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Abstract
Adopting full frequency reuse in high throughput satellite (HTS) systems is expected to
cope with huge communication demands and large user populations. Moreover, a kind
of multicast transmission, which embeds the data of several users in each frame, can be
employed to increase the efficiency of HTS systems. Multicast precoding is usually
utilized in such systems to mitigate the co-frequency interference between beams and
improve the efficiency of transmission. In this context, considering that the number of
users may exceed the number of available communication resources in the system, we
investigate user scheduling for the multicast transmission in HTS systems with full
frequency reuse and multicast precoding. We perform user scheduling according to
the user channel state information and decouple the scheduling problem into two
phases: intra-beam and inter-beam scheduling. Intra-beam scheduling determines the
users involved in the transmission of each frame with the purpose of reducing the
influence of the multicast fashion. For intra-beam scheduling, we put forth a fixed-size
user grouping algorithm. In contrast to previous studies, this algorithm takes the
interference among beams into consideration during the scheduling. In inter-beam
scheduling, user groups belonging to different beams are scheduled to improve the
performance of the multiplexed transmission. An inter-beam scheduling algorithm is
proposed to improve the fairness among users. The simulation results verify the
superiority of the proposed algorithms in terms of fairness and spectral efficiency.
Keywords: HTS, Multicasting, User scheduling, Fairness

1 Introduction
The appearance of high throughput satellite (HTS) systems has brought new opportunities to satellite communication. In addition to the advantages of satellite communication,
HTS systems have low communication cost and high throughput, which compensate the
deficiencies of traditional satellite systems. Thanks to the rapid development of antenna
technology [1–6], a large number of high-gain beams can be created and a high order
of frequency reuse can be employed in the service area of the system to achieve this
large throughput [7]. A four-color frequency reuse scheme is adopted in current HTS
systems to avoid co-frequency interference between adjacent beams as well as obtaining
© The Author(s). 2020 Open Access This article is licensed under a Creative Commons Attribution 4.0 International License,
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate
credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were
made. The images or other third party material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence and your
intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

Zhang et al. EURASIP Journal on Wireless Communications and Networking

(2020) 2020:133

a fairly high frequency reuse factor [8]. As indicated in literature, present HTS systems
have achieved a throughput over 300 Gbps [9]. Partnering terrestrial communication systems, HTS is expected to address the challenges of huge traffic amounts and large user
populations. Further, with the integration of satellite and terrestrial communication, HTS
systems need to support various types of services [10].
Aggressive frequency reuse emerges in HTS systems to meet future communication
demands [11]. Along with augmenting the available bandwidth in each beam, aggressive frequency reuse brings about the co-frequency interference between adjacent beams.
This results in the interference-limited characteristics of the system. Considering the
similarity between HTS communication and multiuser Multiple Input Multiple Output (MIMO) communication, precoding techniques can be employed to handle the
co-frequency interference. With channel state information (CSI), precoding can bring
throughput increase through the joint processing of the signals from different feeds [12].
Relevant studies show that the adoption of precoding in HTS systems with full frequency reuse can achieve performance improvement by comparison with ones that adopt
four-color frequency reuse [13, 14].
Since coding schemes with long codewords are adopted in satellite communication to
cope with the large fading loss of satellite links, satellite systems may statistically multiplex the data of different users belonging to the same beam in each frame to increase
the encapsulation efficiency of the long frames [15]. Precisely, the data of a certain number of users are coded as a single codeword and the codeword is transmitted as a frame.
Thus, each user can only obtain his data after successfully receiving the whole frame.
Although this type of transmission can increase the efficiency of the system, it leads to a
multicast fashion in each beam which complicates the precoding design [16]. Besides the
precoding design, user scheduling according to the locations or CSIs of users becomes an
emerging research field on account of the large user populations in such systems [12, 17].
A multicast-aware user scheduling algorithm was proposed to improve the performance
of multicast transmission in HTS systems, and the simulation results indicated the
throughput gains brought by user scheduling [18]. Since this study only investigated the
multicast transmission with a fixed number of users, the algorithm might not apply to the
situation where the number of users is much larger than the fixed number. For the user
scheduling problem with a large number of users, the scheduling consists of two phases,
i.e., intra-beam scheduling and inter-beam scheduling. Intra-beam scheduling, aiming at
reducing the influence of the multicast fashion, is employed in each beam to constitute
user groups, each of which consists of users sharing the same frame for transmission.
Inter-beam scheduling determines the user groups (respectively belonging to different
beams) that are involved in each multiplexed transmission among the beams. The two
phases should be jointly handled to obtain the best performance, but most current studies
only involve one of the two phases.
The multicast fashion in each beam limits the achievable rate of the users in each
frame groups since users may experience different channel gains. In order to mitigate this
impact, intra-beam scheduling aims at constituting user groups in which users have similar channel vectors [16]. Considering the invariable channel state of the users in fixed
HTS communication, intra-beam scheduling was formulated as a clustering problem to
guarantee that all the users can be served [19]. Clustering algorithms, such as spectral clustering [20] and K-means [19], were employed in intra-beam scheduling. These
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scheduling algorithms can obtain a fixed number of clusters with various cluster sizes.
Fixed size user clustering, i.e., fixed size user grouping, has practical application for intrabeam scheduling for HTS systems because of the limited number of users in each frame.
Indeed, standards with respect to satellite communication specify the length of the codewords of each coding scheme. For example, DVB-S2 standard adopts LDPC coding with
fixed lengths of 16 kbit and 64 kbit [21]. The fixed length of the codeword in each
frame suggests the necessity of fixed size clustering for intra-beam scheduling. A k-user
grouping scheme was proposed to constitute fixed-size user groups for successive frame
transmission by selecting the users based on the collinearity of channel vectors [16]. For
the clustering scheduling problem, a fixed size clustering algorithm was proposed which
randomly selected a user as the first user in each group and formed the group based on
the similarity of the channel vectors between the first user and the others [22]. Further,
the MaxDist algorithm, also a fixed size clustering algorithm, was proposed. The algorithm took a new approach to determine the first user in each group and outperformed
the previous one that randomly selected each first user [19]. The aforementioned intrabeam scheduling algorithms can enhance the performance of the system. Nevertheless,
these studies only focus on increasing the similarity of the channel vectors in each group
through scheduling and have not taken the interference-limited characteristics of the
system into consideration.
The inter-beam scheduling should maximize the orthogonality between the users in
any two beams to improve the performance [23]. In contrast to general scheduling problems, each unit to be scheduled in inter-beam scheduling corresponds to a group of users
instead of an individual user. Considering the complexity due to this fact, present HTS
systems usually adopt random scheduling as the inter-beam scheduling scheme [24]. One
of the few studies of inter-beam scheduling is a geographical scheduling algorithm, which
partitioned the beams into zones and scheduled the users based on their locations [24].
This algorithm is appropriate for the situation where the users in HTS systems are uniformly distributed in each beam, but it does not account for the situation where some
zones have no users. Besides user locations, user CSI can also be utilized in the scheduling. To our best knowledge, however, no previous studies have investigated the utilization
of user CSI for inter-beam scheduling.
This paper investigates the user scheduling problem for multicast transmission in
HTS systems with full frequency reuse. CSI of users is utilized for user scheduling. We
divide the scheduling problem into intra-beam and inter-beam scheduling. For intrabeam scheduling, in view of the practicability of fixed size clustering, we pay attention to
such a scheduling problem and seek for a new algorithm considering the existence of the
co-frequency interference among the beams. For inter-beam scheduling, in addition to
increasing the spectral efficiency of the system, the scheduling algorithm should ensure
the fairness among users on account of the invariable channel state of users. One challenge associated with inter-beam scheduling is the handle of each unit to be scheduled,
which corresponds to the CSIs of a number of users. The contributions of this paper can
be concluded as follows:
• A fixed-size user grouping algorithm is proposed for intra-beam scheduling. In
contrast to the previous studies, the interference-limited characteristics of the system
is considered during the scheduling and a new similarity metric is utilized.
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• The concept of equivalent CSIs is introduced for inter-beam scheduling to simplify
the inter-beam scheduling problem (making each scheduled unit only involve one
CSI). Two forms of equivalent CSIs are presented.
• A scheduling algorithm according to equivalent CSIs is proposed for inter-beam
scheduling aiming at improving the fairness among users.
The reminder of the paper is organized as follows. Section 2 models the multicast transmission of HTS systems with user scheduling, including the channel model, the signal
model, and the precoding adopted in this paper. The problem statement and proposed
algorithms for intra-beam and inter-beam scheduling are introduced in Sections 3 and 4,
respectively. In Section 5, simulation results of different scheduling schemes, each including intra-beam and inter-beam scheduling, are presented in terms of average spectral
efficiency and Jain’s fairness index. Section 6 ends with the conclusion.
Notation: Boldface lowercase and uppercase letters denote vectors and matrices. (•)H
and (•)T donate the conjugate transpose operator and the transpose operator. C and R
donate the complex space and the real space. • correspond to the Frobenius norm. For
a set, |•| donates the cardinality of the set, and for a vector, the result of |•| is the modulus
vector of the vector. [•]mn donates the m, nth element of the matrix. CN (0, N0 ), U [0, 2π)


and N 0, σ 2 donate the circularly symmetric Gaussian distribution, the uniform distribution, and the Gaussian distribution, respectively.

2 System model and preliminaries
We consider the downlink transmission (from the satellite to the user) of a geosynchronous orbit HTS that deploys full frequency reuse to provide services for fixed users
in the satellite coverage area. The multibeam antenna on the satellite adopts the single
feed per beam (SFB) structure and creates N beams corresponding to N feeds with the
set N = {1, 2, · · · , N}, as shown in Fig. 1. In beam n (n ∈ N ), Mn single-antenna users
are distributed in the beam area with the user set Mn = {1, 2, . . . , Mn }. The data of

Fig. 1 The downlink transmission of the HTS system

Page 4 of 26

Zhang et al. EURASIP Journal on Wireless Communications and Networking

(2020) 2020:133

the users in each beam are embedded in frames. This leads to the multicast transmission. We assume that the transmission of frames in different beams are synchronized
and the number of users involved in the transmission of each frame is lower than a fixed
number R. Obviously, R  |Mn |. User scheduling should sequentially determine the
users participating in the transmission of each frame among all the users in these beams.
In this paper, user scheduling is decoupled into intra-beam and inter-beam scheduling.
The intra-beam scheduling, which is performed in each beam, divides the Mn users into
groups with the
Kn frame
n = {1,
 2, . . . , Kn } and the corresponding user
 group set K

(n)
(n)
(n)
Kn  (n) 
set U1 , U2 , . . . , UKn that satisfies k=1 Uk  = Mn . Without loss of generality,
we assume that the number of users in each beam is equal, i.e., Mn = M, ∀n ∈ N .
This assumption implies that each beam has the same number of frame groups, i.e.,
Kn = K, ∀n ∈ N . The inter-beam scheduling partitions the frame groups of different
beams into K multiplexed groups {G1 , G2 , . . . , GK } with the group set K = {1, 2, . . . , K}.
Each multiplexed group Gk (k ∈ K) consists of N frame groups, i.e., |Gk | = N, ∀k ∈ K,
respectively, corresponding to frame group lk,n ∈ Kn in beam n. After the precoding processing, the N frames groups in a multiplexed group are simultaneously transmitted with
the same frequency band. It takes K successive frames to complete the transmission for
all the users.
The diagram of multicast transmission with user scheduling for N = 2 and K = 3 is
presented as an example in Fig. 2. The output of the intra-beam scheduling is the three
frame groups in each beam. For each frame group, the data of the users are embedded in
the same frame. Then, three multiplexed groups are obtained by the inter-beam scheduling. Each multiplexed group consists of two frames groups respectively from the two
beams, and the data of the users in the two frames groups are transmitted with the same
frequency band after precoding.
2.1 Channel model

We assume that the channel is flat-fading and the influence of inter-symbol interference
is ignored. The channel coefficients between each user and the feeds can be expressed
as a complex vector, and the channel vector of user j ∈ Mn in beam n is indicated as
(n)
hj ∈ C1×N . The ith element stands for the channel coefficient between user j and feed
i ∈ N , which can be expressed as

Fig. 2 Multicast transmission with user scheduling for N = 2 and K = 3
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(1)

(n)

Gj,i is the free space path loss of user j from feed i, which can be expressed as [16]
(n)

GR bj,i

(n)

Gj,i =

(n)

d
4π j,iλ

√

,

(2)

KB TR BW

(n)

where dj,i is the distance between user j and feed i, λ is the wavelength, and KB TR BW
is the noise power, in which KB , TR , and BW are the Boltzmann constant, the noise temperature, and the user link bandwidth, respectively. GR2 is the receiver antenna gain of the

(n) 2
is the multibeam antenna beam gain between user j and feed i. For the
user, and bj,i
SPF antenna, the beam gain can be approximated by [25]


J3 (u) 2
J1 (u)
(n) 2
(n)
+ 36 3
= b2 θj,i = Gmax
,
(3)
bj,i
2u
u
where J1 and J3 are respectively the first-kind Bessel function of order 1 and 3. u =
(n)
(n)
2.07123 sin θj,i sinθ3dB , where θ3dB is the 3 dB angle of each beam and θj,i is the angle
between the location of user j and the ith beam center.
The phase of the ith channel coefficient of user j is assumed as [8, 26]
(n)

(n)

ϕj,i = θj

+ δi ,

(4)

(n)

where θj ∼ U [0, 2π) is the same for the phases of all the channel coefficients of user j.
It is the phase due to radio frequency (RF) signal propagation. Since the distance between
a user and any feed is much longer than that between any two feeds, the phases caused


by the RF signal propagation are almost the same for the same user. δi ∼ N 0, σ 2 is the
phase caused by the payload oscillator of feed i [16]. δi is the same for the ith channel
coefficient of each user in the coverage area.
The phases of the channel vectors have a great effect on the system performance [27],
and the phase variation δi cannot be obtained by channel estimation [28]. Thus, we make
a reasonable assumption that the CSI available for the scheduling, i.e., available CSI, is
donated as

(n) 
jθ
(n)
(n) (n)
(n)
(n)
(n)
(n)
,
(5)
ĥj = ĥj,1 , ĥj,2 , . . . , ĥj,N = e j · Gj,1
Gj,2
· · · Gj,N
which takes the imperfection estimation of phases into consideration.
2.2 Signal model

In the frame transmission of multiplexed
group k, the channel vector of user q in beam

(n)
(n)
n is donated as hq,l ∈ C1×N q ∈ Ul , lk,n ∈ Kn , and the received signal of the user is
k,n
k,n
written as
(n)

(n)

(n)

yq,l =hq,l Pk sk + nq,l ,
k,n

k,n

k,n

(6)

(n)

∼ CN (0, N0 ) is the received noise and sk ∈ CN×1 is the transmitted signal
 2 
from the N feeds to the corresponding beams satisfying that E sk,n  = 1, ∀n ∈ N . Pk ∈
where nq,l

k,n

RN×N is the diagonal power factor matrix, and [trace (Pk Pk )]nn is the transmitted power
of feed n. Multicast precoding is adopted to reduce the interference between adjacent
beams. For the signal sk,n of beam n, with the precoding vector wk,n ∈ CN , the received
signal can be expressed as
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(n)

hq,l wk,p sk,p + nq,l .
k,n

(7)

k,n

 N

The actual signal sent by the feeds is xk = n∈K sk,n wk,n . Assume that sk,n n=1 are
mutually uncorrelated during the transmission. The transmitted
power of all the feeds is


H
H
.
n∈N wk,n wk,n , and the transmitted power of feed n is
n ∈N wk,n wk,n
nn
The signal to interference plus noise ratio (SINR) of the user after precoding is

2
 (n)

hq,lk,n wk,n 
(n)
.
(8)
SINRq,l =
2
  (n)
k,n

w
+
N
hq,lk,n k,p 
0
p∈N \{n}

The actual data rate of the users in each frame group depends on the lowest SINR of
the frame group members because of the multicast fashion. Thus, based on Shannon
formulation, the spectral efficiency of frame group lk,n in beam n can be expressed as
⎛
⎞
(n)

Cl

k,n

(n)
= log2 ⎝1 + min SINRq,l ⎠ .
(n)
k,n

(9)

k,n

q∈Ul



(n)
For multiplexed group k which consists of frame groups Ul , ∀n ∈ N , the average
k,n
spectral efficiency per beam can be expressed as
 (n)
Cl
k,n
n∈N
.
(10)
Ck =
N
2.3 Multicast precoding

The precoding design influences the system performance. For multicast transmission,
the precoding problem is NP-hard for optimization objectives such as minimizing the
transmitted power, maximizing the fairness among users [29, 30]. These algorithms are
complex and involve iterative interior point methods during the calculation of precoding
vectors. A low-complex precoding algorithm, which was a one-shot design, was proposed
to improve the transmission efficiency by limiting the interference between adjacent
beams in HTS systems [16]. The aforementioned algorithms, however, all have higher
complexity than the average minimum mean squared error (MMSE) scheme, which was
first proposed for multicast transmission in HTS systems [31]. Considering that this
scheme can achieve satisfactory performance with low complexity, we adopt it as the multicast precoding scheme in this paper. As the available CSI shown in (5) has the same
phase for each feed link, we leave out the phases of the channel coefficients. Thus, in
multiplexed group k, the average available CSI of frame group lk,n used for multicast
precoding is
  (n) 
ĥq,lk,n 
(n)
ĥl
k,n

=

(n)
k,n

q∈Ul



 (n) 
Ulk,n 

.

(11)

The channel matrix used for precoding is Hk =



(1) T

ĥl

(2) T

, ĥl

(N) T

, . . . , ĥl

T

k,2
k,N 

sum transmitted power PT , the precoding matrix Wk = wk,1 , wk,2 , . . . , wk,N is

H
W k = γ HH
k Hk H k +

N
I
PT

k,1

. For the

−1

,

(12)
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where γ is the power factor, fulfilling trace Wk WH
k ≤ PT for the sum power constraint



N, ∀n ∈ N for per-antenna power constraints.
or Wk WH
k nn ≤ PT

3 Intra-beam scheduling
In this section, the intra-beam scheduling problem is first introduced and a fixed-size user
grouping algorithm, named Mod-MaxDist, is proposed.
3.1 Problem statement

Performed respectively in each beam, the intra-beam scheduling divides the users into
frame groups according to the CSIs. The channel condition differences in a frame group
influence the data rate of the multicast transmission. An intra-beam scheduling algorithm
should constitute frame groups with users having similar channel conditions to enhance
the efficiency of the transmission. The date rate of the users in each frame group depends
on the lowest SINR of the members. According to (8), not only the similarity of the channel vectors of the users in each frame group, but also the interference from the other
beams has effects on the performance of the multicast transmission.
During the algorithm design, a key issue is to select a proper metric to measure the
similarity between the user channel vectors to facilitate the scheduling. For clustering
scheduling algorithms involving an iterative process, since similarity metrics need to satisfy the conditions of identity of indiscernibles, symmetry, and triangle inequality [32],
the Euclidean distance between the user locations or channel vectors is often utilized as a
similarity metric. However, for scheduling algorithms without an iterative process, more
appropriate metrics can be utilized regardless of these conditions.
In this paper, the objective of the intra-beam scheduling is to design
a fixed-size user


(n)
(n)
(n)
grouping algorithm that allocates |Mn | users into Kn frame groups U1 , U2 , . . . , UKn
according to the available CSIs. Specifically, the algorithm should utilize a proper metric to measure the similarity of the channel conditions and take the interference-limited
characteristics of the system into account.
3.2 Mod-MaxDist

The Mod-MaxDist algorithm sequentially establishes the fixed-size frames groups. For
each frame group, the first user is selected employing the approach of MaxDist [19], i.e.,
selecting the outlier among the users as the first user, then making a certain number of
users whose channel vectors have higher similarity to the channel vector of the first user
than the others as the frame group members. The highlights of the proposed algorithm,
also the main differences from MaxDist, lie in:
• The CSI used for scheduling is redefined based on the available CSI considering the
interference-limited characteristics of the system. For a user in a beam, the redefined
CSI only relates to the channel coefficients of the feed links that cause high
interference to the beam. For beam n, the set of feed links that cause high interference
(n)
/ Nn .
is donated as Nn . Notice that ĥj,n is not considered during the scheduling, i.e., n ∈
The determination of Nn depends on the beam pattern of the HTS. For example, Nn
can be defined as a set that comprises the sixadjacent beams surrounding beam n.
(n)
(n) (n)
(n)
For user j in beam n, the refined CSI h̃j = h̃j,1 , h̃j,2 , . . . , h̃j,N satisfies
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(n)
h̃j,i

=

(n)

ĥj,i
0

i ∈ Nn
.
i∈
/ Nn
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(13)



(n) (n)
(n)
The CSI set of beam n can be denoted as H̃(n) = h̃1 , h̃2 , . . . , h̃Mn . The
redefinition of the CSI reduces the complexity of the intra-beam scheduling.
Moreover, the algorithm has good scalability since only a fixed part of the CSI is
necessary.
• A new similarity metric is utilized for the scheduling algorithm. Existing algorithms
usually utilize the Euclidean distance of channel coefficients or user locations as a
similarity metric to achieve clustering. Since no iterative process is involved in the
fixed size clustering, the three conditions related to the metric no longer need to be
satisfied. Thus, more effective metrics can be utilized. For a selected outlier (the first
(n)
user in a frame group) and user j with the corresponding redefined CSIs g and h̃j ,
the metric, i.e., the norm of the inner product (NoIP), is defined as


 (n) H 
(n)
Pkj = gh̃j
.

(14)
(n)

The geometric meaning of NoIP is the projection from h̃j to g. This metric has
lower computational complexity than the Euclidean distance, and its expression is
similar to the desired signal, i.e., the molecular part of the SINR.
• The situation where Mn is a non-integer multiple of R is considered in the algorithm.
In this situation, the size of one of the frame groups is smaller than R. Our proposed
algorithm sets the first frame group (containing the first outlier) as the frame group
with the smaller group size.
The details of the algorithm are shown in Algorithm 1. rkn stands for the size of frame
(n)
group kn , i.e., the number of elements in Ukn . Algorithm 1 needs to be ran N times
to complete the intra-beam scheduling process of all the beams. The number of frame
groups Kn and the frame group size are first determined based on the values of R and Mn .
The Mn users are allocated to the frame groups by calculating and comparing the NoIPs

Algorithm 1 Mod-MaxDist
Input:H̃n (n ∈ N ), R
(n)
(n)
(n)
Output: Kn , U1 , U2 , . . . , UKn
 
  
 
 
1: Kn = H̃n  R , r1 = H̃n  − R (Kn − 1), rkn
2: for kn = 1, 2, . . . , Kn do
3:
Compute the outlier
in H̃n
  (n)  ∗
1 
(n)

4:
g = 
h̃i , h ← arg max
H̃n

5:
6:
7:

8:
9:

(n)

(n)
h̃i ∈H̃n
h̃i ∈H̃n
(n)
(n)
∗
∗
Ukn ← Ukn ∪ {h }, H̃n ← H̃n \ {h }


 (n)

(n)
Calculate ti = h̃i h∗H  for h̃i ∈ H̃n

= R (kn = 2, 3, . . . , Kn )



 (n)  (n) 
h̃i  −g 

Add the rkn − 1 elements in H̃n corresponding to the rkn − 1 maximum values of
(n)
ti to set Ukn


∗
H̃n ← H̃n \ Uk(n)
\h
n
end for

Zhang et al. EURASIP Journal on Wireless Communications and Networking

(2020) 2020:133

Page 10 of 26

between the users and the first user in each frame group until all the Kn frame groups are
formed.

4 Inter-beam scheduling
The inter-beam scheduling partitions the frame groups obtained from the intra-beam
scheduling into multiplexed groups with the aim of enhancing the performance of multiplexed transmission. As analyzed before, the main challenge of the inter-beam scheduling
is that each scheduled unit corresponds to a set of available CSIs. We handle this by introducing a concept of equivalent CSIs to make each unit correspond to only one CSI. Thus,
the inter-beam scheduling contains two steps:
• Calculation of equivalent CSIs: Calculate the equivalent CSI of each frame group
based on the available CSIs of the users in the frame group. Two forms of equivalent
CSIs are presented.
• Frame scheduling: According to equivalent CSIs, frame groups are divided into
multiplexed groups based on the relationships among the frame groups. A heuristic
scheduling algorithm, named fairness scheduling, is put forth.
The details of the two steps are presented in the following part.
4.1 Equivalent CSI

An equivalent CSI is a representative of a frame group during the scheduling. It should
be determined considering the available CSIs of the frame group members. For the
multicast transmission in HTS systems, we propose two forms of equivalent CSIs. For
beam n,
CSIs used for the intra-beam scheduling is denoted as

 the set of equivalent
(n) (n)
(n)
(n)
C = c1 , c2 , . . . , cK in this paper.
4.1.1 The direction vector of the average available CSI

The direction vector of the average available CSI can serve as the equivalent CSI of a frame
group. For frame
k ∈ Kn , the direction vector can be expressed with Eq. (11),
group

n
 (n) 
(n)
(n)
i.e., ckn = ĥkn ĥkn . This form implies the available CSIs for all the frame group
members. Considering that average available CSIs are the inputs of the precoding, this
form of equivalent CSIs is appropriate for average MMSE precoding.
4.1.2 The center of the frame group

The center of the available CSIs corresponding to the frame group can serve as the equiv(n)
alent CSI. To obtain the center ckn ∈ Kn , we need to solve the following optimization
problem for each frame group:

max min
(n)
n

ck

(n)
n

q∈Uk



 (n) H (n) 
c

 kn ĥq,kn 


 (n) 
ĥq,kn 



 (n) 
s.t ckn  = 1

(15)

Indeed, problem (15) is equivalent to the single-group multicast precoding problem,
which is NP-hard [33]. The calculation of the center has high computational complexity.
This form of equivalent CSIs can reflect the feature of the frame group especially for large
frame group sizes.
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4.2 Frame scheduling

The adoption of equivalent CSIs simplifies the inter-beam scheduling. The fact that users
are associated with specific beams results in constraints on the scheduling. The following
part presents the problem statement and the proposed fairness scheduling algorithm for
the inter-beam scheduling.
4.2.1 Problem statement

Frame scheduling forms K multiplexed groups {G1 , G2 , . . . , GK } according to the equiva

lent CSI sets C (1) , C (2) , . . . , C (N) . Thanks to the adoption of equivalent CSIs, the frame
scheduling can learn from the multiuser MIMO scheduling. Thus, the frame scheduling
can improve the performance of the multiplexed transmission with multicast precoding
by ensuring that any two equivalent CSIs of the frame groups in the same multiplexed
group have small similarity as far as possible.
As introduced before, the objective of the inter-beam scheduling is to maximize the
fairness among the users in all the frame groups. That is to say, the frame scheduling
should consider the performance of not only the scheduled frame groups but also the
unscheduled ones. Thus, the design objective can be expressed as
max

minCk ,

G1 ,G2 ,...,GK k∈K

(16)

where Ck is the average spectral efficiency per beam for Gk and is calculated with (10).
The constraints that should be satisfied during the scheduling are:
• ∀k ∈ K, the N elements in Gk respectively belong to K1 , K2 , . . . KN (Kn
corresponding to the elements in C (n) );
• ∀k ∈ K, |Gk | = N.
The number of available scheduling results is (K!)N , which makes it impractical to
perform the exhaustive search. We focus on heuristic algorithms with low complexity.
Aiming at maximizing the fairness, the proposed scheduling algorithm should take the
relationships between the frame groups of any two beams into consideration during the
scheduling.
4.2.2 The fairness scheduling algorithm

A heuristic algorithm, named the fairness scheduling (FS) algorithm, is proposed to deal
with the frame scheduling problem raised above. The algorithm sequentially allocates the
K frame groups in each beam Kn (n ∈ N ) to the K multiplexed groups {G1 , G2 , . . . , GK }
based on C (n) (n ∈ N ) until |Gk | = N, ∀k ∈ K. The details are shown in Algorithm 2.
To improve the fairness among the users in all the beams, the beams are scheduled in
a certain order based on the amount of interference that each beam suffers and the
beam pattern. Precisely, the beam suffering more interference should be first scheduled to avoid poor scheduling results. For the scheduling of the frame groups in the nth
beam, a pairing algorithm makes a one-to-one mapping between the K frame groups
in the nth beam and the K multiplexed group sets {G1 , G2 , . . . , GK } based on a relation
matrix Q ∈ RK×K . Q represents the correlation between the K elements in C n and the K
incomplete multiplexed groups.
The following part introduces the calculation of the relation matrix Q and our proposed
pairing algorithm.
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Algorithm 2 Fairness scheduling


(n) (n)
(n)
Input: C (n) = c1 , c2 , . . . , cK (n ∈ N )
Output: G1 , G2 , . . . , GK
1:

2:
3:
4:
5:
6:

7:

8:
9:

Arrange C (1) , C (2) , . . . , C (N) (corresponding to K1 , K2 , . . . , KN ) in a certain order
C(1) , C(2) . . . , C(N) (corresponding to K(1) , K(2) , . . . , K(N) ) based on the interference
each beam suffered. c1,(n) , c2,(n) , . . . , cK,(n) in C(n) correspond to frame groups
1(n) , 2(n) , . . . , K(n) in K(n) , respectively.
for n ∈ N do
if n = 1 then
Allocate C(1) to G1 , G2 , . . . , GK : Gk ← Gk ∪ ck,(n) for k ∈ K
else


Calculate the relation matrix Q for C(n) = c1,(n) , c2,(n) , . . . , cK,(n) and
{G1 , G2 , . . . , GK }
Allocate the K elements in K(n) respectively to G1 , G2 , . . . , GK utilizing the
pairing algorithm based on Q
end if
end for



Calculation of the relation matrix The i, jth i, j ∈ K element of the relation matrix Q
stands for the projection of the equivalent CSI of the jth frame group in the beam to be
scheduled on the space spanned by the equivalent CSIs of the frame groups in the ith
incomplete multiplexed group. For the nth beam to be scheduled, the equivalent CSI of
the jth frame group is cj,(n) . For the group set Gi (i ∈ K), the equivalent CSIs of the frame
groups can constitute a matrix HG ,i ∈ C|Gi |×N , of which each row is an equivalent CSI.
Obviously, the incomplete multiplexed groups satisfy that |Gi | = n − 1, ∀i ∈ K. [Q]i,j , the
projection, can be expressed as

2




H −1
HG ,i  .
(17)
[Q]i,j = cj,(n) HH
G ,i HG ,i HG ,i
A large value of [Q]i,j means that the jth frame group has low similarity to the multiplexed group Gi , and the interference may be strong if this frame group is allocated
to Gi .

The pairing algorithm The pairing algorithm selects K elements q1 , q2 , . . . , qK from Q,
fulfilling that not only the row numbers but also the column numbers of these elements
 K
are mutually unequal. qk k=1 represent the one-to-one mappings between the K frame
groups of the beam to be scheduled and the multiplexed group sets G1 , G2 , . . . , GK . Specifically, qk = [Q]w,v means that the vth frame group is scheduled to multiplexed group Gw
in the kth one-to-one mapping.
Aiming at maximizing the fairness during the scheduling, the pairing algorithm has the
design purpose:
min

max qk .

C(n) →{G1 ,G2 ,...,GK } k∈K

(18)

The number of available pairing results is K! as there are K 2 elements in Q. When
K is small, the optimal pairing results are easy to achieve, but the complexity of pairing increases with the rise in K. The pairing algorithm belongs to heuristic selection
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algorithms and the details of it are shown in Algorithm 3. The selection of the elements in
the matrix is carried out by comparing the value of [Q]i,j with a threshold α. In this way,
the search space is reduced. For the selection of the K elements, only pairing results that
satisfy ∀k ∈ K, qk ≤ α are accepted; otherwise, the threshold is raised and a new selection
starts until accepted results are achieved. The initial value of α is




α = max maxmin[Q]i,j maxmin[Q]i,j .
i∈K j∈K

j∈K i∈K

(19)

Algorithm 3 Pairing algorithm
Input: α, Q, flag = 1


Output: Q = q1 , q2 , . . . , qK
1:
2:
3:

4:

5:
6:
7:
8:

while |Q| < K do
Preferred pairing process:
 

Find the row index set Irow = i [Q]i,j ≤ α and the column set
 

Icol = j [Q]i,j ≤ α
(Do the same processing for Irow and Icol . The processing for Irow is given as an
example. )
if Irow  = ∅ then
for q ∈ Irow do
 

Find the available column set Acol = j [Q]q,j ≤ α
if Acol  = ∅ and min [Q]q,j ≤ α then
j∈Acol

w = arg min [Q]q,j , Q ← Q ∪ [Q]w,j

9:

j∈Acol

Refresh Q by leaving out the elements in the w-th row and the j-th

10:

column
11:
12:
13:
14:
15:
16:
17:
18:
19:

20:

21:
22:
23:
24:
25:
26:
27:

end if
end for
end if
Regular pairing process:
while p < K − |Q| and Bcol  = ∅ do
Find the row index w of the maximum element in Q
 

Find available column index set Bcol = j [Q]w,j ≤ α
if Bcol = ∅ then
If the preferred pairing process has been completed for α, set Q = ∅, do
the selection with α without the preferred pairing process.
If the two selection with α have been done, raise α, set Q = ∅, and start a
selection with the preferred pairing process for the raised α
else
v = arg max [Q]i,j
j∈Bcol

Q ← Q ∪ [Q]w,v
Refresh Q by leaving out the elements in the w-th row and the v-th column
end if
end while
end while
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Two selections are performed for each α. The first selection includes a preferred pairing
process (lines 3 to 13) to achieve good pairing results as far as possible. Through the
process, some frame groups and multiplexed groups are scheduled preferentially. If no
available results are obtained after the first selection, the selection with the threshold α
restarts without the preferred pairing process.
No backtracking processing is involved in the pairing algorithm. Remarkably, the proposed pairing algorithm can be extended to other pairing situations where a relation
matrix is available.

5 Simulation result
A seven-beam scenario (N = 7), where a beam is surrounded by six beams, is considered in the simulation. Full frequency reuse is adopted among the seven contiguous
beams, and one frequency band is involved in the data transmission of the beams. M
users are randomly distributed in each beam. The simulation parameters are f = 20 GHz,
BW = 41.7 MHz, KB = 1.38 × 10−23 K/J, Gmax = 52 dB, GR2 = 41.7 dB, TR = 207K,
θ3dB = 0.2◦ , and σ = 2◦ for phase variation [16, 34]. The height of the GEO satellite is
35786km. For different values of the user number M, the multiplexed group number K,
the transmitted power PT , and the maximum frame group size R, the simulation results
are obtained over Nmc Monte Carlo runs. For Algorithm 3, α is raised by 0.1 each time in
the simulation.
The direction vector of the average available CSI is used as the equivalent CSI for the
inter-beam scheduling. The sum power constraint is considered for the average MMSE
precoding. Two intra-beam scheduling algorithms, i.e., MaxDist [19] (indicated by MD)
and the proposed Mod-MaxDist (indicated by Mod-MD) and two inter-beam scheduling
algorithms, i.e., random scheduling (indicated by RS) and our fairness scheduling (indicated by FS) proposed in Section 4, are involved in the simulation. Thus, the performances

Fig. 3 Average spectral efficiency verse R, PT = 10 dB
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of the four scheduling schemes, i.e., MD+RS, MD+FS, Mod-MD+RS, and Mod-MD+FS,
are compared with each other.
5.1 Average spectral efficiency

The average spectral efficiency is calculated with (10). Figure 3 depicts the average spectral efficiency verse R under different scheduling schemes with M = 90, 120. It is observed
that the average spectral efficiency declines with the growth in R. This is excepted as larger
R may reduce the spectral efficiency of the multicast transmission. It is observed that
Mod-MD significantly outperforms MD, and the scheduling schemes with FS have better

Fig. 4 Spectral efficiency verse PT , R = 2. a Average spectral efficiency. b CDF of user SINR with specific
parameters
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performance than those with RS. With the rise in R, the performance difference between
MD+FS and MD+RS becomes small. This is due to the fact that MD mainly concerns the
similarity of the group members and the increased interference caused by the growth in R
weakens the effectiveness of FS. In contrast to MD, Mod-MD takes account of the interference among the beams during the scheduling. This peculiarity of Mod-MD results in a
consistent performance increase for Mod-MD+FS by comparison with Mod-MD+RS.
Figures 4 and 5 present the spectral efficiency verse PT under different scheduling
schemes with different values of M and R. The cumulative distribution function (CDF)

Fig. 5 Spectral efficiency verse PT , R = 5. a Average spectral efficiency. b CDF of user SINR with specific
parameters, PT = 7dBW
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curves of user SINR with specific parameters are depicted as supplements in Figs. 4
and 5. User SINR is the SINR corresponding to the actual transmission rate of the user.
Four-color refers to the multicast transmission in the system with four-color frequency
reuse where PT is uniformly distributed among the seven beams. For different values
of PT , especially at low PT , the average spectral efficiency under the four-color frequency reuse scenario is inferior to that under the full frequency reuse scenario with
user scheduling schemes, owing largely to the reduced available bandwidth in each beam.
It is also seen that, with the rise in PT , the spectral efficiency increases under the four
scheduling schemes gradually decline, while the spectral efficiency under the four-color

Fig. 6 Average spectral efficiency verse M. a R = 2, PT = 13dBW. b PT = 7dBW
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scenario shows an almost linear growth. The results indicate that the system with fourcolor frequency reuse is power-limited, and system with full-frequency reuse scenario is
interference-limited.
In Fig. 6, the average spectral efficiency verse M under different scheduling schemes
is plotted. It is seen that Mod-MD outperforms MD. The advantage of Mod-MD lies in
the consideration of interference-limited characteristics of the system. In most cases, the
average spectral efficiency of different scheduling schemes increases with the growth in
M. This stems from the larger multiuser diversity gain caused by the increase in M. However, exceptions exist with regard to specific values of M, such as M = 4, 5 in Fig. 6a,
and M = 25, 36 in Fig. 6b. This is due to the fact that M is a non-integer multiple of R,
i.e., the size of one frame group is smaller than R. Since the average spectral efficiency
may decrease with the increase in R, the users in the frame group with the smaller size
may have higher spectral efficiency than the others. However, the exceptions are nonsignificant for Mod-MD. A possible explanation of this might be that the performance
enhancement caused by Mod-MD covers the effect caused by the frame group with the
smaller size.
In Fig. 7, we provide the average spectral efficiency verse K under different scheduling
schemes. For each set of K and R, it satisfies that each frame group has the same number
of users. It is observed that the average spectral efficiency increases with the growth in K
under all the four scheduling schemes. Since the effect caused by the unequal group sizes
in each beam is eliminated, the simulation results indicate the multiuser diversity gain
caused by the growth in M for user scheduling.
The above simulation results reveal that Mod-MD+FS stands out from the other
scheduling schemes in terms of the average spectral efficiency. Moreover, Mod-MD and
FS can be separately employed to increase the average spectral efficiency of the system,
i.e., Mod-MD+RS and MD+FS both outperform MD+RS.

Fig. 7 Average spectral efficiency verse K, PT = 7 dBW
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5.2 Jain’s fairness index

Jain’s fairness index is utilized as the indicator to evaluate the fairness among users. For a
series of variables x1 , x2 , . . . , xn , Jain’s fairness index is defined as
n
2
i=1 xi
J (x1 , x2 , . . . , xn ) = n 2 .
(20)
n i=1 xi
In this simulation, each Jain’s fairness index is calculated based on (20) with the spectral
efficiency of the NM users.
Figures 8 and 9 show the Jain’s fairness index verse PT under different scheduling
schemes, including the average Jain’s fairness index and the CDF of Jain’s fairness index

Fig. 8 Jain’s fairness index verse PT , R = 5, M = 25. a Average Jain’s fairness index. b CDF of Jain’s fairness
index with specific parameters
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Fig. 9 Jain’s fairness index verse PT , R = 3, M = 70. a Average Jain’s fairness index. b CDF of Jain’s fairness
index with specific parameters

with respect to specific values of PT . It is seen that the schemes with FS perform better
than those with RS. This indicates the superiority of FS. With the increase in PT , for all
the scheduling schemes, the average Jain’s fairness index shows a downward trend. This is
expected as the increased spectral efficiency caused by the rise in PT leads to larger data
rate differences among the users. As shown in Fig. 10 , the curves with different values
of PT imply that the user SINR range becomes larger with the increase in PT . For large
values of PT , not the noise but the inter-beam interference has great effects on user data
rates and the interference differences may be considerable. This may explain the downtrend of the average Jain’s fairness index. It is also observed that the increase in user SINR
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Fig. 10 CDF of user SINR, R = 4, M = 70. a MD+RS. b MD+FS. c Mod-MD+RS. d Mod-MD+FS

declines with the increase in PT , owing largely to the interference-limited characteristics
of the system.
In Figs. 11 and 12, we plot the Jain’s fairness index verse R under different scheduling schemes with M = 90, 120. It is seen that Mod-MD+FS is superior to the others
and, in most cases, FS can bring the enhancement of fairness by comparison with RS.
Precisely, compared with RS, FS can bring almost consistent fairness enhancement for
Mod-MD+FS, while the fairness enhancement declines with the increase in R for MD+FS.
The performance difference stems from the different characteristics of MD and ModMD. It is also seen that the Jain’s fairness index with MD shows an increasing trend. This
is expected due to the increase in R with fixed M. The slight reduction of fairness in ModMD with the increase in R is due to the ignorance of some channel coefficients. However,
Mod-MD still outperforms MD in most cases.
Figures 13 and 14 depict the average Jain’s fairness index verse K and M, respectively.
In the simulation of Fig. 13, each M is an integral multiple of the corresponding K. It is
observed that the average Jain’s fairness index increases with the rise in K(M), especially
for the schemes with Mod-MD. Since the space of the scheduling results grows exponentially with the increase in K, the probability that RS can achieve favorable scheduling
results becomes small. The simulation results show that FS can provide performance gain
by comparison with RS. Additionally, Fig. 13 indicates the increased multiuser diversity
gain with respect to the growth in M. When M is a non-integral multiple of R, the frame
groups with smaller sizes may impact the fairness among users. For example, in Fig. 14,
when R = 3, the average Jain’s fairness index with M = 20 is higher than that with M = 25
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Fig. 11 Jain’s fairness index verse R, M = 90, PT = 13 dBW. a Average Jain’s fairness index. b CDF of Jain’s
fairness index with specific parameters

under the schemes with MD. The users in these frame groups with smaller sizes may have
higher data rates than the others, which leads to unfairness among the users. However,
the effect caused by the frame groups with smaller sizes is small for Mod-MD. This is
because Mod-MD can achieve favorable performance for all the users.
Above all, the schemes with FS can achieve better fairness performance than those
with RS. In most cases, Mod-MD outperforms MD due to the fact that it emphasizes the
interference among the beams. This fact can bring about apparent fairness enhancement.
Moreover, the joint use of Mod-MD and FS can always achieve better performance than
the other scheduling schemes.
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Fig. 12 Jain’s fairness index verse R, M = 120, PT = 7 dBW. a Average Jain’s fairness index. b CDF of Jain’s
fairness index with specific parameters

6 Conclusion
This paper addressed the user scheduling problem for the multicast transmission in HTS
systems with full frequency reuse. The scheduling problem has been divided into intrabeam and inter-beam scheduling. For the intra-beam scheduling problem, a fixed-size
user grouping algorithm has been proposed. For the inter-beam scheduling problem, first,
the concept of equivalent CSIs has been introduced to simplify the scheduling problem by
making each scheduled unit correspond to only one CSI and two forms of equivalent CSIs
have been proposed. Second, according to equivalent CSIs, a scheduling algorithm aiming
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Fig. 13 Average Jain’s fairness index verse K, PT = 10 dBW

at improving the fairness has been proposed. The simulation results show that, in most
cases, either the proposed intra-beam or inter-beam scheduling algorithm can improve
the performance with respect to system spectral efficiency and user fairness. Moreover,
the joint use of the two proposed algorithms can achieve a huge performance increase in
the system.

Fig. 14 Average Jain’s fairness index verse M, PT = 13 dBW
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