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Abstract: In order to maximize the available data rate and spectrum utilization efficiency, a high-
throughput satellite communication system adopts the full spectrum reuse scheme, which will cause
serious co-frequency interference. In this paper, a forward link model, considering the effects of free
space loss, rainfall attenuation, and beam gain, is established, and the classical low-complexity of the
zero-forcing precoding algorithm is improved in order to solve the serious co-frequency interference.
Moreover, the regularized zero-forcing precoding algorithm considering the influence of system
noise is studied, and a low complexity regularized zero-forcing dirty paper precoding algorithm
is proposed, whose basic principle is to sort users based on the principle of channel maximum
norm selection and practical application scenarios. Simulation results show that it can encode users
sequentially, according to the channel conditions, to maximize the SINR (signal-to-interference-plus-
noise ratio) and increase the throughput of the system.

Keywords: high-throughput satellite; full spectrum reuse; co-frequency interference; precoding;
zero-forcing precoding

1. Introduction

With the development of the global mobile Internet and the “ubiquitous” network
demand of individual consumers, a high-throughput satellite communication system with
the characteristics of “operating in high frequency band, high throughput and providing
broadband Internet access service” is the development trend [1]. With the same spectrum
resources, high-throughput satellites can obtain several times the communication capacity
than that of fixed satellites by using multi-beam and frequency reuse technology. On
the premise of maximizing the available data rate and spectrum utilization efficiency,
high-throughput satellites have adopted the full spectrum reuse scheme, which will cause
serious co-frequency interference. Precoding technology is an effective method to deal
with this problem. The principle of precoding technology is to complete signal processing
according to channel state information, so as to mitigate interference and improve link
performance. Precoding technology is generally applied to the downlink channel of the
forward link of high-throughput satellites.

Precoding technology is mainly divided into linear and nonlinear precoding tech-
nology. Although traditional nonlinear precoding can achieve better performance, it is
difficult to apply in practice due to its high complexity, such as the use of dirty paper
coding which, can achieve the optimal capacity [2]. However, linear precoding has re-
ceived extensive attention in the academic community due to its relatively low complexity.
The classical zero-forcing precoding algorithm [3] in linear precoding was first applied to
high-throughput satellites by Cottatellucci and Debbah [4]. It has been proven that linear
precoding technology can effectively improve the communication capacity performance
of the system. At the same time, the influence of channel estimation error, feedback delay,
and on-board payload on the overall system performance is also studied and analyzed.
Subsequently, reference [5] focuses on the performance of spectrum utilization when a
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Ka-band high-throughput satellite system adopts regularized zero-forcing linear precoding,
and studies the terrestrial user grouping service under the practical constraints of channel
state information delay and oscillator phase noise. On this basis, reference [6] reasonably
applies nonlinear dirty paper coding technology in a high-throughput satellite system
based on the DVB-S2 standard, and compares it with linear methods such as zero-forcing
and regularized zero-forcing. They provide the performance upper limit of the multi-beam
joint precoding method, and verify the relationship between beam coverage parameters
and system communication capacity. Reference [7] proposes a real-time demonstration
of precoding technology, which is used to realize full spectrum reuse in the forward link
of a future high-throughput satellite system, proving the feasibility of precoding in satel-
lite communications based on the superframe structure defined in DVB-S2X standard.
Reference [8] designs a zero-forcing precoder using partial channel state information for
matrix and vector normalization, which can reduce the delay and signaling overhead by
reducing the channel state information feedback from the user terminal. Reference [9] sum-
marizes the latest precoding technology for a high-throughput satellite system, and points
out its future development direction and challenges. Reference [10] surveys the alternative
fade mitigation techniques for satellite communication systems operating at Ku, Ka, and
V frequency bands. The specific phenomena influencing the propagation of radio waves
on Earth-space links are also overviewed. Reference [11] performs a detailed prognostic
evaluation of radio wave propagation attenuation due to rain, free space, gases, and clouds
over the atmosphere at the ultra-high frequency band by employing relevant empirical
atmospheric data and suitable propagation models for robust prognostic modeling using
experimental measurements. Reference [12] proposes a complete model of atmospheric
propagation to improve the estimation and the analysis of atmospheric effects on the signal
quality in satellite communications using actual measured parameters.

Although the current research on the precoding technology of high-throughput satel-
lite systems has made great progress, the improvement in SINR (signal-to-interference-
plus-noise ratio) is still insufficient, and there is still a gap regarding the throughput
requirements of high-throughput satellites. Therefore, further research and improvement
of high-throughput satellite precoding technology are still needed in order to continue to
optimize the SINR.

Based on the above research and analyses, after establishing the forward link model
considering the effects of free space loss, rainfall attenuation, and beam gain, this paper
improves the classical low-complexity zero-forcing precoding algorithm and studies the reg-
ularized zero-forcing precoding algorithm, considering the influence of system noise. Based
on the idea of dirty paper coding, a low complexity dirty paper regularized zero-forcing
precoding algorithm is proposed in this paper, which aims to encode users sequentially
according to the channel conditions to maximize the SINR and increase the throughput
of the system. The remainder of the paper is organized as follows. Section 2 describes the
system architecture and channel model. The regularized zero-forcing dirty paper precoding
of a high-throughput satellite communication system is given in Section 3. The simulation
results and analysis are presented in Section 4, followed by the conclusion in Section 5.

2. High-Throughput Satellite Communication System Model
2.1. High-Throughput Satellite Communication System Architecture

The high-throughput satellite communication system is divided into three main seg-
ments: the ground segment, the space segment, and the user segment. All the user terminals
covered by all the spot beams of the satellite constitute the user segment. The ground
segment is mainly composed of gateway stations, which are responsible for sending signals
to and receiving signals from satellites. The space segment includes the satellites and all the
ground facilities for monitoring and controlling them. The definition of the link between
different segments of the high-throughput satellite communication system is different. The
feeder link is the wireless link connecting the satellite and the gateway station, and the
user link is the link connecting the user terminal and the satellite. The forward uplink from
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the gateway station to the satellite and the forward downlink from the satellite to the user
constitute the forward link of the high-throughput satellite system. The reverse uplink
from the user to the satellite and the reverse downlink from the satellite to the gateway
station constitute the reverse link of the high-throughput satellite system, which is shown
in Figure 1.
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Figure 1. Forward link and reverse link of high-throughput satellite system.

2.2. High-Throughput Satellite Communication System Signal Model

The forward link of high-throughput satellite system transmits independent infor-
mation streams to multiple fixed terminals through multiple beams. The scenario of a
single gateway station with a single feed per beam is studied in this paper, in which a
gateway station manages adjacent beams with full spectrum reuse by controlling feeds on
the satellite. However, full spectrum reuse will bring serious co-frequency interference; that
is, at the same time, users in each beam will receive interference from users in other beams
when receiving their own signals. The system adopts a time division multiplexing scheme,
in which each beam provides service for only one user in each time slot. The schematic
diagram of the forward link of a high-throughput satellite communication system is shown
in Figure 2.
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Suppose that the i-th user signal sent by the ground gateway can be expressed as si. For
any user signal si sent to K beams, its average power is 1; that is, E[s2

i ] = 1, ∀i = 1, 2 · · ·K.
Suppose that the precoding vector is ti =

√
piwi, where pi =

∥∥t2
i

∥∥ is the signal power of
the i-th user and wi =

ti
‖ti‖

is the normalized precoding vector. The onboard transmitted

signal is the superposition of all beam signals, i.e.,
K
∑

i=1
tisi. The received signal of user i can

be expressed as:

yi = hH
i tisi + hH

i

K

∑
j=1.j 6=i

tjsj + ni (1)

where the first term is the useful signal, the second term is the interference signal, and the
third term ni is zero-mean Gaussian random noise with independent identical distribution.
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hi = bidi is N × 1 dimension channel matrix, where bi is multi-beam gain, and di is
logarithmic random attenuation.

The SINR at the receiving end of user i can be expressed as:

SINRi =

∣∣∣hH
i ti

∣∣∣2
∑
j 6=i

∣∣∣hH
i tj

∣∣∣2 + N0W
=

pi

∣∣∣hH
i wi

∣∣∣2
∑
j 6=i

pj

∣∣∣hH
i wj

∣∣∣2 + N0W
(2)

where N0 is the noise power spectral density and W is the total bandwidth. Therefore, the
maximum achievable Shannon rate of user i is:

ri = W log2(1 + SINRi), ∀i = 1, 2, . . . , K (3)

2.3. High-Throughput Satellite System Channel Model

For the LOS (line of sight) satellite channel with the center frequency above 10 GHz,
the performance and availability of the high-throughput satellite system will be greatly
reduced due to various atmospheric effects in the troposphere. Among various atmospheric
effects, rainfall attenuation is the most critical and dominant factor, especially in the Ka-
band. Therefore, the influence of rainfall attenuation should be emphatically considered in
modeling. Due to the high frequency of the Ka-band and the excessive free space loss of
electromagnetic waves, the transmitting and receiving gain of omnidirectional antennas
configured for ground mobile users is not enough to meet the link budget. Therefore, the
Ka-band high-throughput satellite system is only suitable for providing fixed user services,
and satellite mobile services are generally provided by L-band satellites [13]. In this paper,
when establishing the channel model of a high-throughput satellite system, the effects of
free space loss, rainfall attenuation, and beam gain are considered at the same time. The
channel matrix can be expressed as:

H = H̃B (4)

where the K× K dimension rainfall attenuation matrix H̃ simulates the influence of rain-
fall attenuation, and the K × K dimension multi-beam antenna gain matrix B simulates
the influence of satellite antenna radiation mode, receiving antenna gain, path loss, and
noise power.

The size of the multi-beam antenna gain matrix depends on the radiation pattern of
the antenna beams and the position of each user terminal antenna in the beam. For a high-
throughput satellite communication system providing fixed user services, the multi-beam
antenna gain matrix is fixed, whose (i, j) item bi,j can be expressed as:

bi,j =

√
Gi

RGi,j

4π

√
d2

0+d2

λ

√
κBTBW

(5)

where Gi,j is the multi-beam antenna gain from the j-th satellite feed to the i-th user terminal,
Gi

R is the antenna gain of the user terminal, κB is the Boltzmann constant, T is the receiver
noise temperature, BW is the user link bandwidth, λ is the carrier wavelength, d0 is the
distance from the satellite to the user-located beam center, and d is the distance from the
ground user terminal to the user-located beam center. Due to the curvature of the earth and
the wide-area coverage characteristics of satellites, the introduction of d can more accurately
describe the difference of free space loss between different beams of the high-throughput
satellite system.



Electronics 2022, 11, 3106 5 of 13

The multi-beam antenna gain Gi,j from the j-th satellite feed to the i-th user terminal
mainly depends on the radiation mode of satellite transmitting antennas and user position,
which can be expressed as:

Gi,j = Gj
T

(
J1(ui,j)

2ui,j
+ 36

J3(ui,j)

u3
i,j

)2

(6)

where GT is the transmit antenna gain, intermediate quantity ui,j = 2.07123
sin(θi,j)

sin(θi,3dB)
. θi,j is

the angle of the path from the i-th user to the j-th beam center relative to the satellite, and
θi,3dB is the 3 dB beam angle of the i-th beam; that is, the beam where the user is. J1(·) and
J3(·) are the first-order and third-order Bessel functions, respectively.

The method of modeling rainfall attenuation adopts the latest empirical model in
the ITU-R P.618 recommendation [14], and the power gain ξdB in dB follows lognormal
distribution, that is, ln(ξdB) ∼ N

(
µ, σ2). µ and σ2 are the mean and variance of the

corresponding normal distribution, respectively, which are related to the receiver position,
operating frequency, polarization, and satellite elevation angle. Therefore, the rainfall
attenuation matrix H̃ can be expressed as H̃ = diag

{√
ξ1e−jϕ1 , . . . ,

√
ξKe−jϕK

}
, where√

ξke−jϕk is the rainfall attenuation factor of the k-th user. Since the feed spacing of a
multi-beam antenna is much smaller than the signal propagation distance, it is assumed
that the rainfall attenuation factor between different beams and the same user is the same,
and ϕ follows a uniformly distributed phase, that is ϕ ∼ U(0, 2π).

3. Regularized Zero-Forcing Dirty Paper Precoding of a High-Throughput Satellite
Communication System
3.1. Zero-Forcing Precoding

Precoding refers to the process of using channel state information to obtain the pre-
coding matrix on the ground gateway side and processing the transmitted signal to reduce
interference. The zero-forcing precoding algorithm is the most classical precoding algo-
rithm, whose main idea is to multiply the modulated signal s by the inverse matrix of the
channel matrix at the transmitting end first. Secondly, the precoding processed signal is
transmitted through the channel and finally multiplied by a channel matrix to eliminate the
interference between signals. The idea is described in mathematical language and can be
equivalent to HWZF=I. The precoding matrix is obtained by calculating the pseudo-inverse
of the channel matrix. Therefore, the expression of the zero-forcing precoding matrix is:

WZF = (HHH)
−1

HH (7)

In practical application, the precoding vector of a corresponding user can be obtained
by normalizing each column vector in the zero-forcing precoding matrix. It can be seen
from the above calculation that the zero-forcing precoding algorithm can eliminate the
interference of users in the same frequency. However, without considering the influence
of noise, the zero-forcing precoding algorithm is an optimal precoding scheme only when
there is no additive noise, and the system performance will be poor in the case of low SNR.

3.2. Regularized Zero-Forcing Precoding

Zero-forcing precoding is asymptotically optimal in the case of high SNR, but it does
not consider the impact of channel noise on system performance. Therefore, regularized
zero-forcing precoding introduces a regularization parameter considering the influence of
noise, and it has good performance in the case of low SNR. The process of the regularized
zero-forcing precoding algorithm is basically the same as that of the zero-forcing precoding
algorithm; that is, the minimum mean square error criterion is used to calculate the pre-
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coding matrix, and the noise and user interference are eliminated by suppressing noise
amplification. The expression of the regularized zero-forcing precoding matrix is:

WRZF = (HHH + αIK)
−1

HH (8)

It can be seen from Equation (8) that the regularized zero-forcing precoder is essentially
a zero-forcing precoder regularized by a regularization factor α. In the case of α→ ∞ ,
Equation (8) represents a matched filter. In the case of α→ 0 , Equation (8) represents a zero-
forcing precoder. For a high-throughput satellite system, α = N0W

P0
, where P0 is the highest

power of the feed. The influence of receiver noise is considered in the calculation process
of the regularized zero-forcing precoding matrix. Due to the noise factor, the interference
between users cannot be eliminated. However, in the case of low SNR, the performance of
regularized zero-forcing precoding is better than that of zero-forcing precoding.

3.3. Dirty Paper Regularized Zero-Forcing Precoding

Dirty paper precoding is considered to be the sum rate capacity realization technology
in the MIMO link, as well as the best precoding technology. However, it is often very
complicated to determine the optimal coding order and optimal correlation matrix of
precoding. Therefore, this paper proposes a low-complexity dirty paper regularized zero-
forcing precoding scheme, which is based on the idea of dirty paper precoding to optimize
regularized zero-forcing precoding.

In the downlink channel of the high-throughput satellite forward link, different users
in different beams can be arranged in descending order according to the strength of channel
gain, that is, the channel degradation. When the dirty paper precoding algorithm is
implemented, the coding order must be determined first. Therefore, we first face the
problem of selecting multiple coding sequences. Generally, the first coded user receives
a large amount of interference, and the interference received by the coded user decreases
gradually with the progress of serial coding. Therefore, from the technical perspective,
users with good channel conditions should be coded first, because they have the ability to
withstand interference. Moreover, users with high-rate requirements should be coded last,
from the demand perspective, because they must avoid interference to achieve the required
rate. Therefore, this paper refers to the principle of channel maximum norm selection and
combines with the practical application scenarios to sort users according to the descending
order of the defined metrics as log2(1 + ‖hi‖2). The following analysis is generalizable. We
assume that when K = 2, ‖h1‖2 ≤ ‖h2‖2, the channel conditions of the users in beam 2 are
better than those in beam 1, and beam 2 can deal with stronger interference than beam 1. s1
and s2 represent the user signals of beam 1 and beam 2, respectively, and the transmitter
signal is the superposition of them: (s1 + s2). It is assumed that the transmission power of
beam 1 and beam 2 is p1 and p2, respectively. Considering the idea of dirty paper coding,
beam 2 is coded first, and the signal of beam 1 is regarded as an interference signal. At this
time, the rate reached can be expressed as:

R2 = log2

(
1 +

p2
∣∣hH

2 w2
∣∣2

p1
∣∣hH

2 w1
∣∣2 + N0BW

)
(9)

After coding for the user in beam 2, the user in beam 1 is precoded by means of
successive interference cancellation, and the achievable user rate can be expressed as:

R1 = log2

(
1 +

p1
∣∣hH

1 w1
∣∣2

N0BW

)
(10)

Extending the situation of the above two beams to the actual satellite communication
system, the application flow chart of dirty paper regularized zero-forcing precoding can
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be expressed as Figure 3, where the precoding vector wi is obtained by the regularized
zero-forcing precoding.
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After obtaining the coding order, the achievable SINR of the i-th user can be expressed as:

Γi =
pi

∣∣∣hH
i wi

∣∣∣2
∑j>i pj

∣∣∣hH
i wj

∣∣∣2 + N0W
(11)

For the user in the i-th beam, the achievable user rate can be expressed as:

Ri = W log2(1 + Γi) (12)

4. Simulation Verification and Analysis

Simulation analysis is carried out to verify the performance of several precoding
algorithms described in this paper. The simulation parameters of the high throughput
satellite communication system are shown in Table 1. Because the achievable rate of users
is different when different precoding schemes are adopted, the maximum beam power of
each feeder is defined to be 80 W, and 7 feeders are used to form 7 beams on the satellite.
Currently, in the TDMA communication mode, each beam has one user communicating
in the transmission time slot, and we can select a user from each beam to form a group of
7 users to design the precoding matrix. The method of selecting users in the same time
slot is an important factor affecting the overall performance of the system, so the influence
of user arrangement in the beam on system performance will also be considered in the
simulation and analysis.

Table 1. Parameters of a high throughput satellite communications system.

Parameter Value

Orbit Geostationary orbit
Carrier frequency (GHz) 20

Number of beams 7
Coverage area diameter (km) 500 km

3 dB angle 0.4
Mean of rainfall attenuation (dB) 0.6

Variance of rainfall attenuation (dB) 1
Polarization mode Single-polarization

Maximum antenna transmitting gain (dBi) 50
User terminal receiving gain (dBi) 45

Free space loss of forward link (dB) 210
User link bandwidth (MHz) 500

Noise temperature of receivers (K) 207
Distribution of user terminals Fixed

Since the greatest feature of a high-throughput satellite is its high throughput, in this
paper, the throughput is used to describe the performance of a high-throughput satellite
system in the simulation. The throughput of the i-th beam can be expressed by SINR:

Ci = W log2(1 + SINRi) (13)
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where SINRi is the SINR of the i-th user at the receiving end, which is defined by
Equation (2). The average throughput of the system is the average of all beam throughputs.
In addition, the traditional satellite system usually selects the four-color frequency reuse
scheme; therefore, the adjacent beams use different frequency bands to reduce the inter-
ference. Therefore, this scheme is also considered in the simulation to compare and show
the improvement effect of the precoding algorithm on system throughput. The maximum
achievable throughput of each beam under the four-color frequency reuse scheme can be
expressed as:

Ci =
W
4

log2

(
1 +

4pi|hi,i|2

N0W

)
(14)

Figure 4 shows the simulation of the throughput performance of three precoding
schemes, including zero-forcing, regularized zero-forcing, and regularized zero-forcing
dirty paper precoding, as well as the four-color frequency reuse scheme. When the regular-
ized zero-forcing dirty paper precoding is used, the user channel corresponding to 7 beams
should be sorted first, so the simulated beam number is the sequence after the channel
maximum norm selection. It can be seen that although the traditional frequency reuse
mode does not have serious co-frequency interference problems, its available bandwidth is
only a fraction of the full spectrum reuse satellite system, and its achievable throughput is
significantly lower than that of the full spectrum reuse satellite system. Three precoding
algorithms, including zero-forcing, regularized zero-forcing, and regularized zero-forcing
dirty paper precoding can improve the SINR and obtain the throughput at several times the
available bandwidth; thus, they can better eliminate interference. Compared with the zero-
forcing precoding algorithm, regularized zero-forcing precoding reduces the amplification
of noise, and its achievable throughput is increased by about 5%. Moreover, the regularized
zero-forcing dirty paper precoding algorithm can achieve the largest throughput, which is
further improved by about 5% compared with regularized zero-forcing precoding.
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Figure 5 is the comparison of the influence of beam number on the throughput per
beam of four precoding schemes. A random order regularized zero-forcing dirty paper
precoding algorithm is added, which aims to reduce the complexity and analyze its ad-
vantages and disadvantages. It can be seen that the average achievable throughput of all
four precoding schemes decreases with the increase in the number of beams. Especially in
the process of changing the number of beams from 7 to 19 to 37, the decreasing trend is
obvious because the increased number of beams will bring more co-channel interference.
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The average beam throughput of zero-forcing precoding is most affected by the increase in
the number of beams because it does not consider the suppression of the noise in the system.
With the increase in the number of beams, the noise in the system is greater, and the impact
is more prominent. The other three precoding schemes are basically the same, as they are
affected by the increase in the number of beams, and the regularized zero-forcing dirty
paper precoding scheme with a determined coding sequence has the best performance.
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Figure 6 shows the influence of the 3 dB angle on the throughput performance of the
precoding schemes with random user location. It can be seen that in a certain range of beam
coverage, given the beam radius, when the 3 dB angle of the beam increases, the system’s
achievable throughput increases first and then decreases, and the maximum extreme point
is the edge of the beam, which is a 3 dB power attenuation. It can be concluded that when
selecting the beam coverage form, it is best to select the 3 dB beam width as the beam
edge. Moreover, it is found that the performance of the regularized zero-forcing dirty
paper precoding algorithm is the best, as it is far less affected by the 3 dB angle than is the
zero-forcing precoding, and there is little difference between the performance of the two
dirty paper regularized zero-forcing precoding algorithms with two coding sequences.

Figure 7 shows the influence of 3 dB angle on throughput performance of precoding
schemes with users distributed at the edge of the beam. In the satellite communication
system, the performance of the worst external conditions should be considered when mea-
suring the system performance; in other words, the situation where users are distributed at
the edge of the beam. It can be seen that when users are arranged at the edge of the beam
and the 3 dB angle of the beam is small, the achievable throughput of the system is much
different from that with a random user arrangement. However, when the 3 dB width of the
beam exceeds the beam diameter, the user arrangement basically does not affect the system
throughput performance.
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Figure 8 shows the influence of the size of the beam overlap area on the system
performance with random user location. The overlap factor is defined as the ratio of the
beam radius to the radius when there is no overlap between beams. It is assumed that the
edge power attenuation of each beam is 3 dB, and the beam center position is given. It can
be seen that when there is no beam overlap and the user random distribution model is
adopted, the achievable throughput performance curves of the four precoding schemes
basically coincide. When the beam overlap factor is larger than 1.2, the performance of the
zero-forcing precoding algorithm decreases significantly.
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Figure 8. Influence of overlap factor on throughput performance of precoding schemes with random
user location.

Figure 9 shows the influence of the size of the beam overlap area on the system
performance with users distributed at the edge of the beam. It can be seen that when users
are distributed at the edge of the beam and the beam overlap factor is small, the throughput
performance of the beam will decrease more obviously with the increase in the overlap
factor. When the beam overlap factor is large, the beam throughput performance changes
slightly with the increase in overlap factor; thus, it tends to be stable. Additionally, the
achievable throughput of users distributed at the edge of the beam is less than that of the
random user distribution model under the same overlap factor.
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5. Conclusions

This paper studies the precoding problem of the high-throughput satellite forward
link. Based on the forward link model, considering the effects of free space loss, rainfall
attenuation, and beam gain, the classical low-complexity zero-forcing precoding algorithm
is improved in this paper. Moreover, the regularized zero-forcing precoding algorithm
considering the influence of system noise is studied, and a low complexity regularized
zero-forcing dirty paper precoding algorithm is proposed, based on the idea of continuous
interference elimination using non-linear dirty paper coding to achieve the maximum rate.
It can be seen through simulation analysis that the throughput of regularized zero-forcing
dirty paper precoding is larger, and the greater the number of formed beams, the worse
the throughput performance per beam. The beam edge at 3 dB width shows the best
performance. When the beam overlap factor exceeds a certain extent, the regularized
zero-forcing dirty paper precoding algorithm is more robust than other algorithms. It can
be concluded that the proposed dirty paper regularized zero-forcing precoding, which
introduces the idea of dirty paper coding, can achieve better performance than classical
precoding algorithms.
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