility.
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Fig. 3. The CDF of the sum rate performance of various hybrid space-ground
precoding schemes at SNR = 20 dB.
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TABLE I
PERFORMANCE GAIN OF THE “HYBRID SLNR-THP” OVER THE FULLY

MMSE OGB AT SNR = 20 DB

Per Beam Users Availability 5% Availability 50% Availability 95%

G = 2,Kb = 1 2.9% 0.94% 0%

G = 2,Kb = 2 22.3% 15.8% 11.4%

G = 2,Kb = 3 30.8% 27.5% 25.4%

G = 3,Kb = 1 0.89% 0.4% 0.2%

G = 3,Kb = 2 19.6% 13.9% 10.7%

G = 3,Kb = 3 23.4% 20.2% 20.1%

”Fully MMSE OGB” for Kb = 1, 2, 3 in Table I. It can be

clearly seen that our proposed distributed THP based hybrid

space-ground beamforming technique is able to support a large

number of users with high correlations in the multi-beam

satellite system and has a remarkable gain than the widely

discussed ”Fully MMSE OGB”.

V. CONCLUSIONS

This paper proposes a distributed THP based hybrid space-

ground precoding technique for multi-beam satellite systems

with multiple gateways to significantly reduce the feeder

link bandwidth and the processing efforts in the fully OGB

case. It combines hybrid space-ground beamforming with the

distributed OGB concept. The OBB not only mitigates the

inter-cluster interference via SLNR based decoupling, but also

acts as a rank-reduction so that the OGB can be carried out in

a reduced dimension. The THP based OGB is implemented at

each gateway in a distributed fashion and thus no cooperation

or CSI exchange among gateways is needed. The non-linear

THP technique ensures an effective suppression of intra-

cluster interference especially in scenarios with a lot of users

where users have high channel correlations. Simulation results

show that the proposed distributed hybrid precoding technique

significantly outperforms its linear counterpart. Compared to

the fully linear OGB technique, a performance gain of 20% -

30% with Kb = 3 per-beam active users can be obtained.
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